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ABSTRACT 
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1 Quarks and Gluons in Hadrons 

In the Standard Model, the strongly interacting particles, or hadrow, are com- 
posites of the more fundamental quarks Q, antiquarks Q, and gluons g. While the 
hadrons are extended objects with dimensions of order 1 fm (lo-r3 cm), their 
constituents q, q, and g, generically called partons,’ are point-like at all scales 
presently accessible. With a resolving power of order 10-l’ cm, reached in hadron- 
h&on collisions at the Fermilab Tevatron, they still behave like points. However, 
if you “observe” a proton, by probing it with a photon or any other particle, what 
you “see” depends very much on the wavelength ,4 of the probe. If you probe 
the proton with x-rays (X z 10-s cm) you will see a point-like object. If you use 
photons with a wavelength of about 1 fm, the experiments will show a fuzzy blob 
[quantified by the electromagnetic form factor F(Q*), where QZ is (Ac)‘X-~]. If 
you further decrease the wavelength of the photon (increasing Q2), you begin to 
see that the proton is lumpy, and three valence quarks become apparent. This was 
the famous experiment at SLAC in 1969 (for which Friedman, Kendall, and Tay- 
lor received the Nobel Prize in 1990), scattering electrons on protons and finding 
“point-like” structures. As you continue to decrease the wavelength of the pho- 
tons, the quarks always appear smaller than the resolution, but additional partons 
appear. The fraction of the proton’s momentum carried by quarks and antiquarks 
decreases as they radiate gluons. Gluons convert into qcj or gg pairs which in turn 
can radiate gluons, and we have a branching tree of q and g. The smaller the probe 
wavelength (the larger the Q*), the better the resolution, and the more of these 
low-momentum-fraction partons you observe. This is called evolution. Thus, the 
proton (like all other hadrons) has an ever-changing structure and composition; 
it just depends how hard you look. Larger Q* means harder. 

What are the quarks and gluons? The quarks are fermions, spin $i point- 
like electric charges. There are six types, called flouors, named down (d), up (u), 
strange (s), charm (c), bottom or beauty (b), and top (t). With the electric charge 
of the electron defined to be -1, the u,c, and t quarks have charge +f, and the 
d, s, and b quarks have charge -i. The quarks have another kind of charge for 
the strong, Quantum Chromodynamics or QCD, interaction. This is called a color 
charge by analogy with the fact that three lights (red, green, and blue) together 
make white (colorless) light.* Quarks are said to be in a color triplet state. At 

*An antluopocentric statement, the human eye happens to have three different color sensors. 

ahy time a quark can be, with equal probability, in a R, G, or B state. A triplet of4 
quarks, one of each color, makes a colorless composite or hsdron, such ss a proton. 
Antiquarks carry anticolor charges: R, c:, or B. Three quark states qqq are called 1 
baryons, and three antiquarks q@ are antibaryons. Mesons are hadrons consisting 
primarily of a quark and an antiquark; the color and anticolor (e.g., RR) cancel 
to make a colorless composite. Gluons are continually exchanged between the q 

and Q. Gluons are in color octet states, having a color and an anticolor, e.g., Rc’. 

The “octet” comes from group theory arithmetic: 

3x3=8+1 

The singlet RR + Gc + BB decouples from the theory; it is not part of the group 
SU(3). Exchanged gluons, in the space-like t-channel, having no defined direction 
of propagation, can be equally Rc and GA; these are indistinguishable. The net 
effect is to change the color of the coupling quarks. In the t-channel we have, 
e.g., qRqB + q&&r. Gluons can also be “exchanged” in the time-like s channel, 
for qg annihilation, and they carry the color of the quark and the anticolor of the 
antiquark. However, a quark and antiquark of opposite color cannot annihilate 
into a single gluon; they can, however, annihilate by the electromagnetic or weak 
interaction into a photon, W, or 2. 

The strength of the coupling between quarks and gluons depends on the four- 
momentum-transfer-squared Q* involved in the process and is denoted by os(Q*) 
to reflect the notation o,, of QED. The coupling as(Q*) is large (of order 1) 
at very small Q2 (of order 1 GeV2) and falls with QZ to become about 0.12 at 
Q2 = Mi. The particle 2 is the neutral weak intermediate vector boson, with mass 
91.19 GeV. Probes of progressively shorter wavelength see the strong interaction 
becoming weaker, and the quarks and gluons behaving more like free particles. 
This is known as asymptotic freedom. On the other hand at small Q2, or long 
wavelengths, the coupling becomes so large that we do not know how to calculate 
interactions (the nonpcrturbatiue regime) except by approximating space-time by 
a discrete set of points and using vast computing power. This is the approach 
called Lattice &CD. 

We can in principle make hadronic states out of any colorless composite, hence 
not only qqq, @g, and qcj, but also gg and ggg. The latter are called gluonio and 
glueballs and have resisted unambiguous identification for nearly two decades. He 
cently, a picture is emerging* which has candidate states at 1.5 GeV and 1.9 GeV. 



I The main technique is “central hadron production,” with the beam and  target 
particles quasielastically scattered and  a  cluster of hadrons wel l-separated in mo 
mentum space (or more correctly, rapidity, def ined in Sec. 2.1) in the center. At 
high enough  energies, this is dominated by double Pomeron exchange,  d iscussed 
in Sec. 11.2.2. 

A proton, observed with a  probe with wavelength X < 0.1 fm, or Q* > 5  GeV2, 
therefore consists of three valence (constituent) quarks uud, an  indefinite number  
of g luons g  which carry about  half ,the total momentum of the proton, and  an  
indefinite number  of q,C pairs called the sea (s stands for sea). The  momentum 
fraction carried by a parton is called Bjorken-z, or usually just z. Most of the 
sea quarks are u  and  d, while strange s-quarks make up  about  20% of the total, 
and  charmed quarks, because of their relatively high mass, are present at a  lower 
level. The  ratio of c/s quarks depends  on  Q2, tending more towards equality at 
high Q*, and  on  I, being predicted to rise from about  0.4 at x =  0.1 to 0.8 at 
z =  lo-‘. At very high Q* and  very small x, we can expect  quark democracy!  
Even sea top quarks can become nonnegl igible at the Very Large Hadron Collider 
(VLHC, up  to 100  TeV/beam).3 

Phenomenological ly,  we can consider two hadrons colliding at high energy 
(such as at the Tevatron, with 900  GeV p and  f5 giving a  center-of-mass energy 
4  = 1800  GeV) to be  colliding broad-band beams of quarks, antiquarks, and  
gluons. Figure 1  shows a  model  for a  collision involving a  hard process. 

The spectra of quarks and  gluons are dependent ,  because of evolution, on  the 
Q* of the interactions that take plsce between them. To first ( leading) order, 
these are 2  -+ 2  “elastic” scattering processes: qrj -+ qq, qq + gg, gg + qcj, 

and  gg  + gg. Given that QCD is the theory of quark and  gluon interactions, 
we could expect  that hadron-h&on collisions are ideal for testing the theory. 
While hadron-hadron collisions provide a  very fertile hunt ing ground for QCD 
phenomena (as I hope  to convince you), e+e- collisions and  ep collisions are 
superior in some respects,4*5 such as measur ing QS from many features of the final 
state in e+e-. However,  quark and  gluon scattering processes can only be  studied 
in hadron-h&on collisions, and  this is central to QCD. 

The scattered quarks and  gluons do  not emerge from the collisions farther 
than about  lo-l3 cm, the so-cal led conf inement radius. They have color charge, 
and  ss they try to escape,  a  strong color field builds up  in their wake. Unlike the 
force between two electric charges,  which decreases like l/R*, the force between 

Figure 1: Schematic representat ion of a  hard hadron-h&on collision, ss descr ibed 
in the text. A photon is produced opposi te a  jet. 

two color charges remains approximately constant (the potential is l inear) with 
separat ion, and  so the energy in the string-like field increases. (String-like, because 
if we think in terms of l ines of force, these lines behave ss if they attract each 
other, unlike lines of force in QED which behave ss if they repel each other.) 
When  the energy in this stretching color field increases, it becomes energetical ly 
favorable for a  qq pair to “pop  out” of the vacuum, to be  created. This process 
repeats itself until many quarks and  ant iquarks with small relative energies, able 
to form hadrons . . . perhaps not yet pions but resonances and  low msss colorless 
clusters . . . dominate. The process is called fmgmentat ion In the next stage, the 
resonance8 and  clusters decay to ground state hadrons,  namely s, K, p, p, A, etc. 

The above descript ion is a  simplified “string model”; the color field is seen ss a 

string which can break, and  q and  Q  are the ends  of the string. 
Another picture of fragmentat ion sees it rather ss a  branching process, a  tree 

diagmm. A gluon branches into a  quark-ant iquark pair qq or two gluons gg, a  
quark branches into qg. At each vertex, a price as(Q*) must be  paid in the 
amplitude, but ss the tree evolves Q* decreases,  OS increases, and  the branching 
becomes more prolific; Eventually, all these partons assemble themselves into 
hadrons,  and  colorless clusters which decay into hadrons,  and  the proliferation 
ceases.  This is similar in many ways to the string model,  and  both seem to 
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be quite good approximations to r;ality. (Of course, every model is at best an structure functions. I shall ignore that complication, but that still leaves seven 

approximation to reality.6) 
I 

1.1 Structure FGctions 

The structure functions or Parton Distribution Functions, PDF’s, give the proba- 
bilities of finding a quark qi of type i or a gluon g carrying a momentum fraction x 
of the hadron, when it is probed with four-momentum-transfer-squared Q*. Per- 
turbative QCD cannot predict the absolute normalization of parton distributions. 
However, if given (for example, from a measurement) the distributions at one 
value of the scale Q*, QCD can calculate them at any other value, provided that 
both Q* are large enough that a~(&*) IS small. The name of the game is therefore 
to choose some input PDF, normally at low Q*, and evolve it to larger Q* applying 
the QCD rules of evolution which involve the branching processes q + qg, g + gg, 

and g + qq.t After the pioneers of evolution calculations Dokshitzer, Gribov, Li- 
patov, Altarelli, and Parisi,’ this is called the DGLAP equation. As the evolution 
occurs, the valence quarks (on average) take lower fractional momentum I, so 
that the probability of finding a valence quark at high x decreases with Q* while 
the probability of finding one at low x increases. Near x = 0.2, the losses and 
gains cancel out and the quark structure functions are almost independent of Q*. 
Dependence only on x, not on Q*, was a prediction of the parton model and was 
observed’ in the Deep Inelastic electron Scattering (DIS) experiments at SLAC in 
1969 that gave the first real experimental evidence for the partonic structure of nu- 
cleans. However, this observation of DIS scaling wss mostly in the region around 
x = 0.2 and was therefore somewhat fortuitous; at both larger and smaller z, the 
scaling deviations expected in QCD evolution were seen (and were later mapped 
out) at SLAC. 

unknown input functions, which are parameterized with functions typically of the 
form q(s) = Azs(1 - ~)~(l+ Di). Usually, the three antiquarks ii,& and g are 
taken to have the same z-dependence and differ only in their normalization, and 
s(z) = S(X). While the u and d quark distributions may be equated with a sum 
of valence quarks u, and d, and sea quarks, the valence distributions u, and d, 

8 do not have quite the same shape. This can be demonstrated using the rapidity 
dependence, in pp collisions, of the W* (the W  is the charged weak boson, mass 

M W  = 80.3 GeV) charge asymmetry. The ratio R(g) versus n is closely related 
to the ratio R( $) versus 2. 

“Y 

and 

J o1 d&)dz = 1. 

There is also a momentum sum rule, integrating over all parton types: 

J &-q(x) + z&r) + zg(x)]dx = 1. 

Despite arbitrariness in the input structure functions (QCD prides itself on 
calculating their evolution, not the low-Q* starting point), there are other con- 
straints. Some of these are sum rules, e.g., because a proton has two uv and one 
d, valence quarks, we must have: 

There are also relationships with the phenomenology of Regge exchanges,45 ap- 
plied, e.g., to elastic r’p scattering which involves both Pomeron (vacuum quan- 
tum number exchange) and Reggeon (virtual p, fO, AZ, etc., exchanges). These 
relations lead one4’ to expect, as I --t 1, a behavior q”(z) - (1 - z)~. Given the 
paucity of data for z > 0.75, this is not contradicted by data. Regge phenomenol- 
ogy also predicts the behavior of the structure functions at the other extreme 
z + 0 which is now being studied most intensively at HERA.’ I shall argue that 
building bridges between QCD (The Theory of Strong Interactions, but with 
limited applicability!) and Regge Theory (which organized a wealth of strong 
interaction data, mostly outside the domain of applicability-or calculability-of 
QCD) is now an important and exciting task. 

Unfortunately, we do not have just one arbitrary input structure function, 
we have one for each quark type u, ii, d, d, s, B if we ignore the charm, beauty, 
and top quarks (which we are normally allowed to do) and one for the gluons 
g. It is not common, especially in hadron-hadron collisions, to do experiments 
sensitive to quark helicities, but in principle different helicities can have different 

tThink about the similarities and differences between these branchinga in the pa&on structure 
of hadmu (hadron+parton) and the branchings in the process parton+hadron described in 
the previous section. There is a -ton-hadron duality” here. 

So, the parameterizations of the input structure functions can be (and usually 
are) constrained by sum rules and perhaps Regge behavior. It is also possible 
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to say, as Gliick, Reya, and Vogt (GRV) did: “What if we just suppose three 
valence quarks at very low Q*, sharing the momentum democratically, and let 
that evolve?” They tried this starting at Q* = 0.5 GeVZ, but it does not work 
well . . . of course, using QCD evolution from such low Q* is brave. However, if 
they allow some 50% of the low-Q* momentum to be carried by gluons and then 
evolve, the resulting structure functions are quite reasonable considering the small 
amount of input. Figure 2 shows the evolved GRV structure functions at very low 
Q* (0.23-0.34 GeVs) using two evolution procedures, LO and NLO. The Leading 
Order (LO) calculations compute all the tree diagrams, the branching processes, 
but do not try to compute diagrams with closed loops. The Next-to-Leading Order 
(NLO) calculationsdo allow one-loop diagrams (and must effectively integrate over 
all possible momenta running inside the loop). The difference between the LO and 
NLO curves is an indicator that QCD is not a theory with the precision predictive 
power of QED, basically because QS > Q,,. Allowing two loops (NNLO) and 
looking for convergence is an obvious progression but is a major piece of work. 

0.8 

0.6 

0 0.2 0.4 0.6 0.8 1 
X 

Figure 2: Proton structure functions according to Gliick, Reya, and Vogt, at 
low Q*. 
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Figure 3: Proton structure functions according to Gliick, Reya, and Vogt, on a 

logarithmic z-scale to show the low-z region. 

To see the behavior of the proton structure function at very small z, Fig. 3 
shows a plot on a logarithmic s-scale, at Q* = 10 GeVa. The antiquarks rise 
steeply as z decreases from lo-* to 10w4, meeting the quarks as there are no 
valence quarks here, only sea. The GRV curves show a different trend from an 
extrapolation of the MRS (Martin, Roberts, and Stirling)” fits; there is now 
HERA data in this region (not available when this plot was made). It is important 
to be aware that the zg(r) gluon distribution has been scaled down by a factor 
0.01 to be shown on this plot! Gluons dominate at small 5, by a factor more than 
three (over the sum of all q and q species) at I = 10e4. What will happen at still 
smaller x? When x gets very small, the center of momentum (CM) collision energy 
of the y’p collision becomes large; in fact, there is a direct relation between the 

.1 

I  
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low-z structure function and the y’p tot; cross section at high energy. In Regge 
Theory, the total cross section UT(S) at high energy is determined by the value bf 
the Pomeron trajectory a(t) at t = 0. a(t) is the (complex) angular momentum 
exchanged, and u=(s) N s“(O)-~. For the Pomeron a(O) z 1.08, above 1.0, so UT(S) 
increases with (CM energy)*, s. There is a bound called the fioissart Bound which 
limita the rise of total cross sections to Zn*s; if they would rise faster, unitarity (the 
principle that there is no free lunch) would he violated. The interesting question 
is now “What will happen to zg(z) and xq(x) so that unitarity is not violated as 
z geta smaller?” Presumably, a flattening or turnover will come in, and will there 
then be interesting new associated phenomena? Presumably, when this begins 
to happen, the gluon densities are so high that recombination gg --t g becomes 
important and cancels the DGLAP branchings g + gg. One also talks about 
screening of color fields becdming important. It is not unreasonable to suppose 
that this is a frontier (very low z, very high g-density) where new interesting 
phenomena will show up. 

I should not leave this section without referring to “modern” structure function 
representations which rue popular for comparing with hadron collider data. One 
frequently used set comes from the Martin-Roberts-Stirling (MIS) group in the 
UK.‘O In addition, a collaboration of theorists and experimenters was formed in 
the early 199Os, called the CTEQ Collaboration. One of its aims was to provide 
beat-fit QCD-based structure functions to as large a database as possible. These 
structure functions are labelled CTEQZM, CTEQZML, and so on; Ref. 11 is a 
useful guide. 

2 Quark and Gluon Scattering Processes 

We have seen how hadrons can be viewed ss microbeams of quarks, antiquarks, 
and gluons with Q*-dependent momentum spectra. These partons are continually 
interacting, but in a frame where the hsdron momenta are very large (ideally, the 
“infinite momentum frame”), due to time dilation these interactions become neg- 
ligible and we can think of the partons as quasi-independent. When two hadrons 
collide, a parton carrying momentum fraction x1 from one hadron can scatter with 
a parton carrying momentum fraction 12 from the other hadron. It is usually sim- 
plest to think in the center-of-momentum frame, the normal frame of colliden, 
so that if 51 = x2, we are also in the parton-parton CM frame. In the center- 

of-momentum frame, the p&ton collision energy squared S = 1152s = (pi + b)*, 

’ 
where pi is the four momentum of the parton i in the process 1 + 2 + 3 t 4. 
We also have the four-momentum transfer squared variable i = @I - p3)* and the 
crossed variable i = (PI - p4)*. For massless partons, 3 + i + i = 0. 

There is a simple basic equation for parton-parton scattering in &CD, which 
8 is as follows: 

da 
27 (4) 

In this equation, du [cm*] is an elemental cross section, which if you multiply by 
the luminosity gives the rate of scattering into an elemental i bin of size di. On 
the right-hand side, the strong coupling (IS is not a constant (let us not call it 
the strong coupling constant!) but gets smaller as the hardness of the collision 
Q* increases, as(Q*), the so-called running of the strong coupling. What is Q* 
in terms of the Mandelstam variables i,i,t’i? In DIS, it is rather clear that it 
should be identified with the four-momentum transfer squared of the probing 
photon/W/Z. Here it is not so clear. Q* = i would be bad as we can have 
very soft but very large S collisions. On the other hand, for high mass Drell-Yan, 
q + q + $p-, Q* = j would be natural, as the hard photon is in the i-channel. 
Choosing i is probably good, but should we not have iC symmetry? The choice 

Q* = i2 +p+ t2 

gives that, and is sometimes used. There is not a unique answer; in fact, theoreti- 
cally it should not matter which choice is made if one could do the calculations to 
all orders. The predictions would then be independent of the choice of Q* scale. 
As we are not in that situation, we make a choice, but one that is hopefully not 
very dependent on the number of orders calculated. One often-used solution is to 
identify Q* with p$ or (2p~)* where pr is the largest pr object (ha&on jet, e.g.) 
in the event. Given that collider experi*ments are all central and would not see 
high msss Drell-Yan giving low-pr leptons, this should be all right! 

There are two other elements of our basic scattering equation: ]MI* and i*, 
where IM I* is a dimensionless number, process dependent, the matrix element for 
each particular process. From the dimensions of the l.h.s., we can see that the 
r.h.s. has to have dimensions [GeV4] as given by the i* in the denominator. 

The matrix elements JM] can be calculated’* from the Feynman rules for quark 
and gluon propagators and vertices in QCD, but that would take more theoretical 
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lectures to explain. Here I will just show the end results for three sample cases. 
They depend on the quark spins (k!$ and colors (3) and gluon spins (-1, 0, +l) 
and colors (8). These can just be averaged over (initial state) and summed over 
(final state) if we are not doing spin (color!)-dependent measurements. To give 
you an idea of what the matrix elements look like, for the elastic scattering of 
identical type quarks qiqi + qiqi: 

(6) 

The annihilation of same-flavor quarks by an B-channel gluon into a pair of differ- 
ent flavor, qiqi + qjgj is simpler: 

and as a final example, gluon elastic scattering gg + gg through the four-gluon 
coupling or i,i, or 4 channel gluon exchange is 

and there are similar formulae for several other 2 -+ 2 quark and gluon scattering 
processes in leading order. 

2.1 Rapidity 

Rapidity is an important variable and should therefore be defined. Longitudinal 
rapidity y is just the particle’s velocity component along the beam axis, but 
transformed in such a way that while for small values it is identical to the usual 
speed p . c = 2, at large values it does not “saturate” (/3 + l.OOb) but keeps 
going: as /? + l.OO~, y + co. The law of addition of speeds, prz = prz + pM which 
is only valid at small p, is valid for all values of rapidity: yrz = ylz + y23. So 
rapidity differences are invariant under Lorentz boosts, and a pion and a proton 
with the same rapidity are moving with zero relative speed, but have different 
momenta. We.could use a three-dimensional rapidity, and this would be natural 
in a three-dimensional relativistic world. But generally in particle collisions, one 
axis has special significance: in hadron-hadron it is the beam-beam axis z and in 
e+e- it is the dijet axis (or thrust axis, defined later). So we choose that as the 
axis to define a one-dimensional (longitudinal) rapidity, and measure transverse 

‘ 

momenta pr, and transverse energies E r, with respect to that axis. The linear 
addition law comes from the following. 1 

’ Prom elementary relativity, we have the law for addition of speeds: 

& = A* + @23 

1 +Pl*-h’ 

Where else have we seen this formula? It occurs when adding hyperbolic tans! 

tanh(A + B) = 
tanhA + tanhB 

1 + tanhA . tanhB’ 

So we just make the identification: 

i.e., 
tanh-‘/312 = A. 

This formula has a unique solution: 

A = A,,,?! 
2 1-p 

which, as p = p/E, can be rewritten: 

1 E+p 
y = -In-. 

2 E-p 

A particle of mass m  traveling along the rapidity axis with a momentum p has 
a rapidity y = ln? which is 7.5 for a proton in a 900 + 900 GeV collision. The 
full rapidity coverage is Ay = In 3. If you set m  = 0 in the above formula for y, 
you can derive a special csse: 

y,=o I q = h(tani). 

This is called the pseudompidity n and is a good approximation to y as long 
as the mass m  is small compared to pr. This is perfect for photons but is bad for 
high ET jets; never mind, we use it for jets too. 

Longitudinal rapidity is a very natural variable in describing final states in 
hadron-hadron collisions. Particles have an average density of about four charged 
particles per unit of rapidity, and there are short-range rapidity correlations be- 
tween particles. To describe jet events, we frequently use ET, 9, and 4. 
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2.2 Event Generators I 

Given that the strong coupling as is not very small, 10-l rather than say 10m3, 
higher order processes with additional vertices and additional gluons must be 
considered, the NLO or Next-to-Leading Order processes. This is routinely done, 
but makes life much more complicated than the nice LO formulae displayed above. 
The Next-to-Next-to Leading Order (NNLO) processes are now being addressed 
by theorists, and will eventually take us another step in precision in comparing 
data with theory. 

How are comparisons with theory made in this field? Generally, one copes with 
the very large number of variables using Monte Carlo methods, event genemtors 
which simulate interactions on a computer. Basically, one tries to generate inter- 
&ions taking account of everything we know about parton distribution functions 
(the relation hadrons --t partons),‘scattering processes, initial and final state ra- 
diation (gluon bremsstrahlung), and fragmentation (the relation partons + jets 
-+ hadrons). These Monte Carlo generated events must then be confronted with 
a computer model of the experimental detector, with all its crscks, resolution 
smearing, etc. Then one can compare data with theoretical expectations, and if 
one finds significant disagreements, one can try variations of the inputs to, e.g., 
learn that the received wisdom on PDF’s should be modified. Of course, any such 
changes must not result in significant disagreement with other experiments. 

Examples of currently popular event generators are called ISAJET, HERWIG, 
and PYTHIA. These are big programs developed over perhaps 20 years. Being 
bssed on QCD, they, of course, have a great deal in common, but there are also 
many differences in the way they handle some not yet well-understood subpro- 
cesses! for example, fragmentation. These event generators actually have several 
applications. One is to make predictions, already before an accelerator (SSC, 
LHC) is approved, for the rates and shapes of diverse event types. For example, 
a 300 GeV Higgs should decay to W+W- and ZZ, and these to four high-pr 
jets, but there will be many four-jet events from gg -t gggg, so can we still find 
a signal? Then, when we design the big detectors for such a machine, we use 
a Monte Carlo simulation to help optimize the detector performance for desired 
goals (e.g., discovering supersymmetry). While designing the detectors, but more 
realistically much later, one should use these simulations to devise analysis strate- 
gies to optimize signal (SUSY, Higgs) to noise (QCD, Electroweak). Once data 

exist, observed rates must be corrected for acceptance and resolution and perhaps4 
for subtle effects to derive true cross sections. Because this tends to be a multi- 
djmensional problem, Monte Carlo methods are the appropriate tool. Finally, the ’ 
event generators, as a Standard Model benchmark, are compared to the data to 
look for new physics. The process is iterative and any new physics (which may 
just be a significant change of the PDF’s) will become part of a new benchmark. 
Where generators differ in their predictions, comparison with experiment can shed 
light on the not-well-known parts of the physics, e.g., the fragmentation. 

Without going into details, let us just look over the main steps in PYTHIA as 
an example. The parton distribution functions qi(z, Q*), q&r, Q*), and g(z, Q*) 
are built in, with a switch to any particular PDF, and in a pp collision, one 
can select a parton from each proton with suitable weights (corresponding to 
the PDF’s and the parton cross sections). Initial state gluon radiation from the 
incoming partons, e.g., I’,,,( ), h z w ere t is the momentum fraction of the quark 
carried by the gluon, will be simulated. Earlier branchings have smaller Q*-one 
starts at a cut-off of about Q* = 1 GeVz-and the closer to the hard scattering, 
the larger is the Q* of the radiation. Final state radiation goes the other way, the 
first branches having highest Q*. 

This description of initial state radiation, scattering, and final state radiation 
is not quantum mechanically correct. To ask whether a particular hard gluon 
was radiated just before or just after the scatter is the same ss asking which slit 
the photon went through! But we cannot yet do the calculations properly, with 
quantum mechanics in all its glory, so we approximate. 

The incident partons that do not participate in the hard scattering, the spec- 
tators, are simulated; as they carry color, color strings may form between these 
forward moving spectator partons and central scattered partons. The hard scat- 
tering uses the QCD matrix elements discussed above, in NLO. The final state 
partons again form a branching tree, until their virtualities (basically Q* of the 
branches) is small. Then comes the part we do not really know how to calcu- 
late in QCD, to go from partons to hadrons. So we use some phenomenology, to 
make the transition to hadrons, not just pions but especially resonances, such as 
rho-mesons p + AX. PYTHIA also includes some subtler effects such as color co- 
herence, which tracks the color fields and gives rise to enhancements or depletions 
in particle density in certain angular regions, and color strings. 
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3 Experimental Interlude ’ 

Experimental lectures should at least say a few words about experiments! The 
accelerator wizards inject and circulate bunches of protons and antiprotons in op- 
posite directions around the ring, four miles around for the Tevatron and 17 miles 
for the LHC. The bunches collide at set plsces around the ring, but they are 
steered apart electrostatically so that they only meet head-on where there are ex- 
periments. The Fermilab Tevatron has two experiments, CDF and DO. There are 
about 10” p and jJ per bunch, and they are focused down to transverse dimensions 
of 30 pm, but only about one pp collision takes place per bunch crossing: these 
particles are very small! However, there are so many bunch crossings per second 
that the overall rate of interactions is very high (much higher than in e+e- or ep 

machines). The rate is 
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Figure 4: Schematic diagram of a general-purpose hadron collider detector. 

&’ = L-UT, (9) 

where or is the total cross section, about 80 mb = 8 x IO-% cm* and L is 
the luminosity, of order 103* cm-* see-‘. The product gives a large number 
of interactions per second to observe, select, and record. Typically, only tens 
of events per second are recorded so the combination of the detector and its 
electronics (triggers) must do an amazing job in real time of recognizing which 
are the events of most interest. After about 15 hours, the beams are degraded in 
density, so they are dumped and fresh beams are injected. The total integrated 
luminosity over a run is given in units of pb-’ or events per picobam (note that 
an inverse microbarn is much smaller than an inverse nanobarn!). 

Hadron collider detectors have evolved but not diverged; most of the so-called 
general purpose detectors look similar in plan to Fig. 4. 

I shall just say a few words about each element with emphasis on their roles 
in QCD. The figure shows a quarter of the detector; imagine rotating it around 
the beam pipe to make a cylindrical object and then reflecting in the transverse 
plane at the left. We really want to detect and identify everything that could 
come out of a collision: hsdrons and leptons (electrons e, muons p, taus 7, and 
neutrinos v), and measure their energies and directions. Starting from the collision 
point inside the vacuum pipe, the first detector is a microtmcker, in CDF called 
a Silicon Vertex Detector. This measures charged particle tracks with very high 
precision so that one can see the vertices of B-h&on (containing b-quarks) decays 
displaced from the collision point (although the displacement is only of order 
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of 1 mm). Then the particles pass through a larger tracking volume of lower 
precision, the whole tracking region being in a magnetic field 80 the momenta of 
charged particles can be obtained from their track curvature. The particles then 
enter two calorimeters; absorbing material that will cause them to shower and 
deposit all their energy, containing every cm or so a detector layer (liquid argon 
in DO and scintillator in CDF, other media are possible). These calorimeters are 
the heart of the detector for most QCD studies, ss they measure the energies of 
neutral ss well as charged particles, and you can see jets (see next section) rather 
directly in their energy content versus angle. The front part is a separately read 
out “electromagnetic calorimeter” which detects photons and electrons (a track 
and shower with p = E). This is followed by a thicker “hadronic” calorimeter 
that contains showers from z*, K*, Iif,p, n, etc. Not all particles get absorbed 
in the calorimeters. Muons deposit a few GeV but normally emerge where they 
can be tracked. Neutrinos emerge (there’s not much one can do about that!) but 
they carry away energy, and in the transverse plane, that can often be detected 
as missing ET. If there is more than one large & neutrino, only their sum can be 
measured, but in single W production, the v can usually be measured quite well 
by adding the energies vectorially in the whole calorimeter to find the missing ,!+ 

Way off to the right are two small detectors labeled Roman Pots. These are 
often added to large detectors to detect very small angle and high momentum 
scattered protons, for studying difiction. This will be discused in Chap. 11. 
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4 High ET Jets in Hadron-Hadron Collisions 

The first h&on collider was the ISR, Intersecting Storage Rings, at CERN. The 
first collisions took place in 1971,  just 25  years ago,  in the same year that an  im- 
portant paper  was publ ished by Berman, Bjorken, and  Kogr@ (BBK) predict ing 
high pr jets in hadron collisions. At that time, the highest energy (fixed target) 
pp  collisions were at 30  GeV beam energy,  i.e., 7.6 GeV in the center of mass. The 
ISR was to take us to 63  GeV in the CM, equivalent to 2000  GeV with a  beam + 
fixed target. The  convent ional wisdom then was that in hadron-hadron collisions, 
particles are produced with limited pr, with a  typical distribution e-@‘r. The 
chance of f inding a  particle with pi ss high as 5  GeV/c from such a  distribution is 
rather small! The  main “facility” magnet,  called the Split Field Magnet  @FM), 
wss chosen to have a  good  field only in the forward (beam) directions, because 
“that is where all the physics would’be,” and  a  proposal  for a  central axial field 
magnet  was not.approved. The BBK paper  pointed out that in the then-new 
parton model,  which was looking good  because the SLAC experimentss seemed to 
be  seeing charged partons by the electromagnetic interaction, we should also have 
strong interaction scattering between the partons. Strong qq --t qq scattering (as- 
suming partons are quarks) was not yet calculable (this was pm-QCD), but BBK 
est imated that the strong scattering could be  as much ss lo4 times stronger than 
electromagnetic (an overest imate because BBK did not know as fi: 0.1). So what 
would events look like if two partons made  a  large angle scatter? BBK said the 
partons would turn into jets of hadrons!  (They actually used the word “cores.“) 
They were absolutely right, and  al though this paper  inspired high pi jet searches 
at the ISR, the wheels turned painfully slowly. An abundance of hadrons,  both 
x0 and  identified charged hadrons n, K,p, and  p  at large pi (of order 4-10 GeV), 
was discovered, and  eventual ly only the hard parton scattering explanat ion sur- 
vived. At Fermilab with its lower energy (& = 24  GeV) f ixed-target collisions, 
one  looked” for jets by  triggering on  total t ransverse energy J& in limited solid 
angle calorimeters, but this had  a  very strong bias making the results difficult to 
interpret. It was agreed that the trigger solid angle must be  much larger than the 
eventual  jet solid angle, so that the jets are much more localized than had  been  
required in the trigger. It was finally 11  years after the BBK paper,  in 1982,  that 
really convincing ev idence for high pi jets was presented from the ISR,15 made 
possible by  a  really good  (uranium-scinti l lator) large aperture hadron calorimeter 

and!very high luminosity from the machine. An example is shown in Fig. 5, an  ’ 
i early example of a  so-cal led LEG0 plot.” 
1 

r 

Figure 5: A high ET jet event  at the ISR. The Er detected in cells in (1 and  4  is 
shown; the trigger/selection was just large total &. 

Each calorimeter cell (tower) is shown as a  cell in the ~4 plane with a  vertical 
bar  proport ional to the ET = E. sin8 in the tower. On  the figure, the quantity 
Thrust =  0.94 is noted. Thrust, T, is a  quantity def ined as: 

where the sums are over all clusters with vector momenta P;: in the transverse 
plane and  B is a  unit vector in the transverse plane. It can range from 2/r =  0.64 
for an  isotropic event  to 1.0 for a  perfectly coll imated two-jet event. The  event  in 
the figure is not atypical once CET in this central region exceeds about  35  GeV 
(out of fi =  63  GeV), a l though this only happens  in about  one  in log collisions. 

By this time, experiments UAl and  UA2 at the CERN pp Collider were be- 
ginning to present their first results. Even though their luminosity was still very 
low, thanks to the much higher fi =  540  GeV, events with dramatically high 
(at that time) pr jets could be  clearly seen.  *‘Jo So the discovery of high pr jets 
in hadron collisions was shared between the ISR and  S@S, but the latter was in 
the limelight and  provided a  dramatic and  excit ing first look at the new era of 
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jet physics. At the new generation of colliders fSp$, Tevatron, LEP, LHC), we 
would come to treat jets like particles. 

In the early days of measuring jets, one much-discussed question was: “What is 
the beat way to define a jet?” and various jet algorithms were proposed. A typical 
and still much used algorithm is to find a cone in ~4 space . . . actually, it is a circle 

in t,$ space which is twodimensional . . . chosen to contain a local maximum in 
CET, the total transverse energy of all hadrons, or calorimeter towers, in the circle. 
This is called a cone algorithm; in the central region, the ~4 circle corresponds 
to a good approximation to a circular cone in space, although when it is very 
forward, the cone gets distorted. Actual procedures are usually iterative, starting 
with the highest ET calorimeter cluster and putting a cone around it, adding the 
“energy vectors” inside to define a new cone axis, and repeating if necessary until 
some condition is satisfied. Once the procedure is defined, the only parameter 
to be chosen is the cone radius R = r,,,,,+, where R2 = Ar,r2 + Ad2 and Aq and 
A4 are the distances of a particle (or calorimeter tower) to the cone axis. Cone 
radii are typically chosen in the range 0.4 to 0.7, values which hopefully give 
an optimum correspondence between the measured jet four-momentum and the 
“initiating hard parton” (even though the latter is not theoretically well-defined 
because of Quantum Mechanics). If you make the defining cone too small, particles 
obviously associated with the hard scatter are excluded, and if it is too large, more 
of what is often called the underlying event is included. The underlying event is 
also not a well-defined concept; in reality, color connections are everywhere in an 
event, and it does not make sense to ask whether a pion with pr = 600 MeV/c 
and r = 0.8 is part of the jet or of the “underlying event.” The color-string model 
takes this holistic view. But cone algorithms ideally choose a cone size where 
(a) leakage of “jet particles” out is on average balanced by an “underlying event” 
taken in. (b) A hard, perturbatively radiated gluon will be reconstructed as a 
separate jet and not merged in. Again, there is no sharp cut-off between hard and 
soft radiation, so finally one must just do the same things with the same cuts in 
data and Monte Carlo generated events and compare them. For any “reasonable” 
choice, it should not matter what cone size is chosen. CDF and DO normally 
(but not always) use 0.7 independent of ,?$. For a multijet process like tf + 6 
jets, 0.4 is preferred. As jets tend to shrink in ~74 space with Er, one could make 
R(ET), but this complication is not normally worth making. What about the 
low ET end, how far down can one go in ET and still talk meaningfully about 
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jets? This is a complicated question and there’is no sharp boundary. It is also a ’ 
machine-dependent question. In e+c- collisions, the first two-jet structures were 
observed at fi = 6.2-7.4 GeV (Ref. 19), but they became much more obvious at 
higher energies, e.g., when PEP and PETRA operated at fi = 30 GeV. These 
are intrinsically clean final states with a q and Q back-to-back. In hadron-hadron 
collisions, it is a different matter, with a large number of final state partons, most 
going forward-backward (and giving rise to the so-called underlying event). Jets 
obviously will need higher ET to stick out of this “background.” This statement 
will also be dependent on fi. At the lowest fi hadron collider, the ISR, the 
AFS Collaboration measured jets down to 6 GeV in fair agreement with hard 
scattering models, but only by about lo-12 GeV were they the dominant feature 
in a large solid angle trigger. At the SppS’ and Tevatron, it is generally considered 
that jets above about 10 GeV ET “make sense,” i.e., the measured jet momentum 
corresponds reasonably well to a hard parton, while jets below about 5 GeV 
do not, i.e., the correspondence is very washed out. However, a recent CDF 
study has found that if you select collisions with exactly two “jets,” both with 
5 5 ET 5 7 GeV, they will nearly always be back-to-back in azimuth, showing 
that even at the Tevatron (not just at the ISR) such a low ET cut can sometimes 
be used. Where one chooses to cut depends on the physics under study. In events 
at the Tevatron with CEr > 500 GeV, jets of 5 GeV are lost, but in double 
Pomeron events with CET N 20 GeV, they stick out. 

Jet ET spectra rise dramatically with &. The ISR wss put out of business 
by the Sp@, and the SppS by the Tevatron, and you can see a compariso$“ 
between the latter two in Fig. 6. 

Actually, the data is all from CDF at the Tevatron, but the two lower energies 
were chosen to coincide with the Sp@!T. At ET = 100 GeV, the fi = 1800 GeV 
(Tevatron) jet production cross section is 40 times what it was at SpiiS. The 
rise is because at the higher fi, the scattering partons are at lower 2 where the 
parton density is much higher (and more are gluons, which helps). At 1800 GeV, 
the data span eight orders of magnitude in rate (using l/5 of the data to date) 
and reach above 400 GeV in ET. On nearly every point, the statistical error bars 
are smaller than the symbols. Experiment DO has data that agree extremely well 
with this 1800 GeV spectrum. What is very impressive is the agreement with a 
typical theoretical calculation as shown by the lines. Only at the largest L+, above 
say 250 GeV, does a disagreement appear at the level of a factor of about 1.5. 
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CDF Inclusive Jet Cross Sections 
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Figure 7: A comparison of the inclusive jet cross section with the NLO QCD 
calculation using the MRSDO’ structure function. 

Figure 6: Inclusive jet cross section at three s values, as measured by CDF in the 
central region. The two lower energies correspond to the SppS. 

The disagreement is seen more clearly on a linear scale by dividing data by theory 
and subtracting 1, or (DATA-THEORY)/THEORY, and this is shown in Fig. 7. 
The points below 200 GeV are low but if you include systematic errors which are 
about 20% (largely ET independent), they agree. The so-called “excess” at high 
ET is clearly not a statistical fluctuation, and CDF could not find a systematic 
(or detector) effect which would account for it. A real excess that could not be 
explained by QCD would be exciting as these jets are probing quarks (mainly) at 
smaller distances than ever before, and if quarks were really composite at the scale 
of order (1.5-2.0 TeV)-’ (about 10-l’ cm), this is the sort of thing one might see. 
The DO jet data could not quite either confirm or deny an excess: their high & 
data points were lower than CDF’s but not by more than l-2 (I. 

Before jumping to conclusions about dramatic new physics, one has to see 
whether some not-so-dramatic new physics can explain the discrepancy. There 
are two worthy contenders: (1) the density of gluons in the p/p at large z is more 
than in the structure functions being used for comparison (CTEQ3M, MRSDO’, 
and others) or (2) soft and colinear gluon corrections are important.24 As to 
the former possibility, of course, one cannot just try adding in more gluons at 
high x because that will change all the fits to other data, such as DIS data. A 
new global fit has to be tried to find a solution consistent with all good data. 
Normally, the high ,!& jet data would have little relative weight in such a fit and 

would not pull the structure functions. So CTEQ tried a fit giving extra weight 
to the high ET data by artificially decreasing their errors, and found a solution 
CTEQ4HJ, shown in Fig. 8 with both CDF and DO data. This makes the excess 
insignificant without significantly worsening the fit to the rest of the world. In 
their fit, the normalizations of CDF and D0 were left floating, but they only 
moved 2% which is impressive. So, one simple solution to the excess puzzle is to 
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modify the structure functions mostly at high z by just about doubling the glue. 
More data to shed light on this could come from probing the high rapidity tails 
of the jet distributions at lower ET. 

x=0.05 x=o.k 

~~1’~~~~‘~~~~‘~~1~‘~*~1’~~~~‘~““~~~~’~~~~’~,~ 
50 100 150 200 250 300 350 400 450 500 

Jet Et (GeV) 

Figure 8: Linearized comparison [(DATA-THEORY)/THEORY] of inclusive jet 
data. 

An alternative, or perhaps additional, way 2’ of explaining the jet rate at very 
large & is to consider higher order corrections. While the full NNLO calculations 
have not been done (and it may be some time!), direct estimates of higher order 
corrections are sometimes possible by a process called resummation. This gener- 
ally requires two hard scales in the process with one much larger than the other, 
say Q  > p where p is the inverse wavelength of emitted gluons. Soft colinear 
gluons cannot know about the hard scattering taking place on the much smaller 
scale l/Q. In such csses, it is sometimes possible to resum the large corrections 
which have the form as . Iog(Q/p) ( resumming large logarithms). See Refs. 22 
and 23 for more information. Very high rr = 2&/fi requires partons from very 

high Bjorken-s where the parton densities are falling fast and the phase space for 
gluon emission is reduced; this will affect the jet cross sections in the right direc- 
tion’to explain the excess, but according to Mangano,” “it seems unlikely that 
the full 3949% excess reported by CDF . . . could be explained by resummation 
effects.” 

The CDF twojet msss spectmm, shown in Fig. 9, perhaps not surprisingly, 
shows the same excellent agreement at low mass with a growing excess compared 
to PYTHIA (CTEQ2L) at large msss. It is to a large extent the same data, so this 
is not independent. It is still impressive to note that we are now detecting parton 
collisions at 6 = 1999 GeV, and if there were strongly produced new particles, 
such as “origluons” up to a mass of 870 GeV, they would be visible in this plot 
as a significant bump. 25 Several other types of hypothetical massive particles can 
also be excluded, thanks to our knowledge (or assumed knowledge) of their strong 
interactions, namely QCD. This search will be continued in the Tevatron Run II 
(1999-?), but a really large extension of the mass range will only come with the 
LHC. 

Naturally, one of the first questions to ask, faced with a’possible large & jet 
excess, is whether the angular (or n) distribution of these jets is normal. It is. To 
see this for dijeta, we can calculate a variable x defined as: 

1+ wse* x = m= Ie”-“I. 

Figure 10 shows some x distributions together with NLO predictions, and the fit 
is good for all mass ranges. From this, a lower limit can be put on a parameter AC 
which is called the compositeness scale, namely AC >1.8 TeV at 95% confidence 
level. Thus at a resolution of about 1.1 x 10-i’ cm, the partons still appear 
point-like. 

-79- 



Two-Jet Mass Spectrum 
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Figure 9: Spectrum of the invariant mass of the two highest jets. 
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Figure 10: Angular distribution of the two highest jeta in terms of the variable x 
(see text). 
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Another place where large logarithms appear is when two balancing jets are 
et large opposite rapidity, or small angles. Then Iog (6) is large and we can 
apply resummation schemes. Important progress in this direction came with the 
BFKL formalism from Balitsky, Fsdin, Kuraev, and Lipat0v.m A picture emerges 
of gluons scattering by t-channel gluon exchange, the letter also emitting gluons, 
so that this diagram times its complex conjugate is like a ladder. This is a perhaps 
naive description of the BFKL Pomeron, not the same ss the standard Pomeron 
giving diffraction with rapidity gaps (about which more will be said later), but 
related. The BFKL Pomeron is much discussed in relation to very low-z physics. 
DO searched*’ for evidence in the form of a decorrelation between a pair of hadron 
jets as the rapidity interval between the jets increases. Figure 11 shows the sz- 
imuth angle difference (1 - Ad/r); the back-toback peaking has a tendency to 
wash out ss Aq increases. However, as seen in Fig. 12, the effect is not ss strong 
as predicted by BFKL and is actually in agreement with the HERWIG Monte 
Carlo (but not NLO JETRAD). BFKL effects are seen elsewhere (e.g., et HERA) 

studies are clearly needed. 

Figure 11: The azimuthal difference be- 
tween the two leading jets (DO) for three 
different values of their rapidity sepa 
ration. The back-to-back balance gets 
washed out ss Aq increases. 

Figure 12: The mean value of < cos(n - 
A& > versus A9 showing the decorrele- 
tion of the previous plot, compared with 
three predictions. 
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Multiple Jets: Very High & 

In #he previous section, I discussed inclusive one-jet and two-jet date, but events 
with many high & jets are not rare et the Tevatron, and they provide an inter- 
eating testing ground for the QCD predictions via MC. One can study both the 
total rates aud the structure of the events, e.g., sub-energies and angles between 
jets. Figure 13 shows CDF data, ignoring everything in the events except jets 
above Er = 20 GeV and making a scalar sum of those above that threshold. The 
date are only plotted above C l& = 300 GeV, far above any threshold effects, and 
extend to about 1000 GeV. The shape compares well with the two Monte Carlos 
(JETRAD and HERWIG) apart from being slightly flatter at large &, the same 
effect we saw in the one-jet inclusive spectrum (it is, of course, essentially the same 
date). The relative normalization of 1.4 applied to the MC to get beat agreement 
is probably ss good as could be expected for these far-from-simple events. Still, 
although the highest C l& events frequently have several jets, the two highest Er 
jets usually dominate. 
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Figure 13: Distributions of total Er including all jets above 20 GeV. 
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CDF did a ztudyz’ of events with C & above 420 GeV and three jets each 
above 20 GeV. There are many ways to etudy data with many variablea, 80 one 
should try to choose plots that have a clear physical meaning, or which make 
incizive t&z among modelz. Figure 14 (Ref. 21) shows the mazz distribution of 
the three, four, or five highest ET jeta compared with HERWIG and NJETS; both 
give good descriptions. For three jets, one can go to their rest frame, calculate 
the energy fraction . ..Y 

XjZ$, (12) 

‘and make a Dalitz plot of X1, Xz, end Xz. This sort of study can alzo be. done 
for four-jet eventz by merging the two jeta with the zmallest invariant masz mij 
to get a three-body syztem (with an additional variable mij). Any number of 
jetz can be zequentially reduced thii way to a three-body system which can then 
be studied more simply. For exampld, the diztribution of Xz for three-jet ever& 
(all above 20 GeV) zeemz to be a variable with little discriminating power, both 
phase space and QCD Monte Carlo having similar behavior and agreeing with 
data, apart from a wave in HERWIG which the data does not show. Phase space 
models do not describe the data as well az the QCD calculationz which predict 
large contributidnz from initial or final state gluon radiation. 

5 Direct Photon Production: 7 and yy 

Az qua&z carry electromagnetic charge az well az strong charge, in any diagram 
involving gluon emission from a quark q --t qg, we can also have photon emission 
q + QT. The leading order diagrams are qg -+ rq and qtj + rg, and there 
are also bremzztrahlung photons radiated off quark lines. The latter are uzually 
considered az a background and are harder to meazure, being cloee. to (or in) a 
hadron jet. Therefore, experiments usually require the photon candidates to be 
&o&&d, to have very little accompanying energy in a cone of R = 0.4 (typically). 
Thii cut alzo minimizes background from #; meet detectors cannot resolve the 
two photonz from Z“ -+ -yy at high pr, but x0 tendz to be in jets. 

Direct photon production at high pr waz first observed at the ISRezz Az they 
had done for jetz, the Splss and Tevatron extended the reach in m  dramatically, 
up to about 120 GeV in the latter caze ae shown in Fig. 15. It iz not enough to 
require an isolated electromagnetic shower; the background from fl iz still high. 
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Figure 14: Distributionz of the effective masses of the three leading jets, four lead- 
ing jets, and five leading jeta (if present, irbove 20 GeV). The data are compared 
with HERWIG and NJETS and agree well. 

A method of atatietically zeparating the 7 and Z“ pioneered by UA2 (Ref. 30) iz to 
atart the calorimeter with a convertey and then a zeparately read-out layer to zee 
whether a photon conversion occurred. The probability for the two photonz from a 
m” to convert is about twice the probability for a single direct photon, 80 it ie easy 
to calculate the fraction of 7 in the sample (although not on an event-by-event 
basis). This method can be uzed at arbitrarily high pr. The CDF calorimeter 
alzo haa a -alled Shower Maximum detector, a layer of strip elements after a 
few radiation lengths (near the maximum of a typical shower) which can meazure 
the projected profile. The two photonz from low energy x0 are resolved into two 
peakn (depending on the decay orientation), but even at higher Er when they 
merge (typically, in CDF, the zhower zeparation is 4, = 50 cm/E,.), the profile 
ie broader for r”. The figure ehowz that both methodz agree where they overlap, 
and aleo that the data agree well with NLO QCD, at least at high pr, with the 
CTEQZM structure function. We could expect that photonz are better probea of 
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structure functions than jets; there are none  of’the complications of final state 
radiation, jet fragmentation, or quest ions about  the correspondence between the 
jet and  hard parton. Calorimetric detectors also have better resolution for photon.9 
than for hadrons,  and  it ia intrinsically a  c lean process. So it was hoped  that the 
diagram gq + QY would be  a  good  way to measure the gluon distribution g(z, Q2). 
However,  higher order d iagrams muddy the predictions, and  they are not as  precise 
a  probe aa  once thought. 

i &n&ion Method 

0  
0  Profile Method 

10 15 20 25 30 35 40 45 50 _ 
Photon P, (G&/c) 

0  1989  CDF Data 
A 1992  CDF Data 

- NLO OCD. CTEQZM. p=P, 

Photon P, (GeV/c) 

Figure 15: The pr spectrum of direct photons as measured by CDF, compared to 
a  NLO calculation which underest imates the rate at low pr. The  inset shows the 
agreement  between two methods of identifying photons (conversion probabil ity 
and  shower profile). 

In detail, the photon data lie systematically above the QCD line below 40  GeV. 
Alldirect photon data are systematically high at their lowest pi values. If this were 
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Figure 16: The zt spectrum of direct photone in different exper imenta (data- 
theory/theory). The  lowest pr data are systematically high. 

due  to a  structure function behavior,  we would expect  the trend to be  common,  
to experiments at different fi, if plotted against the scaled 6, namely, zT = 
2m/fi. In Fig. 16, (Data-NLOQCD)/NLOQCD are plotted and  show that this 
is not the simple solution; at the same zr, a  low \/; point is higher than QCD, 
and  a  high fi point is lower. Admittedly, these points differ in Q2, but the Q2  
dependence  is supposed to be  wel l-handled by the QCD calculation. It looks like 
an  effect that to first order is a  pr dependence,  the lowest pr being enhanced 
at any  fi. A likely explanat ion is that the QCD predict ions fail because they 
assume that the incoming partons are colinear. W e  know that cannot  be  strictly 
true because protons have a  finite size, so the uncertainty principle will give an  
intrinsic kT of a  few hundred MeV/c to the partona. But more than that, there 
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are nonperturbative (and therefore’uot well*alculable) effects, namely, soft gluon 
emission, that can give kT which may be larger than a GeV and will smear the 
production cross section. ,This kT (which I would not call intrinsic, I reserve that 
for the proton size effect) will depend on fi at fixed z and could account for 
much or perhaps all of the behavior in Fig. 16. But the jury is still out. One good 
test should be two photon production. 

The production of two back-teback high pi direct photons was first seen at 
the ISR,S’ but the signals there were very small. Even at the Tevatron, very few 
events were found by CDF in 90 pb-* as shown by the plot of MvT, Fig. 17. In this 
plot, the rise to Mn fi: 30 GeV is entirely a trigger threshold aud data selection 
effect; presumably the cross section is very high for low mass pairs, all the way 
down to the GeV region and below, but the experiment has not been done. (It 
might be very interesting.) Can we conclude anything about kT from this limited 
data? The diphoton system pi ‘is well-mess&d, but the poor statistics can be 
seen in Fig. 18. What can you say? 

On a separate issue, note that MT7 is well-determined by good electromagnetic 
calorimeters, obviously much better determined than MJ,. For beat resolution, 
one needs to know also the production point, not always easy at a high luminosity 
hadron collider such as LHC. But this is why the two-photon channel is consid- 
ered au interesting channel for searching for Higgs Ho even though the branching 
fraction of H -+ -y-y is very small, less than lo-’ depending on MH. Between 
about 80 GeV and 150 GeV (the intermediate mass Higgs region), the full width 
of the Higgs is only a few MeV, much narrower than conceivable resolutions (so 
au experiment with super resolution has a major advantage). There is a very 
interesting thing about this decay which makes it important even if the Ho is 
discovered in another channel. The Ho being neutral does not actually couple to 
photons, so this decay proceeds through loops of anything that couples both to 
fl d an 7, and the heavier the better. This means the decay rate will depend on 
the existence of heavy things such as W, t, 4, and even charged particles of many 
TeV, or even hundreds of TeV. But it will be difficult! Very! 

6 Vector Bosom: W /Z + Jets 

Just as direct photons can be used as probes of hard QCD processes, so can vector 
bosons, namely, W* and 2. In lowest order, the perturbative diagrams are simply 

*,., 
Oiphoton Sydem P, (G&/c) 

Figure 17: The diphoton mass spectrum Figure 18: The distribution in pr of the 
measured in CDF. The rise at low MT7 is TY pair. This should be a useful probe of 
due to threshold/acceptance effects. kT effects. 

q@ annihilation, qcj + W, and the W  have low pr which is given by, and provides 
information on, nonperturbative initial state gluon radiation and kT (I do not now 
distinguish these). This process is like Drell-Yan (qij --t PI-) and is sometimes 
also called Drell-Yan. Given that a colored quark from the proton annihilates 
with a colored antiquark, with a large rapidity separation, perhaps the associated, 
hadrons in these events would show interesting differences with, e.g., typical soft 
collisions. To the extent that people have looked (which does not include the 
forward regions), there are no striking differences. 

More study has been done of events containing both a W/Z and high pr jets. 
Apart from the intrinsic interest for &CD, W  + jets is the most important chan- 
nel for studying the top quark. The dominant process for creating top quarks is 
qg -+ tt and then tf -+ WibW-6. The W  then decay either hadronically W  + q# 
or leptonically W  --t Iv. If both W  decay hadronically, which happens 46% of the 
time, we have a six jet final state. Strong QCD production of six jeta has a much 
higher cross section, but a ti signal can still be obse~ed~~ by demanding that one 
or two of the jets have characteristics of b jets (leptons from semileptonic b decay, 
or displaced vertices). When both W  decay leptonically (10% of the time for each 
of e, p, or T for each W), the signature is relatively clean, but two neutrinos are 
undetected so the kinematics is poorly constrained. The best compromise between 
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signal:background and reconstruction ability is with the 44% fraction which are 
hadronic+leptonic, called the lepton + jets mode. There is still a large background 
from non-top W + jets, hence the importance of being sure we understand the 
QCD aspects. Note, however, that two of the jeta in tt production will be b-jets, 
so btagging is very important. Unfortunately, btagging efficiencies are typically 
only about 30%-40%. 

The cross section for W + 1 n jets and 2 + 1 n jets= ss functions of the 
number (actually 2 n) of jeta is shown in Fig. 19. Jets are counted if their & 
exceeds 15 GeV and they are in the pseudorapidity region 191 < 2.4. Note the 
excellent fit to a pure exponential, with a factor of five decrease for each additional 
jet. This factor will depend on the minimum jet &. Note also that the 2 cross 
sections are just about a factor of ten below the W (mostly because of the mass 
difference), and show the same behavior. Le,ading order QCD predictions using 
VECBOS and MRSA and CTEQ3M structure functions and two different choices 
of Q2 are also shown, giving some idea of the uncertainty coming from the choice 
of renormalization scale. The cross section for W + 4 jets (with the above cuts) 
is about 5 pb-‘. Compare this with the cross section for tt [7.7?::: pb from CDF, 
and 5.8 f 1.8 pb from DO (for Mt = 170 GeV)] times the 0.43 combined branching 
fraction. I do not go into additional complications in the top studies such as: one 
or more of the wanted jeta from top decays may be below threshold or at too large 
q, and additional jets from gluon radiation may be in the selected region. These 
effects are all supposed to be modeled correctly in the Monte Carlo simulations. 

There are many measurements one can make and compare with perturbative 
QCD in W/Z + multijets events. I will just show one and mention a few more. 
Figure 20 shows the & of the highest & jet associated with a W. There are a 
few events with a jet above 150 GeV. 

The spectrum includes the estimated contribution from tfeventa (backgmund!), 
from jets from other interactions (pile-up), and “QCD background” which means 
that a hadron jet fakea a W. The sum of all these fib the data reasonably well, but 
the data above 120 GeV are systematically high. Other plots agree remarkably 
well; these in&de: 

,o 4 i: __ .._ ._ CDF PRELIMINARY .._. ._ ._ _ - .._. -..-.-..-.- .-.._ ----.-..-.__-.- 

l CDF DATA 108 pb-’ 
o LOOCD am’= <Pt>’ 
o LO QCD 0,’ = M’+ Pt’ 

..- A -. ..-. .-... . ..L I.. ..-- .L..- - 

hJLTIPLICI& (1 n jets 3 ’ 

Figure 19: The multiplicity of jets in events with a W (top curve) and 2 (bottom 
curve). The linea are simply exponential fits. The shaded band shows LO QCD 
and the effect of varying Q2 within the range shown. 
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CDF PRELIMINARY (108 pb-‘) 
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E, of Leoding Jet (W + P 1 jets) GeV 
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Figure 20: In a study of jets associated with W, the top plot shows the i& 
spectrum of the leading jet and the bottom plot shows the predictions for how 
this is composed. 

I 

l The ET distributions of jets two and three if present. 

l The dijet mass distributions if two or more jets are present. It extends to 
about 650 GeV. There is no sign of any extra events in the W/Z rev from 
W W  or WZ production! 

l The distance A&j in the r@ plane between two jets. 

l &+ET~. . . andsoon. 

7 Heavy Quark Production: Charm, Beauty, 

and Top 

In this section, we consider c, b, and t quark production; these are normally 
considered the heavy quarks. The production of strange s quarks, including #(si) 
mesons, cannot be calculated in perturbative QCD. Such small mass means too 
large as to handle. For top (M, x 175 GeV) and bottom (Mb e 4.1-4.5 GeV), 
perturbative QCD should work rather well, and we can test that. The charm 
quark case (M, %  1.0-1.6 GeV) is marginal; perhaps charm can be used as a 
bridge between perturbative and nonperturbative QCD? 

A set of diagrams for d production is shown in Fig. 21. 
The leading order diagrams, 0(ai) (two strong vertices), are qQ annihilation 

to a massive virtual gluon, or gg + Qo with t-channel Q  exchange. Higher order 
diagrams are gluon splitting g + 00, in which the Q@pair will be close in @  
(probably in the same jet), flavor excitation in which only one of the Q@pairs is 
at high pr, and hard gluon radiation off any parton line. 

What experimental techniques are used to study b production? The bquark 
lifetime is much longer (about lo-l2 s) than the formation time of hadrons (about 
lo-= s). The b quark therefore emerges from the interaction in a hadron (B). 
The “average flight path” cr for B mesons is about 460 pm, so a high-e B meson 
with a r-factor E/M frequently travels a few mm before it decays. High-precision 
tracking close to the interaction point, usually with silicon strips (as in the CDF 
Silicon Vertex detector SVX) can reconstruct these secondary vertices and kill 
the overwhelming combinatorial background one would otherwise have. One can 
inspect the CT distributions for prompt, charm, and bottom components and select 
the latter. This can be done, for b quarks, with a typical efficiency of around 30%. 
Another technique for tagging b hadrons or c hadrons is to use their aemileptonic 
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Figure 21: Feynman diagrams for leading and next-to-leading order b-quark pro- 
duction. Please attribute the fuzziness to quantum fluctuations! 

decays. The branching fraction is about 10% to each lepton. (Of course, this is 
the same as for W; indeed, the process is b --t WC where the W  is virtual, followed 
by the virtual W  decay.) It is hard to use T, but high pr electrons or muons n’ n or 
close to a hadron jet and coming from within mm of the interaction vertex make 
a good signature for c or b decays. Distinguishing c from b is not easy [they have 
similar branching fractions to leptons ss you would expect, and the lifetimes are 
not gmstiydifferent: cr(D*) = 317 pm, cr(D”) = 124 pm, n(B) = 465 pm]. 
However, the more massive b quark kicks the lepton out with larger Q  than the c 
quark does, and this kinematic difference is quite powerful for c/b discrimination. 

Figure 22 shows CDF dataM on the production cross section for B hadrons in 
the central region, 1~1 5 1.0 ss a function of pr. Three different techniques were 
used: two look for high-pr muons with a nearby reconstructed charmed meson 
(D”, II’+) and the other uses a high pr 10 as seen in #p-, together with a K or 
K’. The latter mode has only about a 1% branching fraction-it occurs through 
b 4 ‘W ”c followed by “W ” + & and the c and E make a $--but it has a good 
signature. In fact, 20% of all pr > 5 GeV/c 111 come from b decay. The data on 
B production is higher than the theory prediction by a factor three to four, more 
than the systematic errors on the theory (dashed lines). Experiment DO sees a 
similar (although less significant) discrepancy. 

If we study J/q0 production from any source (prompt, b decays, x decays), the 
data is also a factor of several t imes higher than the predictions. To investigate 
this, we can separate the components. Displaced vertices in the CDF SVX select 
the component from b decays, ‘which is found to be 20% for pr > 5 GeV/c. 
The other J/~/J are “prompt,” with the decay muons apparently coming from the 
production vertex. These can again be separated into J/$J coming from x decay: 
x + $7, by looking for an associated photon in the electromagnetic calorimeter 
with acceptable combined masses, or not coming from x. The surprising result is 
that the rate of prompt 40 and $’ production is much larger than the theoretical 
expectation, in the case of $’ by a factor of 50! Here is a good example of 
experiment telling theory that some aspect of the theoretical calculations was 
badly wrong! A factor of about 50 wrong! The simplest explanation is probably 
that the theoretical calculations assumed that to make a J/$, you have to produce 
a c and E in a color singlet state, with the right spins and orbital angular momenta. 
This is asking quite a lot! Perhaps instead one can produce a c and C in any color 
state, e.g., color octet, and the color can be radiated away by soft gluons (which 
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Figure 22~ Cross section for B-hadron production vs pr at the Tevatron. 

is difficult to calculate) until the d pair is colorless. Similarly, angular momenta 
can be radiated away until we get to the ground state. This is the color octet 
model, and it seems to do a good job of calculating the spectrum shapy, but does 
not have much to say about the normalization (except that it should be much 
higher than the old color singlet model). One interesting test will be to study the 
nearby ha&on density. The isolation of the J/~/J should be less in the color octet 
model, but being a nonperturbative effect, there are no precise predictions. 

Data on open charm production at the Tevatron are meager, but as described 
above, the hidden charm CE sector is very interesting. What about hidden beauty, 
Y(a)? Figure 23 shows the nicely separated peaks in the dimuon spectrum for 
Y(lS),Y(ZS), and Y(3S). The T are all prompt; they can be decay products of 
excited states like Xb, but these are prompt decays. Again, we can get a handle 
on them by looking for associated photons (direct photon detection capability is 
very useful!). The data are about an order of magnitude higher in cross section 
than the predictions of the color singlet model, see Figs. 24 and 25. Color octet 
production may account for the discrepancy.3s 

The trend towards improved agreement between theory and experiment as 
Mo increases continues to the top quark. Figure 26 shows a comparison be- 
tween predictions and CDF data, which are at most a factor of two higher (about 
1.5 standard deviations) while DO) data agree with theory. Now we only have to 
consider open top production; the top quark lifetime is so short that it decays 
before it can form bound states. There are no top hadrons. At the Tevatron, 
tf pairs are produced mostly by qq annihilation. At LHC, M/G is seven times 
lower, therefore so is the z of the incident partons, and gg --t tt is dominant. 

’ 

I finish this section with the search for the six-jet decays of tf, which is very 
difficult given the large QCD six-jet background. The CDF analysis3* selected 
events with six jets above 15 GeV in ET, central, and required at least one of the 
jets to be b-tagged. This, of course, kills a lot of the background, which is then of 
a similar magnitude to the signal. One fits all jet combinations to the hypothesis 

M~+M~-+(Mw+b)+(Mw+6)+(J+J)w+b+(J+J)w+6 (13) 

with the two jets from each W  constrained to have the right mass. Ml is left as an 
unknown. The jet combination with best x2 is chosen, and the mass Ml plotted in 
Fig. 27. The data by themselves could hardly be taken as evidence for top, so this 
is not a discovery channel. However, our QCD studies give us confidence in the 
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Figure 23: The dimuon /A+P- mass spectrum in CDF showing the b6 resonances 
T, Y’, Y” on top of a smooth background. 
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Figure 24: The cross section x branching Figure 25: The cross section x branching 
fraction to @p’- of the Y compared with fraction to #p- of the Y’(2S) compared 
a QCD calculation. with a QCD calculation. 

Figure 26: The cross section for production of the top quark as a function of the 
assumed mass M,, together with the central value of the CDF M, measurement 
and some theoretical predictions. 
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Figure 21: Six jet events (including b jets) treated as ti candidates, plotted aa a 
function of the fitted mass Mt. The shaded area is the expected QCD + 6 jeta 
background, and the open area the fit to a top contribution. 

estimate of the non-top background, and the excess can be used to measure both 
M1 and atc which are consistent with (but have larger errors than) measurements 
in the other channels. f 

8 Double Parton Scattering 

All the hard process cross sections discussed so far have depended on the sin- 
gle parton distribution functions, and have ignored possible correlations between 
partons. The basis of the parton model is that they are non-interacting, but of 
course, this is not true in &CD. There are still some “trivial” correlations such as: 
(1) Cz = 1.0 so if you find a parton with 3: = 0.6, there will be no others with 
z 1 0.4. (2) The cloud of partons which constitute a proton has a limited radial 
distribution. Measuring the probability of Double Pm-ton Scattering, DPS, where 
two independent hard scatters take place in the same p$ collision, gives informa- 
tion on this spatial extension in the transverse plane. Obviously, the probability 
of a second hard scattering, given a first, will be small if the parton cloud is large, 
and greater if it is small. We can write schematically: 

(14) 

oA and be are the cross sections for the two single hard scatterings, and (Igp is the 
cross section for both in a single interaction. A,JJ is a parameter with dimensions 
of area; the smaller A is, the more compact is the parton cloud and the larger the 
rate of double parton scattering. Commonly, U./J is used for the area A./J but 
could be confusing as we are used to 0 meaning a cross section and to event rates 
rising with u rather than the inverse. So I prefer A,JJ. 

The first measurement of DPS was a study by the Axial Field Spectrometeras 
which selected events with four jets with E&et) 1 4 GeV and C&Cjet) 1 
25 GeV. A jet threshold of only 4 GeV is <dangerously low, but not as shocking 
at the ISR (fi = 63 GeV) as it would be at collider energies ten to 30 times 
higher. The background to DPS is “double bremsstrahlung,” DBS, where a 2 + 2 
hard collision is accompanied by radiation of two gluons. DPS and DBS are 
statistically distinguishable because in DPS, one pair of jets tends to balance (same 
Er, opposite in 4) and so does the other pair, while in DBS this is not normally 
the case. Distributions of an imbalance pammeter are best fit by a mixture of the 
processes, and from the amount of DPS, one could derive an effective radius of the 
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proton’s parton cloud to be 0.3 fm. The fraction of four-jet events which are DPS 
falls rapidly with the E+ of the jets, but close to the lower cuts in the AFS data was 
as high as 60%. Large C ET triggers at fixed target energies fi 5 30 GeV never 
showed the dominance of a two-jet structure, probably because with a steeply 
falling z distribution and parton scattering cross section, it was easier to get large 
C Er by DPS and TPS (Triple Parton Scattering) events. On the other hand, if 
one requires four large & jets as done by UA2 (Ref. 37) (15 GeV) or CDFss (25 
GeV), the DPS fraction is very small. UA2 gave only an upper limit, while CDF 
found a signal at the significance level 2.7 u, 5.4% for DPS/DBS. 

The DPS fraction will rise strongly as the jet J!& threshold is decreased, both 
because of the structure function rising and because the partonic cross sections 
rise. CDF has a new analysisss which requires exactly three jets with ,E& > 5 GeV 
and a direct photon candidate (it could be, a so) above 16 GeV. Starting as low 
as 5 GeV wss shown to still give good behavior, e.g., in terms of di-jet balancing, 
so the parton-jet relationship seems still to be acceptable. Having a photon (or 
narrow em jet) as one of the “jets” has advantages despite the lower rate. Perhaps 
more important, the cuts allow the two jet pairs to have rather different &, which 
reduces the allowed combinations in the 2 x (2 + 2) reconstruction. It is found 
that about half the events in this sample are DPS; the significance of the signal 
is not in doubt. Figure 28 shows the distribution of AS, the azimuth angle 
between the jet pairs, the pairs being chosen to have the best balance. This is 
very peaky (at AS = s) for DBS but is rather flat for DPS. The area parameter 
is measured to be A,JJ = 14.5 f 2.6 mb, significantly larger than the AFS result. 
Although we might expect A./J to be rather independent of fi,z, etc., there can 
be some dependence. It would be interesting to have more information on this 
process. In fact, with the right selections, even TPS = 3 x (2 + 2) should have 
a good signakbackground (e.g., events with two jets above 25 GeV, two with ET 
= 15 GeV-25 GeV and two with ET = 7 GeV-15 GeV. (The staggering in ET is, 
of course, just to reduce background; events with six jets above 7 GeV will have 
a much larger TPS signal but much larger 2 + 6 background.) 

9 Color Coherence 

CDF Preliminorv 

CDF 16 GeV 7/n” + 3 Jets 

+ oat0 
0 OP.@20 Admixture 

(52X/48X) 
-- 1OOZ OCO (Pythio) 

A5 (p-anqle between pairs) 

Figure 28: The azimuth angle is plotted between the best balancing pairs in 
rJJJ events. Double parton scattering gives a flat distribution. 

Among the other interesting phenomena which are being studied at the Tevatron, 
color coherence deserves attention. A proper simulation of strong interactions 
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would compute all the color wavefunctions in space-time, and derive probabilities 
of finding particles by adding and then squaring the wavefunctions. As in optics, 
we have destructive or construct,ive interference, giving rise to “fringes” or at least 
angular regions that tend to be depleted or enhanced (extremely broad fringes if 
you like). We do not generate our Monte Carlo events at this level, but the effects 
of this color coherence can be seen. One manifestation is a string efiect in e+e- + 
@g three-jet events where some angular regions get enhanced, others depleted. 
Another is angular ordering in a parton cascade, where successive opening angles 
are progressively smaller (19, 2 62 2 63, etc.). As usual, pj interactions are more 
complicated than e+e- because we have gluon radiation in both the initial and 
final states, and interference occurs between them. Some Monte Carlo programs 
include angular ordering effects [HERWIG, PYTHIA+, PYTHIA5.6 (final state 
only)] and others (ISAJET, JETHAD) do not. One can look4’ at events with one 
stiff leading jet (Jetl) and two others (Jet2, Jet3). Jet3 is normally near Jet2, and 
we can plot its distribution around Jet2 as an angle in the n,d plane. Preliminary 
data from DO show that the third jet is much more likely to be between Jet2 
and the beam directions than orthogonal (i.e., at the same r) as Jet2). HERWIG 
seems to get this right while ISAJET (with no color coherence) does not. 

10 Jet Fragmentation 

Studies of jet fragmentation have received a lot more attention recently at LEP,4 
from e+e- --t 9~, than at the Tevatron. It is an interesting arena for pushing QCD 
to its soft limits, and understanding how a hard quark in a color field transforms 
into isolated colorless soft hsdrons. Modeled as a branching tree of quarks and 
gluons, one has to handle the problems of QS diverging as four-momenta Q  become 
smaller, giving so-called soft divergences and colinear divergences. (These are not 
important for a calorimetric jet measurement, but here we are discussing the 
hadronic structure.) One normally puts a cut-off scale Qs of several GeV on the 
cascade, to keep emission probabilities small: 

E 
w xas.ln*- * 

Qo (15) 

In the 1970s and 1980s tools for summing divergencies were developed especially 
by the “Russian school”41 which led to the Leading Log Approximation, LLA, and 
recently to the Modified LLA or MLLA by Mueller,42 Dokshitzer, and Tro~an.~~ 

This results in a formula for jet fragmentation into’hadrons with essentially only 

i 
two parameters, an effective cut-off Qc,, of the parton cascade and the ratio of 

!. hadron multiplicity to parton multiplicity (at the cut-off scale). Color interfer- 
I ence, giving angular ordering, is incorporated. The MLLA manages to g&t very 

reasonable fits to many fragmentation variables. One such is the variable 

where 
z = Phod 

PJET (17) 

is the fractional momentum of the hadron along the jet axis. [ = 0 then corre- 
sponds to a single hadron jet, while a soft hadron with z = 0.0025 has { R  6. In a 
CDF study,44 all the charged hadrons within a cone around the jet axis of radius 
0.466 rad are counted, and the [ distributions are plotted in Fig. 29 for several 
values of the leading dijet mass from 105 to 625 GeV. Good fits are obtained to 
a form derived from the MLLA. Surprisingly, the parameter Q.,, for these fits 
is very low, about 240 MeV, but this should not be interpreted as “QCD works 
down to 240 MeV.” However, the parameterizations given by the MLLA methods 
can apparently be extrapolated with some success even down to this soft region. 

Studies show that the cone size B can be varied and the fits remain good with 
stable parameters. The position of the peaks in Fig. 29 depend both on EJ and 
8, but it is just the product ,!?Je which matters. If we define 

Y=,nEJB 
Q e/J’ 

then the position <s of the peak is given by 

(18) 

where c is a constant; 0.292 fits the data. We then can show a universal curve of 
co versus MJ Jo with CDF points for several dijet masses together with LEP e+e- 
data, see Fig. 30. This emphasizes the similarity of the internal structure of jets 
at the Tevatron (pp) and LEP (e+e-). 

11 Diffraction and Rapidity Gaps 

Essentially everyone agrees that QCD is & Theory of Strong Interactions. Nev- 
ertheless, we actually know how to calculate only a very small fraction of strong 
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interaction physics (large Q*) and therefore do not have a good understanding 
of such “soft” phenomena ss the total cross section ur, elastic scattering $, 
diffractive dissociation, and double Pomeron exchange. The Pomeron, II’, can be 
defined’s operationally as the dominant strongly interacting entity exchanged over 
large rapidity gaps. In elsstic scattering at the Tevatron, the p and pare separated 
by 15 units of rapidity, and the four-momentum transfer exchanged is carried by 
the Pomeron, except at very small t where photon exchange dominates (Coulomb 
scattering). The imaginary (absorptive) part of the elastic scattering amplitude 
at t --t 0 is proportional to the total cross section or; this is the famous optical 
theorem. The Pomeron therefore “drives” the total cross section. Regge theory is 
not much taught now, but it is more successful than QCD at “explaining” much 
soft strong interaction data. Could it one day be “derived” from QCD? In Regge 
theory,45 Pomerons and other Reggeons are exchanged carrying complex angular 
momentum a(t). At any t, the highest a tends to dominate, and at t ss 0, this is 
the Pomeron. Total cross sections behave like: 

UT = c . pm-l, (20) 

so ss ap(0) exceeds 1.0 total cross sections rise. with energy fi. In fact, a more 
theoretical definition of the Pomeron4s is: “The highest Ftegge trajectory, with 
the quantum numbers of the vacuum, responsible for the growth in hadronic total 
cross sections at high energy.” It has the quantum numbers of the vacuum (zero 
I-spin, no charges), which is not surprising ss a proton can “emit” a Pomeron 
and remain a proton. The relation between the Pomeron and the QCD vacuum 
(gluon condensates?) is interesting. So now I have defined it (twice!), but what 
is it? QCD has quark and gluon fields, so presumably the Pomeron should be 
describable in the same terms. 

There is currently much progress in trying to understand the Pomeron by 
studying hard diffractive processes, i.e., events with both a Pomeron and a large 
Q* process such as high ET jet production or W  production. The idea is to think 
of the Pomeron ss a quasiparticle. Think of it as a particle, Pomeron (Ip) that 
can be. emitted with some flux and absorbed, and that has a structure function 
gp(/I,Q*,t) and qp(P,Q*,t) where p is the fraction of the Pomeron momentum 
carried by the parton. This may not be a very sound theoretical concept but 
it seems to work, and by trying to measure the Pomeron partonic structure in 
different processes, we put it to the test. 

, 

11.1 Jet-Gap-Jet Events 

In 1993, Bjorken predicted” that hard scattering between two partons, leading 
to two high l+ jets, could occur not only by gluon or quark exchange bu also 
by a color singlet exchange, most simply by two-gluon exchange with glu i 118 of 
opposite color. In the early days of QCD, Low’s and Nussinov” had proposed 
that the Pomeron is two gluons. Because no color is exchanged between the 
kght-moving and left-moving systems, there is no color field between them and 
hadrons are not formed; hence we should have a rapidity gap, defined ss a region 
of rapidity containing no particles. To be dominated by color singlet exchange, 
rather than just a fluctuation in the rapidity separations of particles in a normal 
“nondiffractive” event, the rapidity gap Ay should be larger than about three 
units. Bjorken could calculate the probability for the twohard-gluon exchange, 
but could only estimate the probability that the rapidity gap would not be spoiled 
by some additional soft color exchange in the event. This he called the Survival 
h&ability, S, and estimated it to be about lO%,leading to an expected fraction 
of events with gape between jets in the range 0.003 < I&,,, < 0.03. Both DO 
and CDF found50*s1 such events at a level near 1%. One technique is to select 
events with two forward jets on opposite sides (~1% < 0) and to count charged 
hadrons in a central rapidity region -1 < r~ < 1. Figure 31 shows such a plot 
(solid line) compared with the multiplicity distribution when the two jets are on 
the same side (41% > 0). An excess is seen in the bin of zero tracks, at the level of 
(1.13&0.16)0/o. It is interesting to know whether this gap fraction depends on the 
l& and/or r) of the jets, and also whether, if we could discriminate between quark 
and gluon jets (not easy), the q/g mix is the same for gap and nongap events. The 
point is whether the hard color singlet exchange differentiates between quarks and 
gluons. Between about 20 GeV and 45 GeV, CDF sees5* no significant change in 
the gap fraction with ET, while DO sees an increase, from 18 GeV to 50 GeV, 
from 0.4% to 1.4% (Ref. 53). However, the errors on both measurements are such 
that the data are not in significant disagreement and more study is required. The 
same statement is true for the dependence of the gap fraction on rapidity separ~ 
tion between the jets; CDF sees a hint of a decrease in gap fraction at the largest 
< 1111 > (3.0-3.4) which is not seen by DO. These issues should be resolved, 
and we should extend the data to lower JZr and eventually study the transition to 
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Figure 31: Track (left) and calorimeter tower (right) multiplicity distributions 
(top) in the central region (171 < 1) between two high-pr (> 25 GeV) jets (solid 
lines, OS jets). The dashed lines show the same when the two jets have the 
same rapidity, far from the central region (SS jets). The bottom figures show the 
difference (OS-SS)/SS with the evidence for a rapidity gap. 

double diffractive dissociation without jets, a subject not yet properly studied at 
colliders. 

Another topic for future study, but which will probably be difficult, is that of 
rapidity gaps with double parton scattering. The idea is to select events withtwo 
jets at large positive rapidity and two at large negative rapidity, use the pairwise 
balancing techniques discussed above to select a DPS component, and then look 
for rapidity gaps in the center. We should learn something about the dynamics 
of the color singlet exchange. 

11.2 Single Diffractive Excitation 

While the events with gaps between jets were first publishedm only two years ago, 
single diffractive excitation has a long history. Before the 1% started in 1971, it 
wss known that an incident hadron could be excited into a low mass resonance 
with the same quantum numbers, and the cross section stays up as the energy 
increases. Good and Walkers” (experimentalists!) had much earlier proposed this 
phenomenon. Their mechanism was basically that the beam particle is actually a 
superposition of virtual states (p/nr+/plr+*-/AK+/etc.), which are differentially 
absorbed by the target so the beam “particle” can emerge in a different state. This 
was an s-channel, optical model viewpoint which went out of fashion in favor of 
the t-channel Pomeron, but Bjorker?’ is advocating its revival. 

In 1973, experiments at the 1% found that the range of diffractive masses 
scales with fi, extending to about 14 GeV there, and later at the CERN Sp@ 
Collider to 140 GeV. The SpjS was therefore in the energy regime where high-pr 
jets might be seen also in diffractive events. Ingelman and SchleinM proposed 
that such events could be considered as Pomeron-proton collisions, and thus by 
measuring jets, we could learn about the parton structure of the Pomeron. Schlein 
and collaborators installed “Roman pots” (special vacuum pots with detectors to 
measure protons scattered at very small angles and with nearly the full beam 
momentum, see Fig. 4, first used by the CERN-Rome Collaboration at the ISR) 
next to the UA2 detector which wss used to look for jets. They found such events, 
with two jets above 7 GeV, and from the ET and ‘7 distribution of the jets, they 
concluded that the parton distribution in the Pomeron is rather hard, like b(l-0) 
where /I = pporta/p~. They also claimed a “superhard” component with a single 
parton carrying nearly all of the Pomeron momentum, but smeared by resolution 
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Pomeron is more efficient than the protou at producing W  (on another proton) 
~  as it is smaller (up, z few mb), but the partonic cross sections are the same. 

We can now put four dtflractive results together: DIS cross section at HERA,ss 

and acceptance effects. This would be very interesting, suggesting a picture of the 
Pomcrou behaving like a siugle hard gluou with its color “bleached” by a soft gluon 
cloud. Data from Hi at HERA” also derive a structure of the Pomeron at very 
low Q* which is a quasi-&function gluon at /3 x 1. This is not directly measured 
but inferred from the pattern of scaling violations in the quark structure. Even 
‘at very high /3, the quark density rises with Q*, so it must be fed by gluons at 
even higher /I. If the Pomeron really appears to be a single high-8 gluon with an 
accompanying soft cloud, that would be very strange. According to Alan White% 
“gauge invariance requires that all the gluous in a color zero vacuum exchange are 
identical.” His solution to this di lemma is to introduce a quantum number: color 
charge parity C,. The hard and soft gluons carry different values of C,. 

Recently, both CDF and D0 have also found diffractively produced dijets. The 
method is to select events with a pair of jets at similar forward u (SS = Same Side, 
1~1 > 1.8 or so) and to look at the multiplicity distribution (calorimeter towers 
or tracks) on the far opposite side, say 2 < 9 < 5. This distribution shows5g@’ a 
distinctive spike in the zero-multiplicity bin which is the diffractive signature, at 
the level of 0.7% of the dijet sample. CDF also had Roman pot detectors located 
57 m  downstream along the outgoing ji pipe and took data with the diffractively 
scattered $ detected. This tags the mass of the Pp system and measures the t 
of the Pomeron. Jets are observed; the data are still being studied, and it will 
be interesting to compare with the UA8 studies and look for the “&function” 
component. 

11.2.1 Diffractive W  Production 

The study of diffractive dijets tells us about the Pomeron structure but without 
distinguishing between quark and gluon constituents, both of which produce jets. 
Experiments at HERA on diffractive DIS probe the Pomeron with photons and 
hence select the quark component. In hadron colliders, one can look for Drell-Yan 
lepton pair production, qq -+ l+I-, W*, or 2 production to probe the quarks. 
CDF have now done this6’ and find that (1.15*0.55)% of all W  are diffractively 
produced at the Tevatron. This is very much less than one particular prediction6* 
which said that itthe Pomeron were ouly qQ, as much ss 150/o-24% of all produced 
W  could be diffractive. How could it be so high, when the total diffractive cross 
section is only about 10% of the total cross section? The answer might be that the 

jet production at HERA, jet production at the Tevatron, and W  produqion at 
the Tevatron, to see whether we get a consistent picture for the Pomeron. We can 
choose as two parameters Cp, the momentum fraction of the Pomeron carried by 

, hard (participating) partons, and gp, the fraction of those hard partons which are 
gluons. The form p(1 - p) is assumed. Esch of these results constrains us to a 
band in the plane (Cp, gp), processes favoring quarks going up to the right, and 
processes favoring gluons going up to the left, see Fig. 32. 

The intersections of these bands are the favored regions (at the la level). Both 
ZEUS and CDF favor gp x 0.5-0.7 but differ in the estimate of Cp. We could be 
seeing here a breakdown of factorization, or a breakdown of the (perhaps naive) 
picture of the Pomeron as a quasiparticle with a structure function, or an indica- 
tion that the Pomeron flvr is not correctly calculated. Goulianos has proposeda 
the latter solution, suggesting that the Pomeron flux from high energy hadrons 
must be renormalized such that it never exceeds 1.0 (otherwise the diffractive cross 
sections become large, even compared to the total cross sections). This may bring 
ZEUS and CDF Cp,gp values into agreement, although it is not clear how the 
ZEUS data should be renormalized, and of course, we need better data. Schlein 
has also recently proposed65 a Pomeron flux renormalization but not global (like I 
Goulianos), but preferentially damping small <  =  1 - IF values. 

The use of the parameters Cp,gp is one way of treating data which is not 
good enough to properly measure the full structure functions g&I, Q*, t) and 
qp(/3, Q*, t); this is our ambition but it needs very high statistics. As previously 
stated, Hl and ZEUS at HERA are measuring qp(P,Q*), and Hl suggest that it 
may derive from what looks like (90%) a single gluon at low Q*, rapidly evolving 
into a q/g mixture. 

11.2.2 Double Pomeron Exchange 

Finally, a few words about the reaction called Double Pomeron &change. A 
Pomeron is emitted from each incident hadron, the hadrons scatter qussielasti- 
tally, and the two Pomerons interact in the central region. The final state has 
the two beam particles with XF greater than about 0.95, followed by rapidity 
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Figure 32: Allowed areas in the plane Cp, the fraction of the Pomeron momentum 
carried by hard partons, and g/l!‘, the fraction of hard partons which are gluons. 
The CDF W and JJ production constrain the region to the hatched area; ZEUS 
data imply a larger Cp. 

I hope I have communicated a sense that hadron-hadron colliders are a gold mine 
for QCD studies and a great deal is going on. Of course, a glance at these proceed- 
ings will show that e+e- and ep collisions are also great places to study QCD, and 
the three types of colliders complement one another nicely. Nearly everyone now 
agrees that QCD is the theory of strong interactions. Nevertheless, QCD 
being “right” does not mean that there will be no more surprises. On the contrary, 
we saw that prompt J/t,b are being produced at a rate about 50 times higher than 
anticipated. From this, we are learning about the subtle behavior of color in a 
soft, nonperturbative regime. B-quark production is higher than predicted by a 

gaps of three or more units, and central hadrons, with central mass Mo. The 
rule of thumb relation, for which double Pomeron exchange dominates over other 
exchanges (e.g., Pomeron-Heggeon), is 

which means: 
’ s 3 GeV at the ISR (hadrons, glueball spectroscopyor), 

l 90 GeV at the Tevatron (high ET jeta), 
l 799 GeV at the LHC (W? H? SUSk?). 

Double Pomeron exchange is still very little studied at the Tevatron, and not 
much was done at the Sp@S Collider either, *‘sss but it could be very interesting. 
The rate of double Pomeron events should help resolve issues about Pomeron flux 
renormalization. Hard scattering dijet events should be sensitive to the question 
of a d-function gluon, through observing events where the central system is just 
two jets (like an e+e- event, but from gg!). It should be noted that the interesting 
LHC process of Higgs production via W+W- + H” fusion also can leave rapidity 
gaps, since the W’s are colorless. lplp processes can be a background to this. 
However, any processea with rapidity gaps will be difficult to study in the big “high 
mass” experiments ATLAS and CMS because they require single interactions and 
therefore modest luminosity. The FELIX experiment will cover this field better, 
with very large rapidity acceptance and deliberately modest luminosity. 
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factor of a few, and tf production by a factor less than about 50%. Searching for 
new physics beyond the Standard Model often demands excellent understanding 
of &CD. Even more challenging is the fact that high cross section processes like 
diffraction dissociation, elastic scattering, and the total cross section itself are not 
yet calculable and therefore not yet well-understood. It is very exciting that we 
are now learning to extend the domain of calculability of QCD to phenomena 
such ss very low-z partoas, the Pomeron, and other color magic. I am reminded 
about other fields of physics, where collective phenomena like superfluidity and 
superconductivity were not predicted from basic atomic theory and Quantum Me- 
chanics but were experimental discoveries. Perhaps there are exciting new strong 
interaction phenomena just waiting to be found! 
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