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I. Introduction

In anticipation of a program of important experiments on
the interaction at high energy of electrons and protons, we
are proposing here the construction of an electron_target
facility at Fermilab aﬁd we will describe a specific experi-
ment on the lépton-quark interaction that.wé would propose
to Fermilab to be done at that facility. The facility might
come into operation in 1984 at a cost of appro#imately $20
million, the experiment might.cost about $10 million, so we
are talking about an expenditure of roughly $10 million per
year for three years, and then normal operating costs. Even '
this first experiment should yield enough events to be able
to measure an internal structure of the'lépton or quark if

17cm. It would aiso be

it is greater than a five times 10~
sensitivehto the existence of single or of multiple inter-
mediate bosons up to a mass of about 300 GeV.

The electron target we are proposing is a 10 GeV electron
storage ring (extendable to 15 GeV) to be added to the Tevatron
at Fermilab so that c.m. energies up to 0.2 TeV and Q2 values
up to many thousands of Gev2 can be explored. We anticipate
the use of Columbia's Nevis Laboratories to whatever degree is
necessarj and desirable in the design and construction of
the circulating electron target and of the defector. of
course, the characteristics and placement of the electron :ing'

and of the interaction region must be the responsibility of

Fermilab just as the civil construction must be either made



by them or under their direction. However, we stand ready
to helpbon these problems to the extent that is welcome and
useful. We are also aware of the magnitude of the effort
required and are eager to join forces with others to realize
the facility and to share in making experiments therein.
The intensity of general interest in an ep~facility.was
indicated by the attendance of 125 phyéicists at the "ep
Workshop” held May 3.aﬁd 4 (a Sunaay vet!), 1980 at Columbia
University. Canadian physicists have also expressed a strong
4interest; |

It is remarkable that electron~-proton collisions} whiéh
are one of the most efféctive procedufes}for investigating
the inner structure of matter, have been neglected in the
press to realize lepton-lepton collisions on the one hand,
and nucleon-nucleon collisions on the other; the lepton
collisions because of the simplicity of the experiments, fhe
nucleon.collisions because of the tremendous energy available.
But electron-proton collisions can also yield a wealth of
information, information that is generally complementary to
that given by thé other collisions. For example, studiés-of
" neutral and charged current interactionS'éan be extended to
large momentum fransfers, as in the lepton-quark experiment
described here, intermediate bosons should produce large
effects for masses up to about 350 GeV, polarized electron
beams may reveal right-handed charge current at large Qz,

new heavy objects may be obsexved, and perhaps most



importantly, the exploration of the inner structure of
~quarks or of leptons can be started.
If facilities for bringing electron beams into collision

with proton beams are not yet being construdted, it is not

for lack of study. Indeed ékténsiveuwdrkshqps have_bccurred

“at Fermilab for the Tevatron,l at Brookhaven Ffor ISABELLE}2

at CERN.for the SPS,3 at DESY for Petra,4 and at KEK for
Tristan.5 All of the investigations have been made in,depth
but the recent study for the HERA*project at DESY is fhe

mést definitive. Thus, the physics of éiécfronfproton
collisions has been well considered and the problem of
preparing an electron target has also been loocked into rather

thoroughly. What we are proposing here is what must be done

specifically in the United States in order to realize

experiments with electron-proton colliding beams.

In these days when the appetites of meritorious projects
already underway can easily absorb all thé funds available, -
and that is why ep projects have not been started earlier,
it may not seem an auspicious time to_suggést vet a néw
project. But those projects already funded will be completed
" before long so that new undertakings should bé-considgred now.
“What must be esPecially eﬁphasized here is that.very modest
funding for electron-proton experiments can produce- knowledge
which will be competitive with that which will result from the

more expensive projects. It is for this reason that we describe

* HERA is the acronym for a project for 30 GeV electrons on
820 GeV protons at a cost of about 600 million DM. "It has
not yet been approved for construction but if approved it
might come into operation toward the end of the 1980's.
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these experiments under the rubric of "eléctron target” in
order to emphasize the modesty of thé costs of the program.

When we confine ourselves to the possibilities of
experiments which can be done in the United States, we can
either bring electron beams to proton accelerators or proton
beams to electron accelerators. This meansibuilding electron
beams at Fermilab or at ISABELLE, or constructing protén
beams at Cornell or SLAC, or, more expensively;_conétructing
both electron and proton beams in a facility dedicatéa to
ep experimenfs; The investment at Fermilab and at Brookhaven
in proton accelerators would appear to make it almost
prohibitive to duplicate such facilities elsewhere, hence we
consider here only the first alternative of bringing the more
modest eléctron ring to a proton establishment. For the sake
of hiéh eﬁergy, of timeliness, and of specificity, we will
here consider a facility only at Fermilab. Fermilab has the
additional attraction that 5 TeV protons.may eventuélly be
. available.there. It has also the potential of producing
electrons with energies up to 50 GeV, which would éllow_for
a sustained prog?am of ep experiments which coul&.eventually
culminate in c.m. energies-of 1 TeV, well beyond the unitarity
limit.

In what follows, we will b;iefly discuss the importance
of the physics, and will describe in detail the detector and

the specific experiment to be made with it on the lepton-quark



interaction. A general design of the circulating ring and
of the interaction region will be presented. Finally, we
will give the results of a study made for the'pfqposed
experimentlif it were to run for a total dufaticn of 8-16

weeks for four consecutive years starting in 1984.
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II. Physics Objectives of Electron-Proton Studies

The proposed eiectron target facility opens up a new
kinematical range, heretofore inaccessible'to‘fixéd target
electfon, muon and neutrino experiments. The capabilitiés
of this new facility cover a wide range of fundamentaliy
interesting physics. BAmong the topics to be studied are:

1) Study of the structure of the protomn, the gquark and
the electron.

2) Study of neutral current effects. With the kinematic
region available, the strength of the l¥y énd Z.amplitudes are'
comparable. The.availabiiity of left and right'hanﬁed
cirxcularly polarized beams for both electron and positron
will make it possible to study the details of the weak and
electromagnetic interaction. | o

3) The measurement of the propagator effect and hence
deduce the mass of the W and Z mesons.

4) Search for.right handed charge currents.

5) Tests of time reversal invariance.

6) The production of new flavored quérks.

7) Photopréduction, |

8) Hunt for new and exotic particles.
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A. Kinematics
We describe  below the hofation we will use in this
report. 
Considgr the feaction

ep - e' + X ..;_ . il.l)

=p - {kk'
mpv p. ( R 1

Yy =pa/mv = y/v

We have assumed that the final state consists.of a
scattered lepton, a current jet which is the materxialization
of the struck parton, and a target jet which represents the

dissociation of the incident proton.
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CURRENT JET

We have-the'following'kinematical relationships for
the current jet:
= xp +
Py =%xp T q
,

cosf = E eY"XEp(l"_Y) /Eey+:_<Ep(l~y) .

B. Comparison with the Tevatron Program

Figures.la; and lb,'éompare the NC and CC eﬁeﬁt.rates
expected for the ép.fadility to those éxpeéted in fikéd~‘
target W, v experiments at the Tevatron. Tﬁe crcss secfidns
used in computing'the e-p rates are shown in Appendix I.

For 4 and v calculations, we assume an incidehf léb mémehtum
of 600 Gev/é for 5oth the ¢t and v ana predicate our rates on

expected time averaged luminosities (including duty cycle)
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£ 3.0'3zc:v:f-zsecm1 for K's and 1034 cm~2sec~l for v's.

Figure 1 shows that the rates expected for the ep
fac111ty are considerably larger than Ffixed target rates
for Q exceeding 100 Gevz. We thus see that an ep fac111ty
opens up kinematical regions inaccessible to flxed target :
experlments,at the Tevatron.

Aside from the obvious advantages of enhanced rate, an |
ep fac111ty w1ll allow one to study 1epton-nucleon scatterlng
with an open geometry. We can thus study the hadronlc'
states accompanying the scattered lepton in conSLderable
. detail. For example, we w1ll be able to separate the current
jet from the proton dissociation jet, and search for the
presence of‘new quark flayors among the hadrons in the
-current_jet.‘

The'ability to vary the polarization of the incident
electron, inherent in an -ep facility,.offers tne additional-
advantage of alloWing us to observe dramatic weak and |
electromagnetlc lnterference effects._

| Next, we elaborate on the phy51cs objectlves
outlined above. |

1) study of structure of the;proton,'the quark

and the electron.

Using the equations outlined in Appendix I, we.calculate

the CC and NC rates for the proposed electron target
experiment. Figures 2a through 2d show these rates as a
function of x and y. In Sec. III, we dlscuss the separation

of charged and neutral current events. We conclude that a
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cut on the missing P > 5 GeV/c is sufficient to separate the
two samples. We also discuss the systematic errors involved |
in measuring x and y from the current jet. |

In addition this_facility offers a unique opportunity
to study the éubstructure of the qﬁark. It would not be at
all surprising, given the large number‘of flavors, to find
that guarks do indeed have a structure. We can probe disfances
as small-as 5 x 10~l7cm. If the guark has a form féctor, we
can observe a change in the x, Q2 distribution of the events.
'In addition we will measure the neutral current cross section
for both charges and helicities. Using the asjmmetry‘pafameter
least sensitive to the weak interaction effects, we will be
able to extract the one photon exchange cross section. If
there is a damping of the form l/(l+Q2/M2)2.due to qﬁark
structure, we will be able to observe it if M < 0.5 Tev {for

six weeks of running).

2) Weak and electromagnetic interference effectsu

.We will be able to demonstrate the presence of the weak and
electromagnetic interference through the measurement of
asymmetry param;ters. The available polarizatibn allows us
to measure the parity violating asymmetry, whiqh is expecte&
to be ~ 25% at x = 0.5, y = 0.5, in a region where we have
appreciable rates. The magnitude of this asymmetry can be
compared to the fixed target asymmetry, which is =~ 1074,

In addition, the availability of both electrons and positrons

will enable us to measure additional asymmetries (Fig. 4}.
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Such measurements allow one to determine the relative
strengths of the vector and axial vector terms.

3) Propadgator effects.

As a new kinematical region is opened up, where propagator
effects become apparent one might éxpect that‘these propagatof
effects might be very complex, e.g. severai intermediate bosons.
We belleve that we will have the ablllty to dlsentangle a new
complex situation. If the mass and coupllng of the llghtest W
are known, it is possible for this experlment to detect the.
effects of an additional W up to mass MW s 350 GeV._ Similarly .
if the mass and coupllng of the 1lghtest z° _1s known, we will
be sensitive (through charge asymmetry) to fhe-effects of
additional z°'s, up to a mass M, € 750 GeV.

4) Search for right handed charxrged current.

In the simplest version of the W-S model (su(2); x U(l)).,
there is only left handed charged current. However nature
could very well be left-right symmetric. Since preseﬁt aata
at low Q2 matches the su(2); x U(l) model.to a few percent,
the mass of a right handed propagator has to be greater than
200 Gev. Hence.as one approaches high Qzlthe ratio of

right handed to left handed current events would increase,
resulting in increased sensitivity. We should be sensitivé
to these new currents up to propagator mass of ~ 35Q GeV.
For example, for M., = 350 GeV the rate with e"R for Q? >:
1000 GeVz/c2 is 94 with a background of 730 events. The

730 events come from e _ contamination. (We assume 90% pure

L

e"R beam, 6 weeks of running.)
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5} Time reversal invariance.

In addition to hav1ng circularly polarlzed beams, it is

also possible to work with transversely polarized electrons-

Ls 4

-—
By measuring ¢ . (Pin quout)’ where ¢ = polarization of e,
—- . ) — - e "" . - e . .;.

P. = incoming elec t _
in g electron momentum, Pout momantum of any one

of outgoing partlcles, it will be possible to detect any T

1

violation, which mav arise from the Higgs mechanism, etc.

6) Electroproduction of heavy guarks at high Qﬁ;
In the limit of high 0% all quark flavors (u, &, s, b, & ...)
are expected té'equally pdpulate the quafkeéntiquark sea. |
Previous éstimates,7 based on simple Qenéralized ﬁeétor
dominance model considerations, conclude that.fhe proaucfion
of particles cohtaining'a top quark should occur at the 10%
level in 1nteract10ns with a Q greater than 500 GeV .

We have comnuted the expected yleld
of particles containing heavy quarks using the Altarelli-

Parisi eguation:

T Pn (t)___?n- (t)Pn (t)

oo n2 2 ' th _ . :
where t = 1/2 tn Q°/0", P is a vector of the n  moment of
the parton dlstrlbutlons (i,3 = g,u, u,d, d cee) aﬁd Tﬁ is the
matrix of anomalous dimensions, which is dependent on the
running coupling constant gz. Georgl and Pdlitzer8 have
calculated vy for heavy quarks to-first order in QCD theory.
Figure 5 shows the parton momentum fraction carried by the

guarks where we have taken mb‘= 5 GeV and m. = 15 Gev.
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By fitting the calculated moments to functions similar to
those of Buras and Gaemers, we obtained the yields shown
below in Table I.

In addition to computing the rates for liberating heavy
quarks already present in the sea by the neutral current, we
are studying the rates for convertlng a llghter quark ex1$t1ng
in the sea 1nto a heav1er quark via the charged current- For
example, if the t quark were con51derably heav1er than the
b quark, the rate for conVertlng ab quark 1nto at quark via
W exchange mlght domlnate over the rate for llberatlng a t
‘quark out of the sea via the neutral current.

In the region of low x and hlgh Q (where new flavor'
productlon occurs), the current jet and 1nc1dent electron
are well separated. 'Hence we will be able to identify the
:production of heaVy quarks through their semileptonic decays

- into leptons w1th hlgh P with respect to the current jet axis.

The purely hadronic decays are expected to produce a broadenlng

in the jet.

7) Photoproduction.
Electroprodﬁcrion in the limit of small Qz can be described
-as tﬁe.radierion of an almost real photeﬁ followed by the
interaction of the.éhoton with the proton. The iﬁtensirf of.

the beam is given by the Weizacker-Williams formula:

2
- 2 2 o
+ [ ] .

kN(k)dk = %‘TF(E E ) o "B ax

E O

min
where E and E' are the energies of the incident and scattered

electron, and Q2 = EE'Gez. The number of 1~ vector mesons

. )
and bare guarks produced per day is shown below.
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mass
§223§ge) Crot - - Events/day
Vip = T/4E - 3.1 30 nb 26,000
N+p ~ TH -n. 9.4 90 Pb 80
WD = CF von 1.5 (2/3) 1 pb 900,000
yHp = bt ... 4.5(-1/3) 27 b . 8,000
-y+§ ~t+ ... 15 (2/3) 10 nb 900 |

These vector mesons will have small laboratory
longitudinal.momentum,_and will the:efofe bé easj td detect.
Furthermoré,.as the Q2 of the event increaséé; thelgrbésu
section contribu#ion from low mass vectof mesons SUCh.asf
‘the p is suppressed relatiﬁe fo fhe contributions ffoﬁ .
the heav1er vector mesons such as the T. |

8) Hunt for new and exotlc‘partlcles.

_The list of new, exotic partlcles predlcted in modern

. theories continues to grow. Becausa of the flexlblllty of

the ep fac111ty, 1t w111 be p0551b1e to look for many of

- these particles. We have unlque capablllfles for producing
and detecting heavy leptons with the electron quantum number,
and leptoguarks which are required in current grand .
unification schemes. Both partlcles w1ll_have dramatlé'

signatures.
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Table I
2 ' .6
Mass - Charge Q, _ events/month (3 x 10  sec)
5
5 ~1/3 25 2.7 x 10
15 +2/3 225 1.0 x 10%
20 +2/3 400 2.3 x 10>
30 +2/3 900 2.1 x 107
50 +2/3 2500 3

Note that the above rates are calculated for the region

Q2 > mHZ, where the renormalization group arguments are

valid. There will be heavy quark production in the
region Q2 5 mH2 . As such, the above rates are a lower

limit.
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III. The Lepton—-Quark Experiment

A. Introduction

In this section we intend to show that a general e-p
detector, capable of handling a wide range of ihtéresting
physics, is feasible. It could be built todéy, with prééent,
well tested experimental techniques. We will show that the
rate requirements are modest, the backgrounds are'easilY.
overcome, and that the triggéring rate is comparable to
present fixed target experiments rates. We will show that
this detector is capable of doing the deep inelastic physics.
Also many of the new phenomena outlined earlier will have
spectacular signatures in this detector.

In this section, we discuss the requirements of a
detector which can: _ _

(1) Separate neutral (ep - e'X)} and charged (ep - VX)
current intéractions. ' o
| (2) Measure the scaling variables X, ¥ for both reactions.
Note that a measurement of x, y is equivalent to.an ¥ and Q2
measurement, hence structure functions caﬁ be determined.

(3) Detect the low Q2 reactions (Q2 < 10 GeVz/cz)
which we call photoproduction.

For the purposes of this discussion, we assume a 15 x 1000
GeV2 e~p machine, and limit ourselves to 10 meter space in the
intersection region. All throughout the discussion we assume

32 -1

a luminosity of 10 cm 2sec”t.
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The rates quoted here are in events/day {(for a luminosity
of lO32 cm—zsec—l). We have a tbtal of about 3 x lO6 ep - e'X
events, and 1000 ep - yX per day, with'Q2 > 3 GeVz/cz. To
study the detaiis of the detector's response to the simulated
events, we have fragmented the current and target jets into
stable particles (v, K, p, n, e, L, v, ¥). We chose thé

Field-Feynman technique.lO,Appendix IIT.

In the discussion to follow, the momenta of the particles
are given in the right handed coordinate system where the
positive z axis (6 = 0) is the electron direction, while
6 = 180° is the proton directioh.

B. Separation of Neutral and Charged Current Events

The selection of charged current events relies on the
large P, imbalance characteristic of a missing neutrino.
Missing P . however, can be due to the resolution in detecting
the energy and angle of the hadrons in the final state. We
have incorporated these effects into a Monte Carlo program,
whicﬁ shows that in neutral‘current events the P; imbalancé
is « 5 GeV/c. A cut on the missing P of 5 GeV/c should leave
us with no neutral current events énd with ~ 90% of the charged
current events. Furthermore electron identification by the
shower counters should achieve 7/e separation of 10-3° The
missing P and the missing electron are sufficiént-to obtain

a clean sample of charged current events.
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C. Scaling Variable Measurements

The scaling variables x and y can be extracted from the
energy and angle of the outgoing electron, or alternately.
from the energy and angle of the current jet. Iﬁ,Figs.fﬁa—d
we show the energy and angle of thé outgoing eléctron andijet
as a function of x for sevefal values of y. Note that.the
target jet is assumed to have zero P .

(1) In the low y'region.the electron enexrgy is a slowly
‘varying function of x. As such the error in %, at low y, wil;

.be dominated by the eléctron'energy resdlution, Fig. 6a.l

(2) In the high.y region, the electron angle is a
slowly varying function of x (for x > 0;1). "The err§r in x,
at high y, will be dominated by the electrqn angle measurement, Fig. 6k

(3) In all regions of y, the current jet éngie is a
slowiy varyihg function of x (x > 0.2). The error in x will
therefore be dominated by the angular resolution of the
jet axis, Fig. 6d.

(4) For very low v (y < 0.01) the jet axis is very
close to 180°. Hence there will be problems due to thé léss

of some or all of the jet particles down the Beam.pi?e.

Figure 7b shows the lines of constant jet angle in the

x-y plane corresponding to 100, 50, 25 mrad.ﬁith respect to
the proton beam. Note that x and y are.shown on a.log;log
scale, with y going up to only 0.1. The x and y regions
below these lines are inaccessible for x and y measurement,
if the beam pipe subtends 200, 100, 50 mrad, respectively.
This means that one has no information about the very low Q2

region (Q2 = 60 -~ 300 Gevz/cz) for charged current events.
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(For neutral current events, we can use the lepton variables.)
Tt is however desirable to reach low enough Q2 to link with
fixed target experiments (Q2 ~ 100 Gevz/cz). This can be
done by lowering the proton beam energy. For example in
15 x 500 data, one can reach a factor of ~ 2-smallér Q2 for
the same beam pipe diameter (see Fig. 7a}.

We have studied the effect of energy and angular resolution
on the systematic errors in x and y méasurement. Figures 8a, b
éhows the x-y (lg¢) errors obtained from the electroﬁ the current
jet variables, using the resolution of the detectér outlined
in Sec. D. We believe that a detector éapable of accurately
measuring x and y must have excellent electfon energy resolution
at small y (or at small angles), and excellent angular resolu-
tion throughout the entire detector.

D. The Proposed Detector

Figure 9 shows the schematic of the proposed e-p

 detector. It consisté of three detectors covering'the
fofward (electron) direction (0 < 6 < 45°), the central
region (45° < 6 3.1600), and the backward (proton) direction
(160° < 6 < 180°). The choice of the angles covered by each
detector, as well as the choice of the elements of each
detector, is pﬁedicated on the kinematical and rate
considerations outlined earlier. Figure 10 showsvthe regions
of the x~y scaling variables regions covered by each detector
for both the scattered lepton and current jet.

Next we discuss the details of each of the three
detector systems. We especially em?hasize the raté capability,

energy and angular resolution of each detector.
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E. The Electron Detector

This detector covers the region 0 =< 6 < 45°, where the
rates will be < 1 KHz (ref. Fig. 12 for
the electron angular spectrum). Since this detector covers
the low y region (Fig. 10), the energy resolution is of
crucial importance. We propose a 3 m x 3 m lead glass array,
with a central 1 m x 1 m sodium iodide array. The block size
will be 5 cm x 5 cm, for a total of 3600 channels. The
angle resolution (1 mrad) will be obtained by a series of
3 mm spacing wire chambers placed in front of the array. This
array is capable of energy resolutién of oE/E = 0.05//E. Two
reésons motivate placing sodium iodide at the‘cénter of the
array:

(1) improving the energy resolution in the low Q2
region,

(2) keeping the lead glass well away from the synchro-
tron radiatioh background which could over a period of time
cause yellowing of the lead glass.

A small fraction of the hadrons:reach the electron
detector (see Fié. 13 for the hadron angular spedtrﬁm).
These come from the low-x high y'region; where the angle of
the jet is rapidly varying with x and y. Therefore the
detector designed to catch these hadrons néed not have
excellent angulaf resolution. We propose a 2 in.—l/z.in;

segmented iron-acrylic scintillator calorimeter, with
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about 150 mrad angular segmentation. The enexqy resolution
of this detector will be of order.cE/E = 0.50-0.75//E. Note
that there is no region in the x-y space where both the
scattered electron and the current jet lie in thé electron
detector. This is a welcome simplification;

P. The Central Detector

The energy spectrum of the hadrons fro@ the current jet
fragmentation (Fig. 14 ) is such that it is best matched by
a magnetic detector. We have considered two magnet'configura~
tions: solenoidal and dipdle. We find that a solenoidal
geometry has the best and most uniforﬁ acceptance in the
region of moderate Q2 (a few thousand Gevz/cz), and in addition
has minimum interference with thé beams. A coil configuration
similar to the propbéed Fermilab p-p detector (5m long, 3m diam.)
is suggested. A superconducting coil of fhis size is capable
df delivering magnetic fields of ﬁp to 1.5 Tesla. With' the
intersection region displaced 1 m toward the electron'detector,
this configurétion covers the angles 45° < @ < 1600. With
this displacement of the intersection region,-the bulk of
the forward elecfron counting rate falls in the spécialized
electron detector. Also the solenoid's acceptance for the
current jet is made larger.

Inside the coil lies a fracking system. The outside of
the coil is surrounded by electromagnetic and hadron

calorimeters.
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1. The Tracking System

We propose a cylindrical drift chamber for the tracking
system. A drift chamber with 1 om drifﬁ cell and 10,000
chahnels will be capable of 300»um resoiﬁtion, or O/P;4v
0.001 P . We e#pegt to do most of our running with B =
0.5 Tesla. | |

| In addition one can place a'sméll prqportioﬁal chaﬁber,
with wires perpendicular t6 the beam direction, arouﬁd‘thé
intefaction region. This chamber will locate the interéétion

vertex and help eliminate beam—gas events.

G. The Electromagnetic Calorimeter

As we emphasized earlier, thé current jet angular
resolution is crucially important,'especially in charged
current events where the jet wvariables arevused to extract
the scéling<§ariables. The current jet;multiplicity is
equally divided between charged'tracks (Whose angles are.
measured with great precision in the ﬂrift'chambef), and gamma
rays (whose angles are measured in the»shéwer counter).
Consequently thé‘angular resolution of the jet will be
dominated by the angular resolutionvof the shower counter.
‘The necessity of a calorimeter with fine segmentationeﬁakes
a proportional.counter.an especiallybattracﬁive choice.
Recently we tested a (1/4 in.) lead gaseous argon inducéd

11

charge readout calorimeter. We obtained energy resolution
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of ¢/E = 0.2//E and an angular resolution of the shower center
of better than 1/3 of the cell size. We believe that the
resolution can be improved to ¢/E = 0.15//E. This ié fairly
close to the ¢/E = 0.1//E obtained by lead scinti1lator.
However, the economy, ease of construction and calibration,
and the fine segmentation makes the lead-argon calorimeter
very attractive. We propose to build sixteen 250 cm x 120 cm o
modules to be arranged in octets (see Fig. 15 ). Each module
covers 1 radian in 0, and 7/4 radian in ¢. With 2 cm x 4 cm
segmentation, one can obtain 8 mrad @ segﬁenﬁation énd 25 mrad
¢ segmentation. The readout is done after 1, 6, 20 radiation

lengths to achieve ~ 1073

T/e separation. The total 6 channels/
module = 128 x 3, ¢ channels 32 x 3, or & + ¢ = 480/module.
The counter would have 7,680 ADC channels.

H. The Hadron Calorimeter

The hadron calorimeter will measure the neutral hadrons
as well as the'very high energy charged tracks measured poorly
by the magnetic detector. 1In the spirit of the electromagnetic
detector, we.propoée an (1 in.) iron-argon calorimeter;
sixteen modules each 250 cm x 180 cm. The.e seémentation is
15 mrad, while the ¢ segmentation is 50 mrad. = The total
number of ADC ié 1280. Recently a StanfordAWisconsin_lzl

group tested a similar counter, and obtained ¢/E = 0.75//E.
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I. The Backward (Proton) Detector

This detector, which covers the region 160° < 0@ < 1800;

will rely entirely on calorimetry. It is difficult to match

a magnetic detector in this region with the m%chine requiréments.
We envision a 3 m x 3 m gas calorimeter, with a design éimilar
to the central calorimeter. Longitudinally, the detéctor will
consist of a 20 rad length (1/4 in. lead) elecﬁromagnetic
calorimeter, followed by 4.5 absorption length (i in.. iron)
hadron calorimeter. The segmentation in both x and y will
be L cm (~ 3 mrad). In each detector the energy is sampled

longitudinally five times. The total number of ADC is 600CO0.
- This deéector.will scan the higﬁ Q2 fégidn fof both
lepfons and hadrons (rate ~ 1 Hz), tﬁe low Q2 region for
hadrons (rate ~ 1 KHz), and upstream beam gas interactions

i3 10

(rate is 1 KHz for 10 Torxr) ..

protons and 10~

J. Performance of the Detector

With the resolution outlined earlier, we examined the
x~y scaling variables systematic errors. Figure 10. shows the
errors due to x-y extraction from lepton and jet wvariables.

It is clear that x-y extraction with iow systemétic errors .

is possible, even in charged current events. The very large
x~y region has the worst systematic errors when jet variables
are used. However in this region it is the statistical errors
not the systematic errors that will dominate;' For example,

at x = 0,8, y = 0.8, the rate for lQO day run is only ~ 10

charged current events.
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K. Background Sources

We intend to make an extensive examination of the back-
ground sources as soon as the machine parameters are precisely
defined. For now, we rely on the examination of the background
sources in HERA. ) The authors conclude that with suitable
placing of simple veto counters, background rate from beam
gas interactions can be reduced to ~ 100 Hz. At this low

rate, selective triggering is then possible.

L. Instrumented Machine Elements

It is necessary to have a calorimefer placed behind the
proton detector in order to capture some of the target_jet.
energy, and possibly measure its PL. This will Iikely be a
one or more machine element whose iron.laminations are inter-
sperced with scintillator. We are at present studying the
requirements of this detector. Weé will come up with a
detailed design as soon as a complete layout of the machine
element is finished. We consider the correct design of this
detector of utmost impértance to the'success of the experiment.

M. Conclusion and Costs

An emp\detéctor capable of measuring both neutral and
charged interactions is feasible. The detector is relativély
simple to construct, requiring no new advances in detector
technologies. The reliance on gas calorimetry serves the
dual purpose of providing the necessary angulaf segmentation and
simplifying the construction of the detector. The cost of
gas calorimetry is also lower than scintillator or liquid |

argon.
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We provide a list of the essential detectors as well as
an estimate of their cost. We believe that the cost is

~ 7 million'1980 dollars.
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IV. The Electron Target and Interaction Axea

Fermilab has‘tentatively decided that the ep interaction
area should be located at straight section D, and has expressed
a strong preference that the electron‘ring shoﬁld not be in
the Main Ring tunnel but rather should be in a separate tunnel
tangent to the Main Ring, see Fig. 16. Designing a 10-15 GeV
electron or positron storage ring is reiatively straightforward
because by now numerous very similarlringé such as CESR or
PETRA have been built and are in operation. What is diffiéult'
is to bring the electrons into collision wifh the 1 Tev
protons of the Tevatron in the rather short straight section
(~ 50 m) that is available. Polarization of the electron beam
is an eventual requirement which adds a degree of complexity
to the problem. We are also seeking an economical design
which does not compromise either performance 6r reliability.

Happily, Tom Collins of Fermilab has made a_desigh of
the electron ring in which he has solved the problem of
bringing the electron beam into collision with the Tevatron
beam for an electron energy of 10 GeV (seé addéﬁdum by Collins). .
He has also expﬁessed confidence that after such a ring has
been in operation, it should be possible to increase the
electron energy on the basis of the experience acquired.

Collins calculates a basic luminosity of 1.5 x 103]‘cm_'2

sec-l, but he suggests a number of improvements such as a low B
insertion, rebunching the beam into fewer buckets, and using

a larger electron current (at the cost of more rf power).
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All of these he estimates would raise the luminosity to about

2 x 103%cm %sec™. It thus appears that the canonical value

of luminosity, 1032cm~2sec—l, is a reasonable one to use in
computing counting rates, but the present experience with

31 2 -1

storage rings would indicate that a few times 10~ cm “sec

might be more realistic.

As shown in Fig. 16 the.electron ring is of récetrack
design in which the qurved parts of the tunnel have an
average radius of 150 m and the length of each of the two .
étraights is 100 m.. The straight o is long enough to bring.
the electron beam into collision with the proton and to
transpose the normally transversely polarizated beam into
a right handed or left handed polarized beam while in the
interaction region and then transpose it back to its oriéinal.
direction. There are.a number of ways of accomplishing this:
we favor using a very strong longitudinal field in which the
direction of polarization precesses by 920 degrees; then a
short length of horizontal bending'magnet would cause the beam
to precess to a direction parallel to the beam. The mirror
image of this wéuld restore the polarization. We favor this
method because. the polarization can be changed by simply
reversing the magnets. We do not claim to be able to use
polarization in the first experiment becéuse we have not yet
calculated the necessary accuracy of the magnets hor,
alternatively, have we invented an appropriate feedback

mechanism for controlling the magnets. Given the importance
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and unigueness of polarization experiments, it is imperative
that we eventually achieve this mode of experimentation. We
will allow adequate space for whatever beam gymnastics are
regquired.

In the same vein,.we expect eventually to have a positron
beam instead of the electron beam, but we will not have it in
the first experiments. If necessary, we could.duplicate the
Cornell arrangement used in CESR for ratcheting bddketé of
positrons into one or a few bunches. It would be more desirable
to have a small boostér accelerator to bring the eléctrons
or positrons to a few GeV af which energy'the sizg of the beam
would rapidly dampen. By rapidly cycling the booster, a‘number
of successive pulses could then be injected from a 50 MeVv- |
injector linac. This booster and its linac would be placed
at the outer straight Section. The positrbn part of the
booster would be added at a later time.

The rf acceleration will essentially be a copy of that
used at Cornell except to be scaled up from 8 to 10 GeV and
scaled down for the 50% larger radius. This implies a béam
energy loss per turn of about 10 MeV/turn instead of Cornell's
6.56 MeV/turn. = The design current in both machines is also
the same, 0.2 mA, hence the number of cavities at Fermilab
will have to be increased from CESR's 4 to 6, giﬁing a total
length of about 25 m which would fit easily into the 100 m
long straight section. To reach 15 GeV implies about 40 MeV/

turn which would obtain by quadrupling the length of the
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cavities to 100 m, but that would.leave no space for other
necessary devices such as quadrupoles and ihjection magnets.
Perhaps there.would be enough space for 80 m of cavitieé
plus the use of more rf power to get the necessary voltage.
That implies going from a power usage of about 3.6 MW at 10
GeV to about 18 MW at 15 GeV. To run at or above 15 GeV in.
this ring would most likely require superconduéting rf
cavities.

The tunnel, cut and £fill, would be built of'hprseshde
shaped precast concrete sections, 8 ft wide by 8 ft'highm
Building it of circular sewer sections with a flat flooxr’
poured in place might be cheaper. The plane of the ring
would be tilted in such a way that it would touch the Main
Ring at the proton side but that the other straight section
with rf equipment and injector would be closer to the surface
(electrons do not produce much radiation). This might réduce
the cost of thé tunnel, and would certainly produce better
drainage. A building 100 m long and about 20 m wide {(about
-104 square feet) would be constkucted just inside the outer
straight sectioﬁ. One million dollars has been allowed for
this building assuming a minimal cost of $50 per square foot.
It would be possible to reduce the size of this building
by a factor of two if necessary.

It is assumed the experimental area at straighﬁ secfidn

D of the Main Ring has already been funded. Nevertheless,
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funds are being requested to allow for the electron ring
to be joined to the experimentai area. |

The lattice of the magnet ring is>shown in Figs. 4 and 5
of the addendum by T. Collins. In calculating the cost
of the magnets, it has been assumed that the construction
would be identical to that of CESR except to be 1.5 times
greater in length. In fact because of eddy currents in the
aluminum donut, it might take too long to accelerate the |
electrons from the few GeV of the booster to 10 GeV. The
substitution of a stainless sfeel donut lightly gold pléted
on thé inner surface would probably not be more costly and

‘would allow the acceleration in a reasonable time.'



V. Cost Estimatés and Schedule

The désign of the electron ring will closely follow
that of the CESR storage ring at Cornell University.
Thus most of the costs can be scaled and inflated rather
straightforwardly. The tunnel and building costs are taken
from the most recent experience at Ferﬁilaﬁ; Thg cost
estimates are shown in Table I: the first column showing
the Cornell costs for 1977 (reestimated for actual experience
for the rf cavities), the second column shows the estimates
for 10 GeV electrons inflated to 1980 values, and the third |
column shows the estimates for 15 GeV also in 1980 doliars.
Of course thé estimates are very rough and do not éllow for
improveménts which ought to reduce the costs.

The cost of the detector is shown in Table II. It is
based on étc; etc. | |

Roughly, this can be summarized to indicate that the
ring will cost about $20M and the detector about $7 M.
Then 1f $2 M are left for contingency, we get the $10 leer
'year for three years indicated in the introduction. Aan
additional yeaf with $10 M should allow us to operate and
bring the energy up to 15 GeV. Because the rf costliS'
dominant and beéause it is constructed in a linear fashion,
it can absorb some share of the contingency. implying the
possibility of operating at a slightly lower energy in view

-of the E4 dependenée of the radiation loss.



The schedule calls for bringing the experiment into
operatioﬁ in 1984. This implies the $10 M per year figure
assuming funding were to start in 198l. If it were to
start in 1982, then $15 M per year for two yearé would
become desirable. Much beyond that will involve sévere'

geriatric problems to at least one of the experimenters.



Item

Magnets

Power Supplies
Vacuum
injector

rf

Controls .
Tunnel
Bldg

Utilities (5 Mw)

8 GeV
R=100 m
Cornell

1977 §
(in K)

1150
225
945

1747

+112

230

10 GeV
R=150

1980 3
{in K}

2360
340
2440
3000

3800

1350
2750

1000

15 GeV

1750
560

1800

3000

19000

1000
2750

1000



Costs

Assumed Prices

1 in. steel, 2 in. steel
1/4 in. lead

ADC

TDC + Cables

Lead Glass

PM 2 in. tube
PM 5 in. tube
MWPC readout

Nal

$2,000, $1,500/ton
| 1,500/ton

$40/bhanﬁel
$30/channel

$100/1000 cm’

s100

$200

$20 /channel

$1000/1000 cm

3



Iist of Detectors

Magnet

Length 5
Diameter 3
Maximum field 1

ng g

Tesla

-

Electron Detector

ILead Glass Array

Size 3mx 3 mx 60 cm
Segmentation 5 cmx 5 cm
# of Channels 3600

Kadron Calorimeter

Size Smx 3 mx1lm
_# of 2-in. steel
plates 15
# of 1/2 in.
acrylic scintill. 15 _
Segmentation 30 cm x 30 cm
# of Channels 100

Wire Chambers

'# of'Planes 4

Spacing 3 mm

# of Channels 4000 .

Central Detector

Drift Chamber

Drift Cell Size 1 om
# of Cells . ' .10,000

Shower Counter

Sixteen 8 ft x 4 ft modules

¢ Segmentation/module 25 mrad/channel - 32 channels
6 " n 8 [ 17 . l 28 11

z " " 3 (1,6,20 r.1.)

# of Lead Plates {(1/4 in.) 20

Total # ADC's : 7,680



Hadron Calorimeter

Sixteen 8 ft x 6 £t modules

¢ Segmentation/module 50 mrad/channel 16 channels
e . [ 1} 1 15 . " } L1 . 64 11

# of Steel Plates (1 in.) 30

Total # ADC's _ 1,280

Forward Detector

Electromagnetic Detector

X Segmentation 300
y Segmentation 300
z Segmentation 5
Total No. of ADC's 3,000
Number of Lead Plates (1/4 in.) 20

Hadron Calorimeter

X Segmentation 300
y Segmentation 300
zZ Segmentation 5
Total No. of ADC's 3,000

Number of Steel Plates (1 in.) 30



__Cost _

Magnet & Yoke

Electron Detector

Lead Glass/Nal

PM (2 in.) -

ADC

Steel (50 tons)

PM (5 in.)

ADC

Chamber Electronics

Central Deteqtor

TDC

ADC Shower Counter
ADC H.C.

Pb (70 tons)

Iron (500 tons)

Forward Detectorx

ADC .
Lead (10 tons)
Steel (50 tons)

Mechanical Support &
Construction Costs

Computer & Trigger

TOTAL

500
350
150
80
20

120

300
300
50
100
1000

250
15
100

~ 2 M

800

RRARRARA

ARRAA

RAR

7.1
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VvI. Study of Running Eight Weeks in 1984
2

A six week run with 10 x 1000 GeV

(unpolarized electrons)
. _ _

would result in ~ 5 x 10 ep - e' ... and 15,000 ep = v ...

events with Q2 > 3 GeVz/cz. A two week_run at 10 x 500 GeV2
would follow. The combined data sample will permit a

detailed bias—free determination of the stfucture functions.
We will be able to find if QCD is indeed a viable fheory ét
large Q2. Also R will be measured with a few percent accuracy.

If nothing is known about Z or W masses at that time, |
then we will be able to determine the.ﬁaSS of the lowest Z and/.
or W to ~ 4%, if the mass is € 350 GeV. If the mass and
coupling of the lightest Z or W are known, then Qe.ére
sensitive to deviations in the Q2 distribution due to extra
Z or W, up to masses ~ 350 GeV. ”

If the quark has radius of order 5 x 10f;7cm or larger,
then the Q2 distribution, or the structure functioﬁS'wiil
exhibit a statistically significant deviétion from the
expected distributions. Pinning down the exact origin of
these anomalies will require the availability of'poéitron
beams to eliminéte possible weak interaction effects.

On a less spectacular but nonetheless important front;
we would search for the top quérk. Rates should be ~ few
hundred if m, ~ 30 GeV. No e+e— machine will have reached
that Iimit by 1984. We will also accumulate 2 x 108

photoproduction events, which in the past have proven to be

a rich source of new particles.
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The installation of polarization hardware will not come
until the second year. A search for the right hand charge
current and study of interference term between électromagnetic
ahd weak interaction will be carried out. Positron will come
a year later. Héving both charged and helicities will make
possible a complete examination of the details of the weak

interaction.



We would like to thark Prof. T. D. Lee, Prof. A. Mueller,
Dr. T. Collins and Dr. J. Peoples for many wvaluable

discussions.



APPENDIX I

Calculation of Rates

We consider the first reaction

ep » e + X ... (2.1)

The 1Y exchange cross section is

a’ - ara® 2,,..2 2
g _ 4ma _ 9
axdy sxzyz.{(l Y)FZ(X.Q )+y gFl(x,Q ] (2.2)

If we assume callan-Gross relationship
2. 2
F,(x,07) = 2xF, (x,0%), then

dzcl‘y 4Trd.2 y2 2

s

In evaluation of Fz(x,Qz), we used the Burés~Gaemers
QCDh parametﬁization of the guarks (see Appendix II).

The reaction (2.1) can proceed via weak and l¥ exchange
currents. The differential cross sections which now depend

on the helicity and charge of the incoming electron are

1y '
dg . . do .
dxdy  dxdy £ln) ... (2.4}

Here 7 = e

o

e

~

L
°L

eR+l/ - | (2.5,

The function f(n) is given

. . .. . . 2
£(r) = 56_Ye I pipira, . (x)+e BYT () 242 44
" ij LU i +3 n l~y+y?/2



i =1 3 =1 corresponds to ly exchange term,

i=1 4§ =2
} corresponds to v-Z interference, and

i =2 j =2 corresponds to Z exchange term .

1 / _1+2sin20

G 1 = * ‘ [] 26 W
n -1 | G 2 = /2 251n2 W
~1 n 2sin Gw
-1 ' ~1+25in26

w.

Here Gnl is the lepton coupling to ¥ or =z ,
Gw is Weinberyg angle.

pl are the propagators and are

' 2 2
2 GF Q mz

J2 ez(m22+Q2)

= +1
§ﬂ 1
+1
-1
Y, iL_ jL._ iR_ jR 2y, = 2
Aij _ !‘- k(ck Ck + Ck Ck )(qk(XrQ ) qk(X:Q ))
’ 21q, (x,09) 45, (x,0%)
}2{ ek qk X, qk X 3
e 1o 3T L o AR IRy (o (x,0%)- G (x,07))
Fiol 2% %k k_ k97 K
’ 2[q, (x,0%)4G, (x,0%)
-i ey Llay #. gy (X ]
v is the sum over all quark flavors .
k
il, iR

¢+ ¢ are the couplings of the v (i=1) and Z(i=2) to

the left and right handed k~flavor quark .



1L _ IR
“k k “x
c 2L - 2 "k (1-2¢ sin29 )
k |ek‘ k w
2R _ . 2
Cp. = -2./2 e, sin GW .

Next we consider charge current reactions
ep - v t x .

The differential cross section is

2 et G 2 m 2 ?
d o _ F \ . 2 2 ' 2
axdy = 27 s[m 2+92] [(1-y)F, (x,0%)+y xF; (x,07)
w

+ oy(1- %")xF3(X.Q2)] .

Note that the structure functions are different for e and

e . Again, the Callan-Gross relatlion is assumed

e+ 2
dzoe GF2 mw2 Y2 2
iy = T S - (——E:fg) [(L-y+ 3~)F2(er )
m, Q o

+y (- Dxr (0H)7 -
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Appendix I I
" Quark Distribution Functions

The explicit expressions for Qk' Q,_ are in accordance

k
with the Buras-Gaemers parametrization, and CHDS neutrino

measurements.

-Qu = uv+ s
f = +
Qd dv S
Qs = s
Q. =c
where
a3 g2
X "
U (XIQ) = = d
n n
3 4
2 x ~(1-x)
d (XIQ) = -
v B(n3, l+n4) 5
s
P P =,
s(x,0%) = g2 (2 - 1) (1-x)53
3
Pc
2 Pc Pc c-
c(x., Q%) =5 (— ~ 1)(1-x)"3
c
3
where
My 0.72 -1.19 Gs
Ny . 2,8 5.06 Gs
My /. "\ 0.97 1.69 Gs
Ny 3.55 5.06%G§
with
G = 4/33—2Nf, Nf = number of flavors,
2, 2
S = /A 2 2

[ Q = 2.1 A = 0-2 -
Q’TQo?/Az o] _
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P =3/4D + 1/4 Dl

s 22 2
P, = 1/4 D,, - 1/4 Dl.2
= +
53 = 3/4 D23 1/4 D13
Cy; =1/4 D,; - 1/4 D), |
_ ~-0.427 §
D12 0.11 e |
_ ~0.667 s
D13 0.009167 e |
D,, = 0.169 e 07475 L o 488 70427 54 ¢.409
D,, = 0.0028 e™1-386 s, 4 1634 7 0-002 s_ 0.157 e 0-667 s
2,2
§ =0 Q0"

2, 2
tn Q_ /A
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Appendix III
.Fragmentation of Quark Jet

The dressing of the quark jet is done according to
the Feynman-Field recipe;lo The original quark of flavor
q and momentum W_ creates a color-field in which a quark-
antiquark pair is produced. The original quark'then
combines with the antiquark to form a meson, and the process
is repeated with the remaining quark. The following rules
are observed: '

1. The fraction of energy n that the primary quark
leaves to the remaining jet is given by

£(n) = l—a+3an2 a = 0.88.

2. The quark-antiquark pair éarry zero net P . but
each has P that is gaussian with é“of 350 MeV/c. The
flavor of the q-g pair is 40% u, 40% d, and 20% s.

3. The process is stopped when the ﬁomentum of the
remaining jet around the originai jet airection is = O.

4. The resulting mesons are 50% pseudoscalér,

50% wvector.
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FIGURE CAPTIONS

Fig. la Number of neutral current events greater than é
given Q2 for 15 x 1000 and 20 x‘400 GeV2
facilities compéred.with a fixed target muon
experiment at 600 GeV. Cross sections are
calculated for left-handed electrons, wifh both
ly and Z exchange.

Fig. 1b Same as la for charged current events. The
suppression of the cfoss section due to the
presenée'of the propagator is. also shown.

Fig. 2a  The rate of charged current events in events/day
for bins of AxAy = 0.04 with 02 up to 6 x 10%.

Fig. 2b Expanded view of the low x region of fig. 2a
showing the event rate for bins of AxAy = 0.004.

Fig. 2c¢ Same as 2a for lYy exchange.

Fig. 24 Same as 2b for ly exchange.

Fig. 3 The contributions of the various % éxchange
processes relative to the ly exchange cross section.
é) The ratio of ¥-Z interference ferm to the 1lvy
exéhange_for incident left-handed electrons.
b) The ratio of the ‘Z]z term to the>17'exchange '
for incident left-handed electrons.
c) Same as a) for incident right-handed electrons;

d) Same as b) for incident right-handed electrons.



Fig. 4a The asymmetry parameter (cke~L)~o(e—R))/ |
(o(e-L)+o(e~R)) as a function of y for x = 0.1, 0.5,
0.9. _' |
Fig. 4b Same as 4a for (o(e  )-ole  ))/(o(e” Ytale  )).
g- L L L L

)= (e )1/ (o (e 4o (")) -

Fig. 4c Same as 4a for (o(e R

L

Fig. 5 Evolution of the second moment (n=2) of the parton
distributions as a function of t = 1/2 wzQz/hz

(n2

= 0.2 GeVz). The calculatiqn is done according
.té the prescription of Georgi and Polifzer. The n=2.
moment corresponds to the.average fractioh'of the
. momentum of the incident proton carried_bylthe partons.
Fig. 6a—~d The energy and angle of the electron and current jet
as a function bf x for vy = 0.01, 0.2, 0.6, 0.9.
Fig. 7a = Lines of constant current jet angle with respect to
the proton beam. Note the log-log scale tlS x 500 Gevz).
Fig. 7b  Same as a for 15 x 1000 Gevz.
Fig. 8a Scaling variables x-y (lg) errors obtained from
lepton variables. using the resolution of the
proposed detector. |
Fig. 8b Same as 8a for jet wvariables.
Fig. 9 A schematic of the detector.
Fig. 10a The shaded regions indicate the x-y regions where
the current jet will be in the electron, central,
and proton detectors.

Fig. 10b Same as a) for the lepton.

Fig. 10c The overlap of a) and b).



Fig. 11 A sample of Monte Carlo events in 5m x 3m solenoidal

Fig.
Fig.
Fig.

Fig.

Fig.

16

field with BZ = 15 kG. The fragmentation of the
current and target jets is done according to |
Feynman and Field. The electron beam.direction is to
the right; the proton beam direction is to the left.
The electron angle spedtrum.

The track angle spectrum. .Field-Feynman.fragmentation
is used. The shaded fegion is the target jet

contribution.

'The track energy spectrum. Field-Feynman fragmentation

is used.
Sixteen shower counter modules arrangement.

The electron ring at Fermilab. -
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FIG. 16
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The electron storage ring.

A second ring of about 300 m average bending radius is indicated
by the dotted lines. to allow for running at a higher electron
energy, 20-25 GeV, for collisions with the 1 TeV protons in the
Tevatron. It might eventually turn out to be tangent to the
Pentevac should such a device be constructed. This would then
allow for, say, 25 GeV on 5 TeV ep collisions. The ultimate
(well, the penultimate) might be to have a 75 GeV electron ring
in the Pentevac tunnel, giving over 1 TeV in the c.m. system

of 75 GeV/5 TeV ep collisions. If the 300 m ring were to be
built, the first ring would be most useful as an injector

into the second ring, as a device for polarizing the electrons,
and as a part of the preparation of a positron ring.



Addendum I (ep Workshap)

T. D. Lee

Maybe I could make a theorist's statement. Let me put
aside machine considerations. If you look at physics at
large, we have both in the U.S. and in Western Europe several
machines designed to discover 7° several times overf The
proton facilities in the U. S. are quite uﬁique, and we ceuld take
the rather modest step of puttlng in a 10- 15 GeV electron
ring to explore the ep physics we have heard about in the
last two days. It is unique physics. There is almost no
question that the world is made of quarks and leptons.

We can collide guarks-on quarks, leptons on leptons, and
guarks on leptons. Nothing more needs to be said. The
guestion is when can we expiore the quarks on leptons region
of physics, and over what parameters. I am happy'to see
that this’coﬁference has covered all the.physics you

can do with ep. If you like the spectacular, you can £ind
if quarks and leptons have structure, or you can simply
study proton structure, or, if you are alQCD enthusiast,

you can test the wvalidity of the theory. Listening to these
talks here makes it absolutely clear that-ep physics is not
duplicated by p-p or p-p, not duplicated by ete”, and the
converse is alse true. Therefore, with this scenario; we
should ask ourselves if we should base our program on running
on the second line to the European machines, to discover the

o . .
Z several times behind everybody else. To concentrate single-



mindedly on p-p or e+e- is a mistake. Many years from
now we will look back, and if because of our prejudice,
if because of narrow mindedness, or if because of our
incompetence, we forsake this relatively simple step
which opens the door to a huge amount of physics; then
we will regret it. We will not have done justice to

ourselves or our community.



Addendum II1

Chris Llewellyn Smith

Theoretical Issues in ep May 3, 1980

1. Introduction

I will limit the discussion to three.possible machiﬁes
and discuss the issues that they can addressf One usually
starts with a list of issues chosen carefully to put ep in
the kest possible light, I will not do this here.

The three machines are (see Fig. 1):

1. 20 x 400 ‘s = 32000 ISABELLE
2. 15 x 1000 60000 FERMILAB
3. 30 x 800 96000 » - HERA

Many items are taken from the.theory section of the
HERA report. |

.A iarge new energy region is opened up (Fié? 3).
lines of 10 évents/day are shown. In Fig. 4 the number of
events per day above a certain Q2 are given for neutral
currents. One event/day for Qz > s/3, 10 events/day for
Qz > s/5. This is very similar for charged currents as
well (Fig. 5).

What can wé do with these events?

2. Neutral Currents

First neutral currents, model SU(2) x U(1l).
What about furthexr gauge structure?l

Can we test this in ep collider? Look at three possibilities:



1. cConsider [su(2)1™ x [U(1) 1™ (Fig. 6).

It can be reduced at small Q2 to the standard‘model, except
for one extra term 7%'C(Jem)2 . This term would not have
been seen in neutrino scattering because the neutrino is’
neutral. Nor would it have been seen in the SLAC parity
violation experiment with polarized electrons bedausevit -
conserves parity; It would show ﬁp in Bhébbha scattering
at PETRA, it did not which limits c'<A0.l5. ‘Not very
stringent constraint. _

Of course at high Q2 more vector bosons will show up.
To ensure that the coupling at low 0% is standard, at least
one of the 2z° must have a mass lower thén the z° of the‘

standard model, i.e. lower than 90 GeV:

2. Model with left-right symmetrv.

Left and fight—handed W and Z have different masses.

Because the standard model works well, the left-handed

sector will imitate the standard model. The right»handed

sector must have masses > 0 (200 GeV). Cah'we see thigAin ep?
This assumes-standard couplings to quarks. If for |

example the right-handed W's want to turn only lightrquafks'

into heavy quarks (for example d - t) then they could be

much lighter. What do we see? Right-handed neutrinos will

exist as well as right-handed currents. Extra Z's will

exist.



3. su(3) x U(1) Fig. 7). OQuarks are in triplets.

There is no t quark necessary. Mixing wili occur and strange-
ness changing currents must be avoided. Georgi and Pais have
shown how to do this. In this model, there are flavor
changing currents in b decay. If there is_no'top quark

cne éan find out by studying b decay. Leptons are put in
triplets as are the quarks. Octet of W's must exist. For
example one can have e + u + y' + b where yv* is a new sort

of neutrino. If (y') = O,.then_to avoid conflict with W
decay and P-decay rates, the new W's must.have masses M, >.
240 GeV. If m(v') = 5 GeV, the new W could be light and

the reaction eu - y'b becomes as strong as normal reactions.

Another example: ep” + q - ¢ +q ., is flavor changing
leptonic current.

General lessons:
1. Standard currents_couple to more than one Z and W.
Cannot be seen at low energies. They could have non-
conventional masses. |
2. If extra Z's and W's couple light quarks to heavy quarks
with mass > 10 éév, then we would not have seen this. These
Z's and W's could be light.‘
3. Exotic W's ahd 7's that couple light quarks tc light
guarks must be heavy m > 0 (200 GeV) to maintain low energy
phenomenology.
4. The electron couples to a new neutrino v'. If mi{y') =0
then m(W) > 0 (200 GeV). For m(y') large, m{(W) can be

smaller.



5. Flavor changing leptonic currents can occur.
6. Note that ep can "see" W's and Z's that are heavier than
/s by their propagator effects.

3. Charged Currents (Fig. 8)

For rates, see Figs. 9 and 10. Rates per day are good,
note suppressed zero in Fig. 10. When we go from e to et
the rate drops somewhat because we scatter off d quarks instead
of u gquarks and there are fewer of them, and because of the
usual helicity factors.

Héw well can we see a standard W? See Fig. 12. W is-
clearly detectable for m(W) ~ 300-500 GeV depending upon
which of the three machines are considered. Resélution
Am = 5%. Figure 8 summarizes resolution in Q2 good for
Q2 & s/4 and sensitivity to m(wW) up to m < 1.6 /s. 1If
there are.two W's it is héfd to tell with eﬁ .
ep is in the spacelike region and the two poles are in the
timelike region. One can mock up a single pole with the
sum of two pbles. But suppose we alréady know that one W
exists, say at 70 GeV, but it does not have the right
coupling to reprbduce'ﬁ decay. Can we tell whether there
is a heavier W? We can tell that m(Wé) # o for m, € 1.5 /s
or 270-470 depending upon which of three machines are
considered.

New quarks, leptons,‘currents (;ower part of Fig. 8)}.
Up to what masé of W are we sensitive for light leptons and
quarks? Rates are given on top of Fig. 13, sensitivity

up to 500 Gev.
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If Ma ~ S—lO‘GeV and m(W') = 78 GeV, then table at
bottom of Fig. 13 and Fig. 14 gives sensitivity to heavy
leptons up to 160 GeV. Even if quark is 100 GeV and heavy
neutrino is 50 GeV, we get 50 events/déy: |

If new neutrino.is massléss and quark is 150 GeV, we
get 10 events/day-.

ep is sensitive to fantastic masses even if'nKW“) is
larger than 70 GeV (see Fig. 15).

Can we see this? Use right-handed electrons, this
is absolutely fundamental! Signatures in Fig. 17. The new
heavy quark and heavy lepton will deqay_thfough their own
new current to the lightest lepton or quark to which it
couples. Those in turn will be either stable or decay by
mixing with the light quarks. There will be a current jet
consisting of a heavy quark at a large angle. The heavy
lepton will decay into an electron, a light quafk and a
heavy quark for example (if lightest heavy quark is lighter

than the lightest heavy lepton). Signature-is_spectacular.

4. Back to Neutral Currents
What are the signatures?
1. Parity violation
2. Apparent C violation: c(eL~) # o(eL+)
.c(eR—)_ # c(eR+) .
Two photon exchange gives this too but it.has very
different characterisitics. |
3. y distribution is different: it has an F3 typé term due

to V-A interference.



All this has been extensively studied and will not be
repeated. But it is clear that one needs electrons and
positrons of both polarizations.

Rates, see Fig. 19 and 20. 'Figure 21 gives dependence
of c(eL~)/o(eR—) on sih29W, it can be determined with an
uncertainty A(sinzew) ~ 0.01 and Am(Z) ~ 5-10 GeV from Q2
dependence independently. If two Z's exist_and one is 50 GeV,
then ep is sensitive to second Z if m(Zz) < 100-200 GeV
depending upon which of three machines.

For left-right symmetric models, we get é bettexr limit
on my., see Fig. 22. Solid lines are standard. The lightest
extra Z allowed by the SLAC parity viclation experiment has
m(ZR) = 224 GeV. It gives the dashed lines. Figure 23 |
gives séme information. Maybe can be done for m(ZR) = 400 GeV.

5. Production of Free W's and Z's

Cross sections are pathetic (small), this is not the

way to discover them.

6. Strong Interactions and QCD
Two parts: 1. Structure fuﬁctions,
-2. Details of the final state.

For neutral current easy by presence of electron in the
final state, but weak effects are smali with respect to
the electromagnetic effects, see Fig. 25.

Charged current have missing neutrino but aré still
easy to detect. Use special expression for y, see bottom

of Fig. 25. Resolutions in x and y are given in Fig. 26.



Figure 27 gives the reconstruction characteristics from
hadron meaéurements only.

Figure 29 gives the scaling violations as function of
o? = 2, 10, 100, 1000, 10%. ILots of action near @2 = 2, 10,
100, less beyond. Sometimes people react to this by saying
that it is a waste to go to high Qz and that 6ne is better
off at low Q2. This of course assumes the validity of QCD
and that is what we are after to check: We have got to see
the scaling violations stop at high Qz. Large Q2 will also
remove highef twists finally and enable to disﬁinguish
between logarithmic and power low scaling violaﬁidns, see
Fig. 30.

UL/UT is hard but interesting to measure.

Deuterium in the machine would be nice.

Now second part: details of the Final state.

at high s, 2 jet events become interesting, see Fig. 32.
Look at rapidity plot where the removal of the étuck Quark
leaves a hole. Need much more than 2 units of rapiaity
(coxrrelations aré over 2 units of rapidity), so large Q2 and
large s. Look a% particle ratios and search for large
distance correlations in them.

Fragmentation functions can be measured with the
identity of the parent known: e u - yd, contrary to ete!
Three jet events will become manifest. The non-perturbation -
background will be small with respect tb QCD effects at these

high Qz.



Contrary to e+e— case, in ep neutral current case one
knows the current quark axis by measuring the electron. So
one knows where the current jet should have gone if it
were a 2 jet event. Figure 34 gives an event Qiﬁh 3 jets:
an extra gluon jet is present.

7. Photoproduction

Spectrum of Weissackerfwilliams photons.

Integrate over their spectrum to jet L(yp) = 10% of L{ep)
for untagged and = 1% of L(ep) for tagged photons.

Gives millions of events/day. Look at soft hadronic
physics: o, as function of s, lots of J/¢ produced eté.
(see Fig. 37).

Large PT processes can lead to 3 and 4 jet events owing
to the point structure of the photon. The photon structure
function antiscales with QZ: they increase with.&@z which
cancels out the extra power of a_ in the 4 jet-event with
respect to the 3 jet events. So both sﬁould occur equally
and have the same scaling behavior. It will lead to Py ~
10-15 GeV/c! See Figs.'38 and 39.

8. Production of Heavy Quarks

At high Q2 and low x, there will be democracy among
the different flavors. What are its consequences?

Conclusion is that ep is not comparable to’e+e" for
production of heavy quarks out of the séa; you run out of

rate at mq = 20-40 Gev/cz. See table at bottom of p. 40.



But QCD has a lot to say about the dynamics of their
production; it is a rather interesting set of detailed
predictions.

9. Nowvel Phenomena

1. Higgs? Cannot be discovered
o (Higgs) ~ c2 1 event/day
2. Technicolor schemes have things like Higgs with
similarly sméll cross_sections.
3. Exotic‘quarks: free gquarks produced by hig‘hiQ2 impacts.
4. Quarks with Q = 5/3? They give big rise in\erm at
small x - example etu - § a(s/3) .
5. Integer charged quarks: disfavored now by recent measure—
ments on eta decay. If you pass the Han-Nambu color threshold,

they give a big rise in F,. Han-Nambu has charged gluons.

2
As soon as Q2 is large enough to excite them, a large increase
in oy, Occurs.. .

6. Supersymmetry: particles of different spins in the same
mﬁltiplets. Scalar quarks and spin 1/2 glﬁons could exist.
Nobody knows at what energy scale they might come in, guess
at same scale as.weak interactions ~ 100 Gév. Scalar guarks
give a large g; at small x. Spin 1/2'glu§hs will cont;ibute’
to the momeﬁtum sum rule.

7. Leptoguarks must be listed; nothing to say.

8. Monopoles must be listed; nothing to say.
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9. Substructure of quarks (see Fig. 44). Too many flavors,.
are they themselves compOsites?
ep very good for x-raying them-at large ng one can resolve
substructure. and excited quafks may be produced.. Subguarks
will lead to scaling Vviolations at smallest x because their
momentum distribution is softer than that of quarks.
Increasing Q2 any further, one gets rescaling and the
distribution shifts tb small x.

Excited quark, consisting of 3 subguarks of spin 1/2,
may have spin 3/2. This will give an enormous jump in GL'
What happens at higher Q2 depends upon the spin of the sub-

quarks. If it is spin 1/2, g, will go down again to 0. If

L

some of them have spin 0 (and are charged) ¢ will stay up.

L
Toy model to show what may happen, see Fig. 45. If this
is right, one may see substructure in quarks with a form
factor characterized by a mass m up to ~ 3/s or up to 1000
GeV. LEP e+e~ machine would not see this: a value of 1 TeV
would give a 10% change in the cross section at the top LEP

energies. You would not_necessarily know how to intexrpret

this.
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10. Summary

i. Proposed machines open up a huge new kihematic region
rates ~ 1 event/day for Q2 > s/3
10 events/day Q2 » s/6 .
2. Weak interactions, charged éurrents:
sensitive to M{W) to 0 (1.6 /s)
for second W, about same: O0(l.5 /é) .
New W' up to M(W') ~ 0(/s)
new quarks and leptons up to M ~ 0 (/s/2) .
3. Weak interactions, neutral currents:
sensitive to one or more Z's
right-~handed currents
couplings.
4. Strong interactions:
test QCD |
structure functions
fragmentation functions
multijet events
5. Photoproduction
all soft hadron bhysics
unique jets (large Py structure)
6. Heavy quark production
laboratory for QCD dynamics
7. Novelties
exotic quarks
supersymmetry

subquarks (up to masses of 0(3/s)).:

No Conclusions as this is a Workshop.



Addendum III (ep Workshop)
Tom Collins

If I may be so bold, I know what the detector will
look like but I am not sure what the interaction regién
will look like, so the nature of this experiment is to a
great extent, the process of bringing these two beams
together. That's where the flexibility is, this is where
the great game is. Bringing electrons and protons fogether
is non-~trivial; it is the hardest of the colliding beam
things; as we have two beams that are very difficult in
character. |

Let me remind you of some of the jargon. A machine is
é linear focusing device and any beam that can be described
as anellipse propagates through és an ellipse of chénginé
shape but constant area. For our convenience we describe 
the machine by an eilipse which repeats when iﬁ goes around
once. That ellipse becomes a stationmary thing as it goes
around and becomes a description of a multi«tﬁrn beam.

Now we do not care which turn its on, but only the shape of
the beam. Theré is no definition of the beam until we
make it close.

The equation that describes the beam is.asffollows:
Area =} = l/B(n2 + (B n' +a n)z) .

a describes the tilt. We want d = 0 in the middle of our
intersection region.
.EZ

g = —/ ¥
p



8 1/2 describes the maximum x extent of the beam. It is
important'bécause in order to get the luminosity up we‘want
a small envelopé for the beam, hence a-small 8.

I am going to design'something that can be built today
with absolutely no handwaving; That will give us a lowest
level, an absolutely guaranteed level for the luminosity, and

we will work our way up from there with clever ideas and
things.

We étart off with protons which for 1000 GeV‘protons‘
is antiéipated to'ha&g an aemittancexof 0.02 7 mm~mrad |
for an ellipse which covers about 95%. This emittance.

- depends on the béam current as:

(10 n/E)T for n x 10%3 p .

e
The beam will héve a ﬁomentum spread of 0.2-0.3 eV sec
and come'aiound_with an rf frequency of.53.1 Mc or 1113
bunches, some of which are empty in the procéss of
£illing thé machine (see Fig. 1). |

Now we do not want that many bunches’because the

COlliSiOHSFCCCUI every 1/2 a wavelength which means we
will have coIliéion just upstream and downstream of‘the
interaction regioh causing a background..,So we coalesce
these bunches into every third bucket. Thé way you do thai
is that while you turn off one rf, you turn on the other

at 1/3 the frequency and at the right voltage. This proceés



coalesces the bunches quite efficiently. In the process,
the emittance goes up, because the momentum spread goes up.
This makes the next collision 333 in. away and in that case
we will have 6 x 1010 particles per bunch. Then e = 1 eV
sec which means the length of the bunch is about 3.4 nsec;
the interaction region will be half of that.

The electrons are a totally different sfory (see Fig. 2).
We have an enormous handie_on what we want the electrons to
be, since we can make the size of the ring as large as we
wish, and we can make the emittance whatever we.like. I
assumed the emittance to be about 5 times that for thé
protons (¢ = 0.1 7). Now the electrons come out in a flat
ribbon which is bad for the luminosity because of non-linear
effects, so we couple them intentionally to get a round beam.
That implies that we want B = SP/S at tﬁe interaction
region since we want both beams to be the same size when
they hit each other.

(Here he gives an example of the flexibility of the
electron ring ., An important point .
he makes is that the polarizing elements should be separate

from the rest of the machine.)

Luminosity

625? = fb?am current in beam 1 x density in beamlz.
Since we want to tailor the electron beam to fit the proton

beam, we will use the proton B and the electron current.



Both are the same size round beams so the integral is
easy; we get (see Fig. 3): |
~
‘;Zf/= §Q-EQE%-= 1.51 x 1032 Ie/{:'}P .cmz/sec -
o _

| Notice that in the process of puttihg the protons into 1/3

as many bupéhes, I have not changed the luminosity»but I
have cut the electron average current.by.three 5ecause N

only had to £fill 1/3 as many electron.bunches. So i cut

the power in that manner. We might be tempted to do more
but I do not know how much I can increase that 6 ﬁ 1010
protons/bunch before stability problems.érise. |

How do we get the B down? I have redesigned the long

straight section. It is my privilege to redeéign the doublerx
on account of the fact that I designed it. I found it hard
to get enough space because the real problem is to get the
electrons in, put the protons back on their correct course,
keep the synchrotrbn radiation out of the superconducting
magnets and end up with some sort of B. I Eook the bull‘bj
the horns and said that the only way I woﬁld feel comfortable
with the synchrotron radiation was to take out one of the
superconducting magnets and replace it by three ZOIkG normal
magnets. (Synchrotron radiation ~ 1 kW. Magnets can stand
only ~.l Watt.) This gives a deflection of about 2 in.

before you hit the first superconducting magnet. I was not



worried about the quadrupoles where the beams are going
straight through and the only radiation is scattered
radiation, though they will still have to be protected.
Then I ran out of space. But I came up with a solution
shown in Fig. 4b. There is a much longer string of dipoles
on each side and the three warm magnets. What do you do to
£find a solution? Well you must make the ellipses matéh up
‘on either side otherwise you have to go back to the probiem ‘
of closing the beam, and you find that you make the beam
bigger and the doubler does not like that. The solﬁtion
introduces two rather large quads 180 in. long, at 25.4 kG/
in. For the "doubler" we built a three shell quad originally
at 25 kG/in. but it was more practical to use two shell qﬁads
at the time. So I am totally certain we can build these
quads. Then I end up with 750 in. on either side of thé
center. Figufe 4c shows the B function: the little sqguiggle
shows how powerful the two quads are. This solution has o = 0,
a momentum vector that is less than 1/2 meter;'thé important
thing is that the maximum value of B is less than that
presently exists in the machine, so there is little guestion
that one ¢an inject through it.

The question is how to gef the beam in and out in this
+ 750 in. , i.e. 19 m. Because of the fact that we want to
run the proton machine at various energies,'and because
we would like to keep the machines independent for purposes
of filling the machines, I realized that I did not want to

put the protons through the electron quadrupoles.



(At 150 GeV, the proton quadrupoles are about 3 kG/in.)
So the first thing to do is to bend the beam. After
leaving a + 5 m space, I put in a long 2 kG magnet to
sweep the beams. It is weak to keep the synchrotron
radiation down (see Fig. 5). I then put in 2 magnets to
put the proton beam back together aéain; One is 12 kG,
the back one is 18 kG. This gives a rather large .

Now that I think about it I'd rather make the B foxr the
electrons laiger.

People will probably want to do something with the
~weak magﬁet. Note that this magnet bends 40 mrad which is
less than is needed for the solenbid polarization scheme.

Now the synchrotron radiation has basically the same
emittance pattern as the electrons hence it is focused to
a 0.1 - 0.2 mm band. Before you totally givé up the idea,
think about putting in a dipole as the detector: T think
thig is a more favorable detector. Wé do not want to put
too much field in there, but the best wa§ to spend youf
money is to make your field weak aﬁd long - that gives you
the best levef agm. So why not use a 5 kG dipole in which
case we could redo this scheme. We woﬁid have to do some"
thinking about the problem of synchrotron radiation. But
the field would be in the right direction to analyzé |
the jets you really want.

So if we had only 0.1 A, we would have a luminosity of .
1.5 x lO3l but I can absolutely up, down, right and left

guarantee that - today: But what else can we do?



a) Reduce B to 4 m. I use 30 kG/inch in the guad which

I think we can get. togoes to
155

b) We can rebunch more. Divide by 7 instead of 3.
1113/7=159. So wa can'gain another factor there without
changing the electron current, but I am not sure about the
stability.

c¢) I can't gain more by putting more protons in since
the emittance goes.up; You lose about as fast as you gain.
In fact one might think about scraping“them and only
keeping the good ones.

d) More electron current. It costs xf - say 0.2 A.-
But I think this is more limited by the numﬁer of electrons
we can have per'bunch. Power at 100 meters radius is
8 Mev/turﬁ, at 150 is 2/3 x 8 MeV/turn. One should arrange
the polarizing devices so that you can tufn it off, and
get higher luminosity, since we can increase the currenﬁ to
0.4 A. |

e) T can't do anything to change the~total.emiitances
i.e. the producf of the emittances in the three planés.
But I can trade. I can put in an rf cavity with which i_can
increase the momentum spread and decrease £he emittance of
the beam. 8So if you want I can stretch the inferaction |
region and give you more luminosity. How long is the
interaction region - about i_louin. So for a * 20 in. intexr-

action region you get twice the luminosity.



With these things I think you will agree that our
luminosity can be something higher than 1032. I will be
surprised if we can't get .most of that without too much

thought.

Q. Would there be any advantage in not bunching
the protons?

A. We must bunch the protons because I'm having'to
separate the beams between the times they meet once and
they miss cleanly once. I am not worred about tuneghift -
but I am very worried about putting one beam through the
edge of another which introdﬁces all sorts of non-linearities.

31 as a luminosity - why can you

Q. HERA guotes 2 x 10
do so much bétter?

A. B. Wiik. Everything is different!.

Q. What about tuneshift?

AB. The beam tuneshifts are small.  The energy of my
machine is 10 Gev. To incréase_the electron energy means
the Weak magnet must get longer -~ sooner or laﬁer we xun
out of space.

Q. What do you expect the power requirement to be? .

A. I would expect to put in about 10 MW of power.



Q. What is the largest radius you can put on the
site?

A. I think you could put in just about anything.

I think we should‘get on and do an ep thing if I
could say at this point. For so long I've been pushing it.
I meant it when I said I was an old horse thief - except I -
didn't manage to steal the horse. The way to do it is to
get out there and do something. And nof’to worry too much
about the energy. The thing is, you don't éet carried away
by all these theoretical things that are too often reasons
for not doing it. We now look back in the past to the
original electron target thing. Because .if we'd done that
at this point we would not be quibbling. We'd already be
trying to figure out how to take the current out of that
and into the bigger one and there'd be ﬁb argument. The
real problem is that you need a laboratory that has both
e's and p's at it and real estate. BAnd if we'd once get
~that then we cah up the thing. |

Q; Can you move the interaction region.to an asymmetric
position?

A. DNot very easily. The protdn machine is an anti-
symmetric lattice, so if I move the point.with the lowest

B in the horizontal you get instabilities.



~10-

0. Is this compatible with pp?
A. It means effort for the pp people.

They don't want their proton bunches colling with
slectrons. They depend on long storage times.in the
joubler.

0. Would you accelerate the electrons first?
A. I always thought of having the electroné sitting
there and then putting 150 GeV protons through and’

accelerating them.
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