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98 SHAPIRO & SIEGRIST 

Hadron colliders provide an important laboratory for testing the Standard 
Model of strong and clcctroweak interactions. Because such colliders have 
the highest available center-of-mass energy (Jh they probe the shortest 
accessible length scales and hence provide a unique opportunity both to 
study the fundamental fields of the Standard Model and to search for 
deviations from the predictions of the Standard Model. We present here 
recent results in the field of experimental hadron collider physics. 

1. PHENOMENOLOGICAL OVERVIEW 

1.1 Particle Production in Soft Processes 

The total PI> cross section, 0"0" is dominated by soft processes. Because 
most PI' interactions involve low momentum transfers, it is not possible 
to calculate the total cross section using perturbative quantum chromo­
dynamics (QeD). Instead, it is necessary to parametrize O'tot phenom­
enologically. The models used to describe the features of soft hadronic 
interactions share two common features (l). First, because the momentum 
transfer in most collisions is small, particles are produced with limited 
transverse momentum (Pt) with respect to the incoming PI' direction. 
Second, because there are no severe dynamical constraints in the problem, 
the particles have a distribution of longitudinal momenta with respect to 
the beamline (PII) that is determined chiefly by the available phase space. 

The three-dimensional phase-space element can be expressed in terms 
of pt and plI: 

d3p 
= d,J, dp,2 dPIl 

E 'I' 2 E' 
1. 

where ¢ is the azimuthal angle. Hence the invariant single-particle cross 
section can be written 

dO' 1 dO' 
E- ---- --

d3p - n dp,2dy' 
2. 

where we have integrated over azimuth and where the rapidity y is defined 
as 

y = � ln(E+PII) 
2 E-PII 

3. 

so that dy = dp li/E. In the case where particle masses can be neglected, 
y � -In [tan (8/2)]. Here 8 is the angle between the particle's momentum 
vector and the beam line. This angular variable is called pseudorapidity 
(1]): 
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HADRON COLLIDER PHYSICS 99 
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Figure 1 (a) The charged particle pseudorapidity distribution dN,h/dYJ as a function of the 
pseudo rapidity YJ as measured by CDF (Js = 1800,630 GeV) and by VA5 (Js = 546 GeV) 
(55). In all cases, the statistical uncertainty is smaller than the plotted point. An estimate of 
the systematic uncertainty for the COF data is shown on the lower edge of the plot. (b) The 
ratio of dN,h/dYJ at 1800 GeV to that at 630 GeV. 

11 == -In [ tan (8/2)] . 4. 
Because it is indep endent of mass and t her efor e r equir es only an angular 
meas urement, 11 rather than y is the v ariable mos t  commonly us ed at 
hadr on colliders . 

R apidity is a natural phase-s pace element and the distr ibution of par ­
ti cles i s  expected to be roughly flat in this v ariable. T his fact is demon­
strated in Figure 1, which shows the charged particle multiplici ty dNch/ d1] 
as a function of pseudo r apidity for sev er al center -of-mass ener gies .  Thes e  
data were taken us ing "minimum bias "  triggers ,  triggers s ens itiv e  to the 
complete nondiffr activ e  cross s ection. At al l center-of-mass energies (Js), 
the cross section is near ly independent of 1]. The v alue of dNch/ d1] gr ows 
slowly wi th i ncreasi ng center-of-mass energy. 2 

2 Note that the flat rapidity "plateau" must end at some value '1max' This value is set by the 

kinematic limit '1max � In (2E/m), where m is the mass of the produced particle, usually a 
pion. 
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100 SHAPIRO & SIEGRIST 

1 0 -26 
0 1 800 GeV 
6. 546GeV 
0 53GeV 
A 27GeV 

10 -28 O� 
N �" > o \0 Q) °0 (!) o 6. 0Q) 

--
C') 

10-30 
A 6.0. 6. <XC 0 

N -0-
E 0 6. -¢-
Q A +� � . � a. 0 + C') 
"0 

1 0-32 + -- A 0 
t b 

C') 

iB A 

10-34 
A 

O.S*(h + + h - ) A 

10 -36 0 2 4 6 8 10 
P (GeV Ie) T TIP'()1549 

Figure 2 The energy dependence of the single-particle invariant cross section Ed 3(J/d 3p as 
measured by the CDF (Js = 1800 GeV) (56), VAl (�= 546 GeV) (57), British-Scan­
dinavian (Js = 53 GeV) (58), and Chicago-Princeton (}s = 27 GeV) (59) collaborations. 

As ca n b e  seen in Figu re 2, the single-particle Pt spectru m  fa lls rapidly 
for minimu m  b ia s  events. H owever, as the center-of-ma ss energy increa ses, 
a highpt ta il b ecomes a ppa rent in the da ta . The eff ect is a lso ob served ( see 
F igu re 3) in the b eha vi or of th e cross section d(T/ d�Et, wh ere �Et is the 
tota l  tra nsverse energy ob served in the event: 

5. 

Here Ej is the energy in detector ce ll i with center a t  position OJ a nd 
the sum is ta ken over a ll detector cells. The nonexponentia l  ta il a t  high 
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UA2 1982 data 

- 1<Tl<1 
300 <cp < 3300 
(uncorrected data) 
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o 50 100 150 200 250 

TIP�1550 
Figure 3 The observed distribution of du/dI.E, as a function of I.E, as measured by the 
UA2 experiment. The solid line shows the exponential falloff at low I.E,. 

tr ans verse energy indicat es t he pr esence of a component of t he cross s ect ion 
t hat does not res ult from t he s oft phys ics des cribed above. This is t he ons et 
of hard s cattering, which is t he focus of t he r emainder of this art icle. [The 
high summed Et ta il in the Et spectru m  is a pa rticu la r  example of high 

PI phenomena in hadron colliders ( f or more discu ssion, see 2 ).] 

1.2 Large Momentum Transfer Processes 
Becau se the strong cou pling consta nt as b ecomes s mall for large momen­
tu m tra nsfers, high p, sca ttering is well describ ed by pertu rba tive QeD 
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102 SHAPIRO & SIEGRIST 

(f or a review of t he QCD part on model, s ee 3). I nit ial hadrons are t reat ed 
as a s et of quas i-free part ons (quarks and gluons )  that s catter elas tically 
to produce large PI part ons . The mom ent um dis trib utions of t he initial 
part ons are des crib ed b y  a s et of dis trib ution functions/;{x, f.-L) that s pecif y 
t he prob ab il it y  f or finding a part on of t ype i in t he prot on carrying a 
f ract ion of t he prot on's t otal moment um t hat is b etw een x and x+dx. Here 
f.-L is an arb itrary s cale at w hich t he dist rib ut ion f unctions are evaluated and 
s hould b e  taken to b e  of the order of the hard momentum s cale Q .  
The hard s cattering process is repres ented b y  t he follow ing parton model 
formula: 

a � L. fdX1 dX28ij/;{x], f.-L}h(X2, f.-L). 
lj 

6. 

Here i and j lab el the types of incoming partons (gluons and the various 
fl avors of quarks and anti quarks) and j;(x, f.-L) is the parton s tructure 
function for parton s pecies i. The invariant mass of the parton-parton 
s yst em (.ji) is relat ed t o  t he hadron-hadron cent er-of -mass energy (JS) 
by S = xtx2s. The part on cross s ection (Jij can b e  calculat ed pert urb atively 
and is express ed as an expans ion in O'.s(f.-L). 

At collider energies, t he hard scatt ering cross s ection is dominat ed b y  
gluon- gluon s cattering. This is true b ecaus e  color factors enhance the 
gluon cross s ect ion relat ive to quarks and b ecaus e  the gluon s tructure 
f unctions dominate at low x, w here the cross s ection is largest. Independent 
of Q2, parton elas tic s catt ering is dominat ed b y  t -channel gluon exchange. 
Thus ,  the angular distr ib ut ion in the center of mass is s imilar to Rutherford 
sc at tering: 

da IMI2 
dl = 16ns2' 7. 

w here l and s are the normal Mande1s tam variab les, evaluated in the 
parton center-of-mass s ys tem. High PI leptons are produced b y  the w eak 
decays of heavy quarks and electrow eak b os ons .  Their production rates 
are therefore reduced relative to elas tic parton s cattering b y  s everal orders 
of magnitude. 

The low es t-order QCD calculat ions provide reas onab le des criptions of 
the inclus ive jet and b os on cross s ections .  There is alw ays an amb iguity, 
how ever, in the normaliz ation of s uch calculati ons b ecaus e  the calculated 
rate depends on the choice of momentum s cale f.-L us ed f or evaluation of iXs 
and for the evolution of t he quark and gluon dis trib ut ion functions . This 
t heoret ical uncertaint y  is in general reduced if a next -to-Ieading-order 
calculation is done. The contrib ution of the next-to-Ieading-order term 
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HADRON COLLIDER PHYSICS 10 3 

has b een cal cul at ed i n  several cases: t he t ot al cross secti on f or W / Z  pro­
duct ion and for Drell-Yan s catt ering (pp-+ e+ e-,  J-l+J-l -) (4), t he cross 
s cct ion for producing an is olat ed high t rans vers e moment um phot on (5), 
t he t ot al cross s ect ion f or producing a heavy quark-ant iquark pair (6), 
and t he si ngl e-jet i nclusi ve cross secti on (7 ). 

1.3 Experimental Considerations 

To st udy hard s catt ering phenomena, one must meas ure t he propert ies of 
quarks and gluons (j ets ), electr oweak b os ons (phot ons , W's , Z's ), and 
neut ral ,  nonint eract ing part icles (neut ri nos, s upers ymmet ric part icles) .  
Because t he t ot al i nel asti c cross secti on is  so l arge rel ati ve to t he hard 
scatteri ng rat e, significant event selecti on must b e  accomplished at t he 
t rigger level. Thes e  cons iderat ions place s everal requirements on any mult i­
purpos e detect or des igned t o  run at a hadron collider. We review here t he 
general considerations f or detect or des ign. Des cript ions of t he VAl ( 8) 
and VA2 (9) detectors at CERN and the cnp (1 0 and ref erences therein) 
and DO ( 1 1) det ect ors at P ermilab are availab le in t he lit erat ure. 

The hi gh energi es reached i n  hadron col li ders necessit ate  t he use of 
cal or im etr ic det ect ors . The high m ult iplicit y environment demands t hat 
t he det ect or have good s egment at ion. The f act t hat inclus ive product ion 
is generally fl at in rapidit y  and unif or m in 1> (f or a const ant Et cut )  means 
that pseudorapi di ty and 1> are nat ural segment ati on vari ab les. A large 
soli d-angle coverage i s  hi ghly desi rab le. Because t he jet rat e domi nat es all 
ot her processes, a high l evel of rejecti on agai nst jet event s i s  necessary 
when st udying elect rons ,  muons ,  and miss ing-energy s ignals .  For muons 
and elect rons ,  t his means t hat high qualit y t racking inf ormat ion is impor­
t ant .  In a high rat e  environment ,  it is advant agous t o  have t his inf ormati on 
avai lab le i n  t he t ri gger. Good calorimet er resoluti on and t he ab sence of 
cracks are al so necessary t o  eli mi nate mi smeasured jet s  as a major source 
of mi ssi ng tr ansverse energy. 

Typically, collider det ect ors employ large s am pling cal or imet ers . Thes e  
det ect ors have good res olut ion at high energy and are s ens it ive t o  b ot h  
charged and neut ral part icles . In most cas es many longit udinal s amples 
are s ummed in dept h t o  f orm project ive "t ow ers" in Yf-1>. Some longit udi nal 
segment ation, how ever, i s  essenti al. C al ori met ers are t ypically divi ded 
i nt o  " el ect romagnetic" and " hadroni c" secti ons, oft en const ruct ed wit h 
diff erent mat erials . The elect romagnet ic and hadronic s egments can als o  
b e  f urt her sub divided t o  give addit ional inf ormat ion ab out t he longitudinal 
s hower development . 

Tracki ng chamb ers are an ess ent ial i ngredi ent of colli der detect ors, 
provi di ng a necessary t ool f or lept on and phot on i dentificati on. The hi gh 
overall multi pli cit y of parti cl es produced i n  hadroni c  colli si ons means t hat 
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104 SHAPIRO & SIEGRIST 

track ing detec tors mus t  ha ve good tw o-track r es olution a nd mus t pr ovide 
hi gh qua lity extra pola tion to ca lor imeters a nd muon detec tors . While a 
momentum meas ur ement ca n a id in bac kgr ound r ej ec tion a nd is nec essar y 
for s ome phys ics s tudies (s uc h as t he meas ur ement of j et fra gmenta tion 
func tions or the r ec ons tr uc tion of fina l-s ta te par tic les s uc h  as K o's, DO,s, 
B's ), it is not ess entia l  for a c ollider detec tor. Tw o of the four lar ge PI' 
c ollider detec tors (UA2 a nd D O) have no ma gnetic fi eld. 

The lar ge c ollider detec tors a ll opera te w ith a numb er of diff er ent 
tr iggers . A pr esca led minimum b ias tr igger pr ovides a r epr es enta tive 
sa mple of nondiffrac tive events . J et tr iggers s elec t  har d sca tter ing events 
either b y  r equir ing a minimum L Et in the ca lorimeters or r equir ing a 
loca liz ed c lus ter of ener gy ab ove a s pec ifi ed Et• E lec tr on tr iggers r equir e  
a n  elec tr oma gnetic c lus ter w ith little hadr onic ener gy a nd often inc or pora te 
a trac king r equir ement as w ell. Muon tr iggers r equir e a s et of hits in the 
muon c ha mb er tha t point bac k to the interac tion r egion. Her e  a ga in, a 
trac k r equir ement ca n a ls o  b e  impos ed. 

2. JET PHYSICS 

Jet pr oduc tion is the domina nt highpt pr ocess a t  the C ERN a nd Teva tr on 
c olliders . The s tudy of s uc h  j et events a llows high s ta tis tics tes ts of the 
QCD model of s tr ong interac tions . The bas ic assumption of thes e  measur e­
ments is tha t obs er ved j et cr oss s ec tions a nd a ngular dis tr ib utions c los ely 
follow thos e  of the par tonic pr oc ess es . This assumption r elies on our 
ab ility to defi ne a pr escr iption for finding j ets tha t is b oth exper imenta lly 
s trai ghtforwar d a nd w ell ma tc hed to the theor etica l ca lc ula tion of inter es t  
(for a disc uss ion of j et defi nition, see 1 2). 

Hadr oniza tion is a s oft pr oc ess . Ha dr ons ar e ther efor e pr oduc ed w ith 
limited Pt w ith r es pec t  to the initia l  par ton dir ec tion, forming c ollima ted 
"j ets" of part ic les . In genera l, har d  sca tteri ng e vents a ppear as tw o "bea m  
j ets " a nd tw o or mor e  high P t  sca tter ed jets .  The b ea m  j ets are r emna nts 
of the initia l  pr otons a nd a ntipr otons a fter the har d  sca tter ing has 
occ urr ed. The r es ulting b ea m  j et par tic le dis tr ib utions look a gr ea t dea l  
like the s oft minimum b ias events disc uss. ed i n  S ect ion 1 . 1. The pr es enc e  
o f  a har d sca tter i n  the event ca n r esult i n  a higher overa ll multiplic ity, b ut 
the " under lying event" in har d  sca tter ing pr oc ess es is w ell descr ib ed b y  a 
fla t rapidity dis tribution of low Pt par tic les . 

In c ontrast, high Pt j ets ca n b e  obs er ved as a c lus ter of ener gy. S uc h  j ets 
w er e  firs t una mb iguous ly obs er ved in PI' c ollis ions b y  the UA2 exper iment 
in 1982 ( 13 ). Us ing a s imple "c lus ter a lgor ithm" tha t c ombined neighb or ­
ing ca lorimeter c ells, the U A2 gr oup found tha t for lar ge L Et mos t of the 
tota l  ener gy obs er ved in their ca lor imeter was depos ited in tw o bac k-to-
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HADRON COLLIDER PHYSICS 10 5 

back cluste rs. Figure 4 shows the f raction of the total obse rved transve rse 
e ne rgy f ound in the highe st (hi) and two highe st (h2) cluste rs as a f unction 
of the total transve rse e ne rgy in the eve nt. At high transve rse e ne rgie s, 
most of the t ransve rse e ne rgy Et is found in the two higpe st cluster s. F igure 
5 shows the d istribution of the d iffe re nce in az imuth of the two highe st Et 
cluste rs in eve nts with LEt :<:: 60 GeV. The large e nhance me nt at c/J = 1 800 
is what one e xpe cts from a hard 2 -4 2 sca tte ring proce ss. 

The longitud inal mome ntum d istribution of the haq rons in the high 
Pt je ts is. gove rned by phase -space f actors. T he mathe matical f ormalism 
de ve loped in Section 1 . 1  hold s  in this case as we ll. R ad rons in je t e ve nts 
have a roughly fl at d istr ibution in r apid ity that is me asured relative to the 
je t ax is. In the laboratory f rame , contours of eq ual particle density f orm 
circle s in t] -c/J space ( 14). It is the ref ore natural to defi ne a je t in te rms of 
the e ne rgy flow within a fi xed '1-c/J cone . F ixed -cone algorithms have bee n  
used by both the UAI ( 1 5) and CDF ( 1 6) collaborations and have bee n  
incorporate d  into ne xt-to-le ad ing-orde r Qe D calculations (17) . 

c o 
.� 0.5 

u. ... 
.... 

+-+-�� ----�� 
... 

"'h ... 2 

�-4-
��� ----�--� 

� h1 I 

O �������-L������� 
o 50 1 00 1 50 200 

LET (GeV) 
TIP-01553 

Figure 4 The fraction of the total transverse energy observed in the highest (h ,) and two 
highest (h,) clusters as a function of the total transverse energy of the event, as measured by 
the UA2 experiment. 
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Figure 5 The distribution of the difference in azimuth between the two highest Et clusters 
in events with ('LE, :;:., 60 GeV), as measured by the UA2 experiment. 

2.1 Single-Jet Cross Section and Compositeness Limits 

At all values of p" the jet cross secti on i s  domi nated by the t-channel 
exchange  of a g luon. Because the matri x  elements for all the domi nant 
di ag rams are si mi lar, the relati ve rates of quark-quark, quark-g luon, and 
g luon-g luon scatteri ng are determi ned by the parton di stri buti on functi ons 
and by color factors. At low s g luon scattering dominates, while quark 
di ag rams become i mportant at hig h  s. 

The si mil ari ty of the t-chann el matri x  elements allow s  us to w ri te the jet 
cross secti on usi ng a si ng le eff ecti ve subprocess (SES) approxi mati on ( 1 8): 
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HADRON COLLIDER PHYSICS 1 07 

8 .  

w here 

9. 

and the sum i s  taken over all quark speci es. VAl and VA2 have extrac ted 
F(x) usin g i nc lusi ve jet data and c ompared the resulti ng va lues to QCD 
predic ti ons. The results of suc h a c ompari son are show n  i n  Fi gure 6 and 
demonstrate that the jet c ross sec ti on at low x c annot be explai ned by 
quark- anti quark sc atteri ng alone but i s  i n  good agreement wi th the f ull 
QCD c alc ulati on. Thi s plot provi des c lear evi denc e for the non-Abeli an 
nature of QCD and the exi stenc e  of a three-g luon c oupli ng. 

Fi gure 7 show s  the i nc lusi ve jet c ross sec ti on measured by the CDF 
c ollaborati on. The error bars plotted on the data poi nts i nc lud e both 
stati stic al errors and the porti on of the systematic unc ertai nty that depends 
on Et• In addi ti on, the size of the overall normali zati on unc ertai nty i s  
i ndic ated i n  the i nsert. The c urve show n  wi th the data represents the 
predic ti ons of a next-to-Ieadi ng-order QCD c alc ulati on ( 1 7) .  The nor­
malizati on unc ertai nty i n  thi s c alc ulati on i s  of order 10%.  Both the overall 
rate and the shape of the data are i n  g ood agreement wi th theory. 

The measurement of do-Jet/dEt c an be used to study models of quark 
c omposi teness. If quarks are made of more fundamental objec ts, thei r  
strong c oupli ng wi ll be modifi ed. Based on a simple assumpti on o f  c olor­
si nglet i sosc alar exc hange betw een left -handed quarks ( 1 9), the Lagrangi an 
for thi s  i nterac ti on i s  

2 
51! = ± 2�2 (ULi'UL +ad' d/ ) (uLY/i uL +aLyA ), 

e 
10 .  

w here g2/4n == 1 .  For energi es far below I\.e, thi s  term ac ts li ke an eff ec tive 
loc al four-fermi on i nterac ti on. The i nc lusi ve c ross sec ti on wi ll c ontai n  a 
term that i s  i ndependent of §, and wi l l  c ause a fl atteni ng of the c ross sec ti on 
as a func ti on of Et, that i s, an exc ess of events i n  the high Et regi on. 

Fi gure 8 show s a preli mi nary measurement of do-/ dEt from the CDF 
experi ment, along wi th the predic tions of QCD and predic ti ons for the 
c omposi te model desc ri bed above wi th a value of I\.e = 950 GeV. Althoug h  
a c omposi teness limi t has not yet been set usi ng thi s data, i t  i s  c lear that 
val ues of I\.e below about a TeV are exc luded (2 0). Rec ent results from the 
VA2 c ol laborati on give a low er limi t for Ac of82 5 GeV at a 95% c onfidenc e  
level (2 1 ) .  

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 1
99

1.
41

:9
7-

13
2.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 M
A

SS
A

C
H

U
SE

T
T

S 
IN

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/0
8/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



108 SHAPIRO & SIEGRIST 

100 .--------.--------.--------.--------. 

1 0  

F (x) 
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0.01 
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o 0.2 

UA1 

• 546 GeV 1982 JET Trigger 
• 630 GeV 1984 MB Trigger 
o 900 GeV 1982 MB Trigger 

Duke Owens 102 
= 200 GeV2 

Duke Owens 102 
= 2000 GeV2 

0.4 0.5 

x 

0.6 

Tlp·01555 
Figure 6 The effective structure function as measured by the UAI experiment. The curves 
show the QeD predictions at two values of scale, with and without the gluon contribution. 

2.2 Two-Jet Angular Distribution 

The majority of h ard scattering events contain tw o back- to- backjets. Th is 
dij et s ys tem can be des cri bed i n  terms of six i ndep endent vari abl es, three 
boost vari ables th at transform to th e h ard scatteri ng center of mass ({3x, 
{3y, and {3z) p lus th ree center-of -mass vari ables (s, the i nvari ant mass of th e 
h ard scatteri ng system, <p th e azi muth al posi tion of one of th e j ets, and 
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HADRON COLLIDER PHYSICS 109 
Inclusive Jet Cross Section (Cone 0.7) 

No OUT -of-CONE correction 

+ Normalization uncertainty 

Et (GeV) 
TIP.o1700 

Figure 7 The single-jet inclusive cross section as measured by CDF. The data are compared 
to a calculation of order(a?). 

cos ()* , the scatteri ng angl e of one of the jets wi th respect to the beam line). 
The di stri buti ons i n  tw o of these six vari abl es, f3z and s, are determi ned 
primaril y by the parton di stri bution func ti ons. The azi muth, cp ,  show s  no 
dynami cal structure for unpol ari zcd beam s. 

The transverse boosts f3x and f3y resul t from hig her-order Qe D proce sses. 
These boosts are often descri bed by the phrase "i ntri nsic k/' and are 
c aused by the emission of additional gluons during the hard sc attering 
process. In all coll ider experiments, the observed dijet kt result s from tw o 
sources, the i ntrinsi c  kt caused by gluon emi ssi on and experi mental effects 
such as fi ni te energ y  resoluti on. The VA2 g roup has devel oped a techni que 
for separati ng these tw o eff ects. The mean val ue of kt i s  about 5 GeV (22). 

Because there i s  a t-channel pol e  i n  the cross secti on, the di stri buti on in 
cos ()* takes on a Rutherford-like shape: 

dO" 2 A 
I 

d cos8* � IX, (p,)s l-c os28*· 
11. 

Thi s  form represents the expected angul ar di stri buti on for a fi xed cutoff 
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1 10 SHAPIRO & SIEGRIST 

Inclusive Jet Cross Section (Cone 0.7) 
102�r-�'--r�-.--���-r-r�-'--r-T-.--r-.-.--r-.-.--r�-' 

10° 

10- 2 

10- 4 

CDF Preliminary 

EHLQ I d = 0.5Et
2 

A=950GeV 

OCD 

t Normalization uncertainty 

Et (GeV) 
TIP-OI701 

Figure 8 The inclusive cross section as measured by CDF. The predictions ofQCD (EHLQ, 
Set I structure functions with Q2 = 0.5Ef) and QCD modified by a compositeness term with 
� = Ac = 950 MeV. 

i n  pa rt on i nvaria nt maGS a nd for a fixed ra nge i n  t he boost paramet er f3z . 
It i s  common t o  plot t he dijet ang ular di st ri buti on i n  t erm s  of t he vari able 
x: 

The di st ri buti on i n  X i s  approxi mat ely const ant f or X > 2: 
dO' 1W.;(Q2) (X- 2+X- I + I +X +X2) 
dX:::::; S (1+X)2 

Fig ure 9 shows the X di stri buti on a s  m easured by VAl, along wi th Qe D 
predi cti ons (23). The figure shows t hat t he part on m odel descri pti on pro-
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HADRON COLLIDER PHYSICS 1 1 1  

300�--�---r--��--�--�----r---�--� 

200 

1 00 

/ Leading order 

\ QeD scaling 
curve 

....... 

UA1 

Two-jet events vs X 
M 2 j = 1 50 - 250 Ge V 

Leading order QeD 
including non-scaling effects 

O �--�--�----�--�----�--�----�--� 
1 2 3 4 5 

X 

6 7 8 9 
TIP-01SS8 

Figure 9 The distribution of X for two-jet events as measured by the VAl collaboration. 
The curve shows the predictions of a lowest-order two-parton scattering QCD calculation, 
with and without contributions due to QCD scaling violations. 

vides a g ood desc ription of the data if one inc ludes the effect of sc aling 
violations in the c alc ulation. 

2.3 Three-Jet Angular Distributions 

The produc tion of three-jet events i s  c ommon at c olli der energi es. These 
events result from the produc tion of a hard g luon via initial- or final-state 
bremsstrahlung (2 4). The three-jet fraction is a strong function of the 
minimum PI c ut on the third jet; typic ally � 2 0% of all jet events show a 
third jet. 

The sc attering of three massl ess partons c an be desc ribed by nine inde­
pendent variables. As in the tw o-jet c as e, there are three boost variables 
({3x, {3y, and {3z). The distribution of energ y  in the c enter-of-mass system is 
desc ribed by three internal variables: s, the invariant mass of t he three-jet 
system, and X3 and X4, the energ y  frac tions of the two l eadi ng jets.3 In 
addition, the orientation of the three-jet system c an be describ ed by three 
Euler-like ang les: 8* , the ang le betw een the leading jet and the beam line, 

3 These variables are scaled to the subprocess center-of-mass energy such that 
X,+X4+X5 = 2. 
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112 SHAPIRO & SIEGRIST 

4>*, the az imu thal pos ition of the l ea ding jet, a nd 1/1* , the a ngl e of rota tion 
a bou t the l ea ding jet a xis (1/1* is the a ngl e between the pla ne formed by the 
l ea ding jet a nd the beam l ine a nd the pla ne formed by the two other jets) . 

The c os ()* dis tribu tion for three-j et events is nea rl y identical in s ha pe 
to tha t  for the tw o-j et sys tem ( 25). As in the two-jet cas e, the domina nt 
three-jet dia gra ms invol ve the t-cha nnel excha nge of a glu on propa ga tor. 
The a ngula r dis tribu tion in 4> is fla t s ince the initial pa rtons a re u npola r­
ized, bu t the i/I* dis tribu tion peaks a t  0° a nd 180° . This s tru ctu re is the 
resul t of s ingula rities in the cross s ection for glu on ra dia tion al ong the 
bea m  l ine. The regions of 1/1* nea r  0° a nd 1800 a re experimentally difficul t 
to measu re becaus e the PI of the s oft es t  jet decreases rapidl y  as t he three­
jet s ys tem is rota ted into a confi gu ra tion where the three jets a re pla na r  
with the bea m  l ine. 

F igu res l O  a nd 1 1  s how the dis tribu tions of the va ria bl es X3 a nd X4 as 
measu red by the CD F experiment ( 26). The s ol id l ines s how the s ha pes 
thes e  dis tribu tions woul d ha ve in a phas e-s pac e model, whil e the dia monds 

C\I 
o 

1000 

800 

� 600 

� 
400 

200 

I Jet energy fraction x31 

o �������������� 0.70 0.75 0.80 0.85 0.90 
TIP-01561 

F(qure 10 The distributions of the variable X3 as measured by CDP (histogram). The 
solid line is the prediction of a phase-space model whilc the diamonds show the QeD 
predictions. 
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Figure 11 The distributions of the variable X4 as measured by CDF (histogram). The 
solid line is the prediction of a phase-space model while the diamonds show the QCD 
predictions. 

s how t he predicti ons of a QeD c alcul at ion. For bot h  variabl es, QeD 
provides a g ood des cript ion of t he dat a. Sig nificant devi at ions from t he 
phas e-sp ac e  model are s een. Thes e  plots provide evidence t hat t hree-jet 
events result from a bremsstrahl process . 

In summary, t he dynamics of jet produ ct ion is well des cribed by per­
turbat ive QeD . Qu ant it at ive agreement bet ween t heory and ex peri ment 
exists over a wide ki nematic range, not onl y  for t he i nclus ive c ross s ecti on 
but for angul ar and energ y  variabl es as well . This agreement is ess enti al 
t o  our u nderst andi ng of c oll ider phys ics . Sinc e  t he hard sc att eri ng c ross 
s ect ion is dominat ed by QeD processes, a t horoug h u nderstanding of 
QeD phenomena is import ant for int erpreti ng all c olli der results . 

3. LEPTON IDENTIFICATION 

L ept onic dec ays prov ide an import ant t ag of elect ro weak proc ess es at 
hadron coll iders . The pres ence of l ept ons can be used t o  s el ect rel at ivel y  
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1 14 SHAPIRO & SIEGRIST 

pu re samples of W a nd Z bos ons a nd hea vy qua rks . At collider energies , 
how ever, leptons from the deca y  of bottom qua rks a re produ ced w ith low 
to modera te Pt; even leptons from W's a nd Z's ha ve tra ns vers e  momenta 
w ell below thos e  for typica l  QCD j ets .  J et production pres ents a la rge 
ba ck grou nd to the s tu dy of low Pt leptons a nd mus t  be rejected a t  the 
trigger level. 

Both electron a nd mu on identification ca n be enha nced w ith is ola tion 
cu ts. Such cu ts remove events w ith s ignifi ca nt a dditiona l  energy depos ition 
nea r  the lepton. Is ola tion criteria a re s ens itive to the produ ction process 
a nd the mass of the deca ying pa rticle. Sta nda rd Model process es tha t 
tend to produ ce is ola ted leptons inclu de Drell-Ya n a nd w eak D rell-Ya n 
process es, a nd hea vy qua rk deca y for very mass ive top qua rks . Process es 
tha t  produ ce nonis ola ted leptons inclu de b a nd c qua rk deca ys . 

3.1 Electron Identification 

T he CD F ex periment provides a n  exa mple of electron identifica tion i n  
a ma gnetic detector ( 27). The C DF centra l  electron trigger requ ires a n  
electromagnetic energy depos it of Et > 1 2  GeV within a " trigger tower" 
«(5'1 = 0.2, (5¢ = 15°) in ass oci ation with a track ofpt > 6 GeVjc . T he r ati o 
of ha dronic to electroma gnetic energy in the ca lorimeter is requ ired to be 
less tha n  0 . 1 25 in the trigger. This s ample conta ins s ignifica nt back grou nd 
from nO-n+ overlap, ea rly-s howering cha rged pions ,  and photon con­
vers ions a nd Da litz pa irs .  Such back grou nds are rej ected in the offl ine 
a na lys is in the following manner: 

l. A requ irement is ma de tha t  the measu red tra ck momentu m  (P ) a nd 
ca lorimeter energy depos it (E ) be cons is tent (a typica l cu t is E/p < 1 .5). 

2 .  The requ irement tha t  the leakage into the hadronic s ection of the 
ca lorimeter be s ma ll is tightened. T he ra tio ofha dronic to electroma gnetic 
energy mus t  be less tha n  0 .0 5. 

3. Gas proportiona l  chambers with ca thode s trip rea dou t ( "s trip cha m­
bers" ) imbedded in the ca lorimeter nea r  s how er max imum provide a n  
a ccu ra te measu rement o f  the s hower pos ition. This pos ition ca n be com­
pared to the extrapolated track pos ition measu red by the C entra l  T racking 
Chamber. 

4. E vents conta ining a s ingle charged tra ck a nd mu ltiple nO,s a re rej ected 
by requ iring the tra ns vers e  s prea d of the electroma gnetic clus ter to be 
cons is tent w ith tha t  ex pected for an electron. The la tera l  s ha pe is measured 
in the ca lorimeter by s tu dying the fra ction of the energy depos ited in 
the tow ers su rrou nding the centra l  one hit by the electron ca ndida te. A 
measu rement of this s ha pe is a ls o  ma de in the s trip cha mbers, w here a X2 
tes t to the electron hypothes is is performed in both the w ire a nd the s trip 
projections . 
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HADRON COLLIDER PHYSICS 1 1 5  

5 .  Conver sion el ectrons and Dal itz pairs are identified in th e tracking 
ch ambers. Th e CDF al gorith m  is estimated to be � 8 0% effi cient at finding 
converSIO ns. 

The VA2 detector does not h ave a mag netic fi el d  and h ence cannot use 
E/p as a tool f or sel ecti ng el ectrons. Neverth el ess, th e experi ment h as 
excell ent el ectron i dentificati on (28). As i n  th e magneti c  detectors, th e 
major meth ods f or rejecting background are (a) requiring th e el ectron 
candidate h ave both l ongitudinal and transverse sh ower devel opment con­
sistent with th at expected f or a singl e  el ectromag netic sh ower, and (b) 
requiring a g ood match between th e posi ti on of th e el ectromag netic cl uster 
and th e extrapol ated track posi ti on at th e f ace of th e cal ori meter. In th e 
VA2 detector thi s  track posi ti on i s  measured using a presh ow er converter 
consisting of 1 .5 radiation l ength s of tungsten f oll owed by a proportional 
ch amber to provide a good position measurement. In an effort to improve 
the backg round rejection f or l ow er energ y and l ess isol ated el ectrons f rom 
top and bottom quark d ecay, a major upg rad e ofVA2 add ed th e foll owi ng 
f eatures: 

l. A cyl indrical drift ch amber (Jet Vertex Detector). Its purpose was to 
measure track s  cl ose to th e beam interacti on poi nt. 

2. A highl y segmented sili con h odoscope. Th e h odoscope rejected con­
ver si on pairs by measuring dE/ dx l osses. 

3. A scintill ating fi ber detector (SFD). I t  provided a measurement of th e 
track position immediatel y  in f ront of th e central cal orimeter and served 
as a presh ower counter. 

4. A transi ti on radi ati on detector (TRD). This provided an i ndependent 
meth od f or separating el ectrons and pions. 

The addi tional backg round rejection f rom th e com binati on of added detec­
tor components w as about a f actor of 20. 

3.2 Muon Identification 

The principles of muon identification are presented h ere, using th e VAl 
experiment as an exampl e (29). Muons in the VAl detector are measured 
w ith tw o set s of ch ambers separated by 60 cm. Each set contains pl anes 
of drift ch ambers and limi ted steamer tubes. Th e coverag e  i s  � 70% of 
th e f ull soli d angl e  and th e detector i s  pl aced beh ind approxi matel y  nine 
interaction l ength s  of iron. 

Th e VAl muon trig ger requires a muon track " stub" consisting of at 
l east th ree out of f our possibl e  h its in thc ch amber. Th e track must point 
back to th e i nteraction regi on wi thin a cone of ± 1 50 mrad. The th ickness 
of the absorber and th e pointing req uirement transl ate to an effective 
mi nimum PI cut of about 2 GeV on the muon tri gger. 
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1 16 SHAPIRO & SIEGRIST 

Abou t  40 % of the e ve nts w ritte n  t o  tape by the VAl c oll aboration are 
trigge re d  by the mu on syste m  (29). T he se data are analyze d in the foll owing 
manne r. A fil te r  is appl ie d to re move c osmic ray s, e ve nts with showe r  
le ak age throug h the c al orime te r c rack s  and ce ntral de tec tor track s with 
obv iou s  kink s. Mu on c andi date s  a re selec te d  by re qu iri ng a g ood matc h  
be twee n the mu on stu b  and the track me asu re d  in the ce ntral drift c hambe r. 
Single -mu on e ve nts are selec te d  by re qu iring a trac k c andi date with PI > 6 
Ge V and 1171 < 1. 5. A dimu on sample is selec te d by re qu iring PI > 3 Ge V 
and 1171 < 2.0 for e ac h  mu on ( with at le ast one muon satisfy ing 1171 < 1 .3), 
and the mass of the mu on p air to excee d 6 Ge V. 

The re sidu al bac kg rou nd in the se sample s is dominate d  by dec ays of 
p ions and k aons and the backg rou nd from misassoci ation of track s in 
the ce ntral de tec tor and the mu on de tec tor (�0 .0 7  pe r mu on) . Othe r 
backg rounds include noninte rac ting hadrons, showe r  le ak age, p article s 
pe ne trating c rack s, and re sidu al c osmic ray s ( total �0.025 pe r mu on). The 
n and K dec ay backg round is rel iably e sti mate d  by fol ding the me asu re d  
single -hadron PI spec tru m  with the pr obabili ty that a hadron of a g ive n  PI 
will dec ay to a mu on with pi. That is, 

dO"background f dO" 
_----:----::-_ = Prob(phadron --+ pI') dphadron 

dpi dp�adrons I I I , 14. 

whe re the p robabili ty prob(p�adron -t pi) is e stimate d  u si ng M onte Carl o  
tec hnique s. F or isol ate d  mu ons, a re qui re me nt that the e ne rg y  de posite d  
i n  the c al orime te r  be c onsiste nt wi th minimu m  i oniz ing dep osi ti on c an 
al so be appl ie d. 

T he size of the backg rou nd i n  the mu on sample is qu ite de pe nde nt on 
the phy sic s  proce ss be ing stu die d .  The bac kg rou nd dec re ase s rapidly with 
PI' In addition, since most hadrons are p roduce d wi thin je ts, an isol ation 
cu t will sig nific antl y  i mp rove the sig nal- to- noise ratio. 

3.3 Neutrino Identification 

Elec trowe ak dec ay s ofte n invol ve the produc tion of neu trinos. Si nce the se 
particle s c annot be de tec te d  di rec tl y, the ir pre se nce mu st be infe rre d from 
the p re se nce of a l arge mome ntu m  i mbal ance in the eve nt. Bec au se all 
c oll ide r  de tec tors have hole s in the forward and bac kward reg ion to all ow 
the be am to e nte r and ex it the ap paratu s, no de tec tor is c apable of me a su r­
i ng the e ne rg y  fl ow i n  the be am direc ti on. I nste ad, the tec hni que for fi nding 
noni nte rac ting neu tral p article s involve s the se arc h for l arge missing trans­
ve rse mome ntu m. 

Cal orime tric de tec tors have the advantage that they are se nsitive both 
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HADRON COLLIDER PHYSICS 117 
t o  ch arg ed and neut ral part icles. Th ey are th eref ore th e most suit able 
f or missing- momentum measurements. B ecause a ca lorimet er measures 
energy ra ther tha n  momentum, the term " missing Et" ()tt) is usua lly used 
t o  descri be th e mag nit ude of th e missing transverse moment um. We defi ne 
th e mi ssi ng t ransver se energ y  by the relati on 

1 5 . 

wh er e  th e sum i s  over t ow er s  i n  th e calori met er and wh er e  Di i s  the outw ar d­
poi nti ng nor mal t o  th e t ower cent er .  

An Et analysis is sensitive t o  all types of detector imperf ections. B ack­
grounds f or Et analyses include mismeasurement of jet event s due t o  finite 
detector resolu tion, loss of energy in cra cks, a nd loss of j ets in th e beam 
dir ecti on. For both th e UA I and CDF experi ment s, and f or th e upg raded 
UA2 det ect or, mismeasured jet s  are th e pri mary source of Et• 

F or sampli ng calori met er s, th e r esoluti on i n  g ener al scales with th e 
square root of th e incident energ y. If th e missing Et resolut ion is domi nat ed 
by calorimeter effects, th en th e f ractional Et resolution sh ould scale as 
Ij�. Th e VAl group a nd la ter the CDF group ha ve studied th e Et 
resoluti on and h ave f ound th at thi s  f or m  h olds. Th ey th er ef or e  defi ne th e 
" mi ssi ng Et sig nifi cance" t o  be 

16. 

4. ELECTROWEAK PHYSICS 

Th e st udy of elect row eak g aug e bosons i s  a maj or element of collider 
ph ysi cs. Th e W ±  and ZO w er e  fir st di scover ed i n  h adr on colli si ons. Such 
colli si ons remai n as yet th e only way of produci ng ch arged vect or bosons. 
Th e large QeD backg round inh ibits th e study of h adronic decays of the 
W and Z. Alth ough a combined WjZ sig na l ha s been observed by VA2 in 
th e dijet invaria nt mass distribution (31), most studies at h adron colliders 
h ave been limit ed to lept oni c  decays. 

Colli der studi es of th e W and Z h ave tw o major th rust s. Fi rst ,  measure­
ment s  of th e boson product ion prope rt ies provi de t est s  of p ert urbati ve 
QCD. Second, measurements of th e boson masses and decay di st ributi ons 
provide inf orma tion on th e electrowea k  structure of nature. In pa rticular, 
precisi on measurements of th e W ma ss, in conjunction with r esults f rom 
LEP and f rom deep inelastic neut rino scatteri ng , provide an important 
ch eck of elect row eak r adi ative corr ections (e.g . 32).  
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118 SHAPIRO & SIEGRIST 

4.1 W Boson Production .and Decay 

The lowest-order process for producing W or Z bosons in a Pi'> collider is 
quark-antiquark annihilation (33). This process produces no transverse 
momentum, and hence for leptonic decays the two leptons must balance 
Pt. Higher-order calculations of the W production cross section have been 
completed, with the following results (34): The total cross section changes 
by an overall factor K � 1 + 81i/9as(M�). In addition, the W does not have 
zero Pt. A correct calculation of the transverse momentum spectrum for 
W bosons requires a nonperturbative treatment of multiple soft gluon 
emission, which is handled via resummation techniques (35). The mean 
transverse momentum of the W is of order 10 GeV. The measured W 
production cross section (multiplied by the leptonic branching ratio, B) at 
SPS and Tevatron energies, (JB = 2.6±O.6±O.5 nb at the Tevatron, is in 
good agreement with these predictions (36). Figure 12a shows the trans­
verse momentum distribution of W candidates, as measured by the UA2 
collaboration (37). The curves show QeD predictions (including soft gluon 
resummation) as a function of the value of AQCD used to evaluate IXs. Figure 
12b shows the predictions at high Pt in more detail. The agreement with 
theory is excellent. 

The angular distribution of W decays is determined by helicity con­
servation and the spin- l nature of the W. For W+ -+ e+v, the e+ is pref­
erentially produced along the p direction, and the angular distribution in 
the center-of-mass system is 

du s( l + cos 8)2 

d cos 8 � (s-M�)2+(r WMW)2' 
17. 

where Mw and r ware the mass and decay width of the W, respectively. 
A transformation of variables allows us to find the electron Pt distribution 
(here we use the lowest-order calculation, where the W transverse momen­
tum is constrained to be zero). In the center-of-mass frame, the e and v 
are back to back and balance Pt. Thus P� = is sin ()2. Evaluating the Jacob­
ian 

d cos8 = _�(1_4P;)-1/2 

dp� S S 

gives the result 

d(J I + cos 2 8 1 - 2p,2 / § 
dpt � cos 8 '" (1-4p:m 1/2' 

2 
scas8 

18. 

19. 
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HADRON COLLIDER PHYSICS 119 

(a) 250 

200 UA2 
> A QeD = 0.16 GeV 
(I) A QeD = 0.26 GeV C) 150 .... A QeD = 0.36 GeV (I) a. 

� 100 � w 

50 

0 
0 5 10 15 20 25 30 

(b) 
P� (GeV) 

10 -1 

UA2 

10-2 A OCO=0.16GeV 
-;- A OCO = 0.36 GeV 

> 02,", (0.5 PT)2 
� 

I- 10-3 
a. 
32 b "0 
b 

-

104 ..-

10 � L-
-L--L-�--��--�--L--L--L-� o � � � 00 100 

P� (GeV) 
TIP.Q1702 

F(qure 12 The W boson P, distribution observed by UA2: (a) for P, < 30 GeV, the curves 
show three different values of AQCD; (b) the differential cross section for highpt W production 
along with the QeD predictions for various AQCD and scales Q2. 
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1 20 SHAPIRO & SIEGRIST 

The cross secti on diverg es f or (J = ir/ 2 (and Pt = JiI2). Thi s diverg ence i s  
called t he J acobi an peak. When t he above ex pressi on i s  i nt eg rated over al l 
values of s, t he presence of t he Br eit -Wig ner removes t he si ng ularity but 
leaves a sharp peak at Pt = Ji1 2. Thus, t he lept on PI spect rum i s  a g ood 
esti mat or of t he W mass. 

The nonz ero t ransverse momentum spect rum of t he W boson smears 
t he elect ron and neut rino Jacobi an peak s. In order t o  det ermi ne t he mass 
of t he W most accurat ely, one should fi nd a vari able t hat i s  less sensiti ve 
t o  t he smeari ng . The nat ural choi ce i s  t he t ransverse mass. If a W i s  
produced wit h t ransverse moment um, it s decay product s  must bot h be 
boost ed. The e-v t ransverse mass i s  defi ned t o  be 

20. 

and depends on t he PI of t he W only t o  ord er (PIIMw)2. Fig ure 1 3  s how s 
t he W t ransv erse mass di st ri buti on as measured by eDF (38 ). When fitti ng 
f or t he W mass, eDF has chosen t o  select a clean W sample by requi ring 
t hat t he event have no additi ona l  clust ers (i n additi on t o  t he lept on can­
didate) with Et> 7 GeV. The curves are a fit t o  the dat a usi ng a model 
t hat i ncludes t he predict ed QeD cross secti on and ang ular di st ributi on 
and t he effect of fi nit e det ect or resoluti on. The value of t he mass obt ai ned 
i n  t hi s  w ay i s  Mw = 79 .9 7± 0.35±0.24 GeV f or dec ays t o  elect rons, and 
79 .90± 0.5 3± 0.32 GeV f or muons, w here t he fi rst error i s  st ati sti cal and 
t he second is syst ematic. Result s  are i n  g ood ag reem ent with and have 
simi lar errors t o  t hose obt ai ned by t he VA2 g roup: Mw = 8 0".49 ± 
0.43± 0.24 GeV (39) .  

4.2 Z Boson Production 

The producti on of a Z and it s subsequent decay i nt o  tw o lept ons provi des 
an ext remely clean sig nal. Fig ure 1 4  show s t he di lept on mass di st ri buti on 
as measured by eDF f or (a) muons and (b) elect rons (40). T he mass value 
deri ved f rom a combi ned fit f or bot h decay modes i s  M z = 90 .9 ± 0.3 ± 0.2 
GeV. Thi s  result should be compared to t he LEP result of Mz = 9 1 . 16±0.03 GeV (41) .  Alt houg h  t he error i s  larg er f or eDF t han 
f or t he LEP experi ment s, t he measurement i s  of remark able preci si on. Z 
producti on cross seci ons and PI spect ra bot h ag ree wit h Qe D expect ati ons 
(42). 

The measurement of t he rati o of t he W and Z producti on cross secti ons 
wit h subsequent decays i nt o  elect ron(s), 

R = 
r:r (W -+ ev) 
r:r(Z -+ ee) 

, 2 1 .  
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70 80 90 100 

Transverse mass (GeV/c2) 
TIP-01690 

Figure 13 The transverse mass distribution measured by CDF for (a) W -> ev and (b) W -> 

/i-V candidates, along with the best mass fit to the data. The range of transverse mass used in 
the fit is indicated by the dashes. 
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1 22 SHAPIRO & SIEGRIST 

(\J 
� > Q) 
(9 
LO 
N .... Q) 0-
f/) E Q) > w 

(a) 
40 ,,--r--.-'r-� 
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25 

20 

1 5  

1 0  

5 

zo - > Jl + Jl-

1 32 events 

(b) 

zo - > e+ e -
64 events 

60 80 1 00 1 20 1 40 60 80 1 00 1 20 1 40 

Mass (GeV/c2) 
TIP-01 568 

Figure 14 Number of events vs invariant mass distributions by CDP for (a) Z ---> J1+J1-
candidates and (b) Z --> e+e- candidates as measured with the track detector. 

together with the LEP measurement of the total decay with the Z (r z), 
allows the total decay width of the W (r w) to be calculated with greater 
precision than that oblained by direct measurement. The CDF measure­
ment of R = 10 .2 ± 0 .8 ± 0 .4 yields a result r w = 2. 19 ± 0 .20 Ge V (43). 
The measurement of R provides a method for placing limits on the top 
quark mass that are independent of the top decay mode. The CD F R 
measurement excludes Mt below 4 1  GeV (35 GeV) at the 90% (95%) 
confidence level. With the existing statistical and systematic uncertainties, 
this limit is less stringent than those obtained at LE P (44). 

5 .  REA VY FLAVOR PRODUCTION 

5.1  Bottom Production 

The production of b quarks can be studied in hadron colliders by tagging 
their semileptonic decays. At CERN and Tevatron energies, b quarks are 
the most copious source of prompt leptons in the range 5 � Pt � 20 GeV. 
At higher transverse momenta, the dominant mechanism for producing 
leptons is the decay of weak vector bosons. Figure 1 5  shows the inclusive 
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UA1 

PP - J.l.  + X 
Vs = 630 GeV 

• Data 
bb, ce, W, Z, DY, J/\jf, l' 
W-" J.l.V, Z .... Jll.L 

40 60 80 1 00 
P 11 (GeV/c) 

T TIP·01 570 
Fiqure 15 Inclusive muon transverse momentum spectrum for muons measured by UAI .  
The data are compared with Monte Carlo predictions including the production of bb, ce, 
W, Z, Drell-Yan, IN, and Y. The data have been corrected for background and acceptance, 
but not for momentum resolution errors. 

muon spectrum as measured by the UAI collaboration (45). This spectrum 
is well described by Standard Model lepton sources. The combined con­
tribution of W � f.1.V and Z -+ f.1.f.1. decays is indicated by the dashed line. 
The remainder of the spectrum is dominated by b quark decays. 

UAI has studied the relative contributions of b quark, c quark, and n 
and K decays to the muon spectrum both in single-muon and dimuon 
events. Figure 1 6  shows several results from this study for event samples 
containing like-sign and unlike-sign muon pairs. Figures 16a and b show 
the distribution of muons as a function of the muon transverse momentum 
measured with respect to the direction of the nearest jet (p�el). 
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Figure 16 The distribution of Pt relative to the jet axis for muons in dimuon events, as 
measured by U A I .  
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Since b quarks are massive, they tend to produce leptons with higher 
pie' than do c quarks. Heavier quarks, such as top, produce even more 
isolated leptons. The subject of b quark production is an area of active 
work in CDF (46). Preliminary results on exclusive states such as B+ � 
J /til K + show that b physics studies at hadron machines hold future promise 
in their own right. The earlier UAI work was largely aimed at setting top 
quark mass limits, by studying lepton isolation distributions. More recent 
direct searches by CDF and UA2 based on larger data samples have since 
set more interesting limits. 

5 .2 Top Searches 

The Standard Model requires the existence of a top quark, t, the SU(2) 
partner to the bottom quark. The nonobservation of the t at LEP and 
SLC places a model-independent lower limit on mt of45 .8 GeV (44). Upper 
limits on the top quark mass arise from consideration of the consistency 
of radiative corrections and the various measurements of the Standard 
Model parameters. Kennedy & Langacker find mt < 1 90 GeV at 95% 
confidence level for Higgs masses in the range Mz :s; MH :s; I TeV (47). 

Next-to-Ieading-order calculations of the top quark production cross 
section in hadron colliders have been performed (48). For the CERN 
experiments, the W � t5 process dominates for 40 GeV < mt < Mw, while 
at the Tevatron the dominant process is pi) � if throughout the mass 
range. In order to set limits on top quark production, semileptonic decay 
modes are used to reduce background from Standard Model processes. 
The transverse momentum of the leptons from such decays can be rather 
low, depending on the top quark mass: Thcse leptons must be separated 
from b and c quark semileptonic decays. In addition, since the derived 
limit depends on the assumed t � lepton decay rate, the limit applies only 
to a Standard Model top quark. In models containing more than one 
Higgs doublet, the decay of the t to a charged Higgs boson will reduce the 
sensitivity of the leptonic search. 

To search directly for leptons originating from top quark decay, the 
CDF collaboration uses both electron and muon decay modes (49). For 
events in which two heavy quarks decay semileptonically, the signature is 
two oppositely charged leptons among the final-state decay products. The 
cleanest combination from the point of vicw of other Standard Model 
backgrounds is the presence of one e and one J1 in the event. This mode 
has no Drell-Yell background or direct Z decay contamination and, in 
spite of the small branching fraction, can be used to set interesting limits. 
Events are selected that contain oppositely charged electron-muon pairs 
abovc a Pt threshold. Figure 1 7  shows the predicted number of events 
above thresholds between 5 and 40 GeV for the signal with various top 
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Figure 1 7  The predicted number of J1±e T events with both the E, of the electron and the 
P, of the muon greater than P'(''". The histograms are for bli and tt production as indicated. 

masses and the residual bi) background. In addition to the electron and 
muon identification cuts discussed previously, "isolation" cuts are made 
that eliminate candidate leptons with any extra El ( >  5 Ge V) in a cone 
(radius R = 0.4 in l1-cP) about the lepton direction. The isolation cut serves 
to reduce the bi) background so that by setting the lepton Pt threshold to 
1 5  GeV, the bi) background is largely eliminated while retaining good 
efficiency for the top signal. One event is observed by CDF with both 
leptons above 1 5  Ge V Pl' resulting in a lower limit on the top mass of 72 
GeV (95% confidence level) (Figure 1 8) (49). This limit has since been 
raised to 89 GeV by combining the above data with a sample of dielectron 
candidates and by lowering the minimum Pt cut on the muon (50). 

Another event topology with higher branching fraction, but significant 
background from W + jets production, is an event with one semileptonic 
decay mode, and the second top quark decays to jets. Both UA2 (51)  and 
CDF (52) have used this channel to set limits. The transverse mass variable 
was used to search for an excess of events below the W Jacobian peak. 
The event selection required an electron, missing Et > 20 GeV, and two 
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40 60 80 1 00 
Mtop (GeV/c2) 

TIP·01574 
Figure 18 CDP results on the upper limit (95% confidence level) for the it production cross 
section as a function of the top quark mass. The shaded band shows the result of a theoretical 
calculation of the if production cross section. 

or more jets with Et > l O  GeV (Figure 1 9). The 95% confidence level lower 
limits obtained by this method are 77 GeV for eDF (52) and 69 GeV 
for UA2 (51), see Figure 20. The method based on the transverse mass 
distribution becomes less effective as the top quark mass limit approaches 
the W mass, since the changes in shape of the distribution become smaller, 
and the normalization of the distribution, as calculated in QeD, is some­
what uncertain. 

For top quark masses above the W mass, the decay of the top leads to 
the production of a real W. The search strategy for the high mass range 
includes either a direct search for the W or a search for evidence of b or 
b decay fragments in the event. The search for the W decay to jets will be 
difficult because of the poor mass resolution and the large QeD back­
ground of lepton +jets events. The eOF group hopes to employ soft 
muons from the b decay, or information from the recently installed silicon 
vertex detectors to help enhance the search. With these improvements to 
the apparatus, and the expected fivefold increase in the integrated lumin­
osity, the sensitivity is expected to extend well above 1 20 GeV in top quark 
mass. 
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Figure 19 CDF results on (a) the transverse mass distribution for the electron + � two-jet 

data (points), and predictions for W + two-jet (solid curve), and tt production with Mtop = 70 
GeV (dashed curve). (b) The measured transverse mass distribution for the electron + ;;::: one­
jet data together with W + one-jet prediction, normalized to equal number of events. 
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Figure 20 CDF results on the upper limit (95% confidence level) for the it production cross 
section (solid curve). The predicted cross section is given by the shaded area. Plotted points 
show the it branching ratio multiplied by the efficiency as a function of the top quark mass 
(right-hand scale). 
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6. SUPERSYMMETRIC STANDARD MODEL 

EXTENSIONS 

Supersymmetric extensions of the Standard Model hypothesize an 
additional global symmetry that connects particles of differing spin (for a 
general review, see 54). The minimal model (N = I supersymmetry) has a 
single generator Qx that transforms as spin-1 under the Lorentz group. Qx 
acting on an ordinary massless state of helicity generates a superpartner 
of helicity h - 1. Because of various commutation rules satisfied by Q.n 
when Qx is applied again, the result vanishes. For this reason, the super­
multiplets are doublets, with two particles that differ by half a unit of spin 
angular momentum. The superparticles corresponding to the spin- l gauge 
bosons are the spin-� gauginos-gluino, wino, zino, and photino. The 
superparticles corresponding to the spin-1 fermions are spin-O partners to 
the quarks and leptons named squarks and sleptons. 

Since Qx commutes with the other operators, the quantum numbers of 
the superpartners are the same as for the original particles, but they carry 
an additional quantum number R that is absolutely conserved. Since 
super symmetry is not seen readily in nature, the symmetry must be broken. 
The conservation of R implies that the lightest superpartners must be 
stable. The expected scale of supersymmetric scale breaking should be of 
order Mw, so such particles might be expected to appear in the fragments 
of hadron-hadron collisions. In pp collisions, the gluinos aD and squarks 

(cD are expected to be pair produced via QCD processes with a rather high 
rate. 

Tn the simplest models, the photino (Y) is assumed to be the lightest 
superparticle and hence is stable. The decay modes for mij > mg are q ---> 
gq and g ---> qqy, and for mg > mij, they are g ---> qg and q ---> qy. The final 
states are composed of normal quarks and gluons, along with photinos. 
Since the photinos do not interact in the detector, the signature for super­
symmetric (SUSY) particles is the production of some number of jets along 
with missing transverse momentum. The Standard Model backgrounds to 
this signature are dominated by the tv decay mode of the W, and by Z +  jet 
events, where the Z decays to vii. 

The CDF group has made a search for SUSY particles in the decay 
modes discussed above using a data sample of 25.3 nb- I .  To isolate events 
with the expected signature, events with Et > 30 Ge V and one cluster with 
Et > 1 5  Ge V are selected. The significance of the measured missing Pt (see 
Equation 1 6) is required to be above 2.8 to eliminate dijet fluctuations. 
This corresponds to roughly a 40" cut on the Et• 

To further eliminate surviving dijet background, events containing two 
clusters with Et > 5 GeV that are back to back in ¢ to within ± 30° are 
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removed from the sample. Cosmic rays are removed if more than 3 GeV 
of the energy are deposited out of time in the central hadron calorimeters. 
There are 1 1 5  events that survive these cuts. Since cosmic rays deposit 
large amounts of energy in the electromagnetic calorimeters where no 
timing information is available, the ratio of transverse momentum in tracks 
to the cluster transverse momentum is required to be above 0.2. In addition, 
to remove W � ev events, CDF requires that the leading cluster deposit 
at least 1 0% of its energy in the hadron calorimeter. After correcting 
the missing Pt for the presence of tracks passing through cracks in the 
calorimetry, two events remain. They have Et = 35.2 and 36. 1 GeV. 

To set a limit on SVSY particle production, the systematic errors on 
the luminosity, event selection, and jet energy scale are taken into account. 
Limits are set using the most conservative set of structure functions, 
namely those that give the weakest limit. Figure 2 1  shows the result along 
with limits from VAl and VA2. The discontinuity along the line mij = mg 
is due to the differing acceptances for the allowed decay modes. Searches 

250 

200 

;;-
<1> 1 50 
Q. 
1 0-
E 

1 00 

50 

0
0 50 1 00 
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90% CL l imits 
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Tlp·01 575 

Figure 21 The 90% confidence level excluded region in the mq and mg plane, as measured 
by the VA I ,  VA2, and CDF collaborations. 
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made i n  the latest data samples thus far show no evidence for SUSY 

particle production. 

7. CONCLUSIONS 
Experience with multipurpose detectors at hadron-hadron coJliders is 
growing rapidly. The calculability of the event rates for known and hypo­
thetical processes makes hadron-hadron colliders an interesting laboratory 
for both new particle searches and precision parameter measurements. 
This review focused mainly on measurements of particles and processes 
predicted by the Standard Model. A wealth of recent results shows that 
these detectors are also sensitive to non-Standard Model physics (53). So 
far, alI results are in agreement with Standard Model predictions. Large 
data sets should be collected by the CDF and DO experiments in the near 
future and should provide a wealth of new information, especially on 
heavy flavor (bottom and top quark) production. 
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