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RESEARCH PROPOSAL TO CEBAF

Search for Narrow Excited States of the Proton

D. Garelick”, N. Khalil, P. Nistor
Northeastern University
Boston, Massachusetts 02115

W. Oliver
Tufts University
Medford, Massachusetts 02155

and others

Abstract

We propose a measurement of the reaction e+p—e'+X to search for
narrow excited states of the proton , p*, in the mass region:

Mp ( My ( M+ 1250 MeV

The sensitivity of the proposed measurements is more than a factor of 50
better than in previous experiments. We will use the Hall C HMS

spectrometer to measure the scattered electron, e', at a 12.5° angle.
Beam energies of .3 GeV and 4 GeV and a maximum beam current of 60 u A
are proposed, for a total of 50 hours. The experiment will use a 10 cm
long liquid hydrogen target. The use of this thin walled target, together
with the expected spectrometer resolutions and beam resolutions will
provide excellent missing mass resolution. With very high sensitivity, at
the lower beam energy, .3 GeV, the mass region Mp { M, ( Mp + 140 MeV

will be covered. At the higher beam energy, 4. GeV, the mass region
Mp( M, ( Mp+ 1250 MeV will be scanned with very good sensitivity.
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An indication of the proposed experiment's sensitivity is that any narrow
state, p*, will be detected if its cross section relative to elastic

scattering is greater than 2x10°% in the region Mp ( My ( Mj+ 140 MeV.

There is a suggestion, by R. P. Feynman, conceming the possible existence
of a colored proton, P., at a mass of about 990 MeV. In terms of coupling

constants, this p_ is expected to be detected if the color carrying part of
the photon has a strength «,, relative to the electromagnetic coupling

constant o, of a%c 22x107,
EM

Requests: The Hall C HMS spectrometer operated for high resolution for
electron measurements. Beams of a maximum current of 60 uA at .3 GeV
and 4 GeV, each for 24 hours. 10 cm liquid hydrogen target. (This
experiment might be run simultaneously with the proposed experiment:
Search for Direct Conversion of Electrons into Muons)

------------------------------------------------------------------

" Spokesperson (Garelick@NEU.EDU, 617 373 2936)
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Motivation

The primary motivation for this proposal is the principle that experiments
should be done whenever a dramatic improvement in sensitivity is
possible over previous studies in a region of “physics phase space" of
special interest. The conjecture, presented below, is discussed to point
out such a region of special interest and the proposed experiment has a
sensitivity of better than a factor of 50 over previous experiments.

The quark model, with color, has been very successful in explaining many

features of hadron spectroscopy.z) In its basic form, the baryons, are
made up of three quarks bound together by the exchange of gluons. Each of
the quarks inside the physical baryon has a different color and the total
color is zero. In this model, a physical proton is considered to be made up
of two u quarks and a d quark. The simpiest analysis of the proton and

neutron magnetic moments impliesz) that the masses of the u and d
quarks are :

MqEMuEMdE336MeV

It follows that the binding energy, E, of the three quarks in the physical
proton is :

E=3Mq—Mp = 3(336)-938 = 70 MeV

or each quark-quark bond, B, can be considered to give rise to a binding
energy E; of :

Egp= E/3 = 23 MeV.

Using this model, let us consider the properties of a physical hadron
(colored proton) , p*, made Up to two u quarks and a d quark, where two of

the quarks have the same color. These quarks inside the p* will have two
altractive bonds and one repulsive bond. #f one assumes, in analogy to
electrostatics, that the interaction energy of two like colored quarks is
the opposite of the interaction energy for two unlike colored quarks in
the same state, one estimates:

M;. = 3(336)-23 = 985 MeV .
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R. P. Feynman's” calculation used group theory to calculate the p* mass

with the result: M,- = 990 MeV. Other calculations®s) based on

Mq = Mu = Md =363 MeV give M,. = 1039 MeV.

Obviously, the p” mass is not predicted exactly, even though the above
model suggests that; Mp( M ( Mp+ 140 MeV. Generally the width of
p

the p* state will probably be very narrow , ' { .1 MeV, since it is expected
to decay into a gamma and a proton. However, if the p* is high enough in
mass to decay into a proton and a colored =, it probably would not be
narrow.  Since very little is known about colored n s, we will not
speculate further, other than to say the entire p* mass region accessible
at CEBAF should be searched with high sensitivity. Fortunately, such a
search will take reiatively little beam time, about 2 days.

In summary: the main importance of the above arguments is that they
provide a plausibility argument for the existence of a narrow excited
proton. At a minimum, the proposed experiment will search the CEBAF
mass region for new excited states of the proton with greatly improved
sensitivity over prior experiments.

The Experiment for M_( M _ { M_+ 140 MeV
P p* P

The physical background, in this mass region, is the radiative tail of
elastic ep scattering. The calculations, below, are estimates of the
sensitivity of the proposed experiment, which is determined by the size of
the radiative tail and the missing mass resoiution SMX. The calculations,

presented, are for M;- = 985MeV and the results for other masses are
given at the end of the proposal. As we shall show, our methods are in

excellent agreement with actual data provided to us by K. Dow.4)

We plan to use the Hall C HMS spectrometer to detect the scattered

electrons at 12.5% . We will use the Hall A liquid hydrogen target, 10 c¢m
length, “beer can" geometry with the beam traveling along the can's axis,

.008 in Al walls. The Al windows each of have 2.3x 103 radiation
lengths, rl. For an incident beam energy Ee = 300 MeV and a scattering

angle of 12.5°, the elastic scattered energy is Ee|E 298 MeV. As
discussed below, the level of the radiative tail is set by the total number

December 13, 1994 8:12 AM Page 4 CEBAF/p*



of radiation lengths, Xo, seen by the scattered electron®) and by the
elastic scattering cross section. Xo has three pieces:

xo = xo.l.w. + Xo.l.h. + xo.i.b.

where Xo.t.w, = the number of radiation lengths in the target windows =
4.6x1073

Xo.l.h, = the number of radiation lengths in the liquid hydrogen =
11.6x1073.

xo.i.b- = the number of equivalent radiation lengthss) when the electron
Scatters elasticly in the field of the proton = 3.0x1072

Thus, the total equivalent radiation length is: Xo = 4.6x1072,

The counting rates and estimates of the sensitivity of the experiment are

calculated following the methods of L. W. Mo and Y. S. Tsia®) and are as
foliows:

Let NR be the number of electrons per second, in a bin of width I‘E in the
radiative tail. Here TI'y is the full width half maximum of the

measurement uncertainty in the missing mass, Mx. To a good

approximations)

I'eX
~ E“*0 2
NR - 2*(Ee! -E .)*[(Eel /Ee') +1]*Nel
e
where: N ]=(#e‘s/sec)*(#p‘s/cm2)*dG *AQ), Here do is the
e dQ p_)ep der—)ep

elastic scattering cross section and AQ is the HMS solid angle. N, = is the

number of elastic scatterings detected by the HMS under the same running
conditions. (See Ref. 6 for the above relationship expressed in terms of
the cross sections.)

Eel = 288 MeV is the scattered energy at the elastic peak and Eg' = 250
MeV is the scattered electron energy at Mx = 985 MeV,

I'c has four parts: FE=I‘6®FH®I‘E’®I’I. where @ implies that the
terms are added in quadrature. Here: I'g = the gaussian resolution, full
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width, contribution to the uncertainty of the My measurement due to the
scattering angle measurement uncertainty. I'y, = the resolution

contribution from the measurement of the energy loss, EEI. the difference
between the scattered electron's energy, E o and incident beam energy, Eb.
We plan to achieve Ig = .001 Ee.. I gp = Is the contribution from the beam
energy spread where we plan to achieve I‘Eb = .0001 or better. I‘I = the

resolution from the variation in energy loss by ionization due to different
path lengths in the target.

For the kinematics given above:
T =Tg®I' &Iy &T,
I'r =0.205© 0.246 © 0.000 © 0.000
T =0.32 MeV

(More complete details of these calculations are given following the
References in the back of this proposal titied: “Calculation of the mass
resolution.”  Also, similar calculations for carrying out the experiment
using the a HRS spectrometer in Hali A gives: I'g=0.21 MeV. Thus, the

sensitivity of the HRS would be a factor of 1.5 better than for the HMS in
Hall C, as indicated below.)

Thus, N =4.1X10™4 *Ne
' ' 2 dO'
and N 1=(#e s/secyx(#p's/cm )*—{ *AQ |
€ dQlep—ep
The 10 cm diameter liquid hydrogen target, a beam current of BpA, an HMS

= 3.9x10'28 cm2 / sr,
ep—ep

angular acceptance AQ = 10 msr and 9-2

gives:
Nei=(0.4x1013)(0.4x1024)(4x10-28)(10-2)=0.6x107 /sec.

Thus, Np = (4x10"4)*(0.6x107) =2.4x103counts/(second Ty)
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It we require that the p” signal appear at least 5% above the radiative tail
and be at least a 5 standard deviation affect, it follows that:

N

*
TquSxm'Z and N, 210%.
R

To accumulate 10% counts per I'y bin, for the setting indicated above,

requires iess than 1 minute, even at a beam current of .6 HA. For these
parameters, the total scattered electron event rate at the focal plane will

be approximately 2x10% per second. This will probably saturate the data
handling capabilities of the HMS. For a scan of 25 magnet settings of 20
minutes each, this implies a total beam time of 8 hours. Taking various
inetficiencies into account, we conservatively ask for 24 hours.

It also follows that:
Np* 2 (5x1072)*(4x10°4)*Ngi=2x10-5+N
if this p* is to be detected in this experiment. This defines the
sensitivity of the experiment for Mp* = 985 MeV.
do

We get the cross section limit of %m22x10'5.

-d_Q'-?"CP
if the p* form factor is the same as the proton, it follows that;

do

= o

Ay =2 Thus, our experiment typically requires | —= [>2x10~° for
do| Ay (o 4

dQ

p—rep
the detection of a p* in the mass region to be measured.

The sensitivity calculations, above, apply to the special kinematics case
of where the beam energy is Ep=300 MeV, the scattering angle is 12.59 and

Mp*=985 MeV. The results of the calculations for the full mass region to
be covered at Eg=300 MeV are given in Figs.1 through 3. It is assumed that

the momentum acceptance of the HMS is 10%. Our plan is to change the
magnet current in 5% steps (50% overlap) accumulating at least 104
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events per I“E for each magnet setting. Thus, each mass bin of width I‘_IE

will contain at least 10% events for each of two magnet settings and
there will be goed overlap between the adjacent magnet settings.

A Check On OQur Calculations

The measurements of K. Dow?) at a beam energy of 288 MeV and an angle
of 54° at Bates are shown In Fig. 3 along with our calculations. There are
no free parameters in these calculations. The excellent agreement
between Dow's measurements and the calculations indicates that our
method for calculating the radiative tail is reliable. Furthermore, the
elastic peak in Dow's data has I'; = 0.90 MeV, in agreement with our

calculations.

Limits Set By Previous Experiments

The best previous experiments known to us are the works of K. Dow4) and

A. Esaulov, et al.”) neither of which was designed to search for narrow
states. However, both experiments did measure some of the mass region
of interest. We estimate that the sensitivity of our proposed experiment
is better than a factor of 50 more than that of K. Dow and more than a
factor of 150 better than that of A. Esaulov, et al.

Additional Remarks

1) 1t is of interest to compare the above sensitivity limit to the limit
implied by the agreement between the measured Z0's width and its width
predicted from the Standard Model. The Z? width has been measured to

+1.0x1072 GeV. 8 if the Z0, the heavy photon, has a colored piece, this
will broaden the Z0 beyond the Standard Model value. Thus, from the Z90

| | C ST _10x102_ o o
decay width (LEP Experiments) one gets: T =7 487 = 4x10 ZaEM.

Qur experiment is sensitive to: a%t 22x 10" or nearly a factor of 200
EM

more sensitive to a colored photon than the limits suggested by the Zz©
width.
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The Experiment for (Mp +140 MeV) ( Mp* { (MP + 1250 MeV)

As discussed before, the mass of the p* cannot be predicted exactly.
Therefore, we wish to scan the full mass region accessible at CEBAF. In
this higher mass region the ‘background® is not the radiative tail but
rather the scattering of electrons from the lowest lying N* states. For
this scattering the ratio of the cross section for the N* scattering, in an

interval Ik, in MeV, to the elastic ep scattering is approximately:g)'a)
R(N*/ep) = I'e/270

The sensitivity of our experiment versus Mx, derived from the above using
the method developed for the lower mass radiative tail background, is
presented in Fig. 4.

December 13, 1994 8:12 AM Page 9 CEBAF/p*



References
1) R. P. Feynman, Les Houches, Session XXIX, (1976)
2) A. De Rujula, et al., Phys. Rev. D 12 (1975) 147

3) D. J. Griffiths, Introduction to Elementary Particles, John Wiley &
Sons, Inc. (1987)

4) Measurements made by K. Dow at Bates as part of her Ph, D. thesis
research (unpublished.) We thank K. Dow for making the results of these
measurements available to us.

5) L.W. Mo and Y. 8. Tsai, Rev. Mod. Phys. 41 (1969) 205

, . TI'X 2 . :
6) This formula NR=2*(EEI -oEe.)*[(Ecl /Ec.) +1:|*Nel can be arrived at in
[

the following way. First, one uses the approximation of L. W. Mo and Y. S.

Tsia5) in which the interaction, bremsstrahlung, is approximated in two
parts. One part in which the incident electron sees one half of the total
radiation lengths, Xg/2, before it scatters and one part in which the
electron scatters and then sees one half of the total radiation lengths.
The first term of the above expression is the standard bremsstrahlung
expression. The first term inside the brackets corresponds to beam
bremsstrahlung followed by elastic scattering. This term is bigger than
one since the degraded beam electron has a larger elastic cross section
than does the electron at beam energy. The second term inside the
brackets is just the bremsstrahlung after the beam electron has
scattered eiasticly.

The above formula, in terms of the cross sections, is:

I“Edo _ rExo
= —
dQdM, ~ 2*(E,~E,)

(€, 1E,) +1p d‘g‘)"

el

7) A. S. Esaulov, et al., Nuc. Phys. B136 (1978) 511

8) Particle Data Group, Phys. Rev D11 (1992)

9) P.L. Pritchett, et al., Phys. Rev. 184 (1969)1825

December 13, 1994 8:12 AM Page 10 CEBAF/p*



Calculation of the mass resolution.

Now calculate the mass resolution;
First,the energy loss determination:

TEl =

_ 1
; -E-(Mp-l- Eb-(1-— cos(B)))-.OOl-Ej

Second, the variation in energy loss due to differing path lengths in the target:

Il =

J Ml-(Mp+ Eb- (1= cos(8)) )-.00
i

Third, the effect of the spread in the beam energy:
I'Ebj = (ML)-(Eb+ Ej)-( 1= cos(8)){.0001-Eb)

i
Fourth, the scatiering of incident beam, b:
The quantities indicated by deltas are rms.

Xin :=.0081 Xout :=.0081

13,
68b I=—E§-J Xin-( 1+ .038-In( Xin })

Fifth, the scatiering of outgoing eiectron of energy Ej:

59Ej - % Xout'{ 14 .038-1n( Xout) )

J

Combine the two angles:

860w, 1= J88b2 + (86E;)
59m.raij = 1000 Gelolalj

re =

1 .
_| E.Eb-F_j-sm( 8) 89tota1j 236

Fioul, Z=J(l"ej)2+(l'Elj)2+(l'Ebj)2+(I'l,-)z
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Fig. 1. Mass resolution versus mass at 300 MeV, 12.5°.
The units are MeV.
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Fig. 2. Cross section sensitivity, relative to elastic scattering,
versus mass in MeV at 300 MeV 12.5°.
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Fig. 3. A comparison of the radiative tail calculations to
the measurements of K. Dow. The units of the cross
section are nb/(MeV sr). There are no free parameters in

the calculation. The mass units are MeV. (289 MeV, 54°.)
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Fig. 4. Cross section sensitivity, relative to elastic scattering,
versus mass in MeV at 4000 MeV, 12.5°,
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RESEARCH PROPOSAL TO CEBAF

Search for Direct Conversion of Electrons
into Muons

D. Garelick", N. Khalil, P. Nistor
Northeastern University
Boston, Massachusetts 02115

W. Oliver
Tufts University
Medford, Massachusetts 02155

and others

Abstract

We propose to search for the lepton number violating reaction:
e +p—u +X where My is in the range: Mp ( M, ( Mp+ 1250 MeV.
The highest sensitivity will occur when X is a narrow state, lepto-proton,
produced in association with a u*. The proposed experiment will extend
the search for lepton number violation well beyond the limits of previous
experiments by probing for new mechanisims. Longitudinally polarized
electron beams, if available, at .3 GeV and 4. GeV will be used. To search
for ¢ + p—u~ +X the Hall C HMS spectrometer, at an angle of 12.5°,
will scan 4~ momenta corresponding to Mp ( M, ( Mp + 1250 MeV  for

the 4. GeV beam and Mp < My <Mp + My for the .3 GeV beam. (The

spectrum of Mx could be a continuum and/or have well defined peaks.)

Along with the measurements of the mass spectra, the beam polarization
will be used to search for evidence of parity violation in the u~

production. The detection of parity violation, even without a detailed
understanding of the level of the backgrounds, would (by itself) be
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evidence for a new type of interaction beyond the "Standard Model,"*)
since all expected backgrounds do not violate parity.

For the .3 GeV beam, an indicator of the sensitivity of the experiment (for
detecting a narrow lepto-proton) is the ratio, Rg. of background u”s,
upper limit, to detected elastic ep scattering. At 54°. an upper limit for
RB of RB =1x10® has been shown to be achievable at Bates. Thus, in the

proposed experiment direct conversion cross sections should be
observable with a sensitivity much greater than

o(ep— px)21x10 O o(ep—sep) for Mp < My <M, + M. For
Mp( M, ( Mp + 1250 MeV, at 4. GeV, the calculations are still being

refined, but indicate a sensitivity of better than:
o(ep— 1 x)21x10™° o(ep —> ep ).

Requests: The Hall C HMS spectrometer operated for high resoiution with
muon detection. Longitudinally polarized beams, if available, of 60 pHA at
.3 and 4. GeV, each for 24 hours. 10 cm liquid hydrogen target. (This
experiment might be run simultaneously with the proposed experiment:
"Search for Narrow Excited States of the Proton.")

------------------------------------------------------------------

* Spokesperson (Garelick@NEU.EDU, 617 373 2936)

Motivation

The most sensitive searches for p-->e conversion are:? p—= Ti-->e— Ti
(u— conversion in the field of a Titanium nucleus) and the search for the
decay /.t"'-—)e"'y. However, these decays could be forbidden if p-->e

conversion is mediated by a lepto-boson carrying both e and H quantum
numbers which converts one of the nucleons to a lepto-nucleon. (The term
lepto is used to indicate an object with non zero lepton number.) This
possibility provides a strong motivation for the proposed experiment. For

example, in this view, the reaction p— Ti-->e— Ti would be forbidden but
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the reaction p~ Ti-->e” lepto-Ti would be allowed. It the [(lepto-Ti)
-(Ti)] mass difference is greater than about 20 MeV, such a conversion
process would have, to date, been missed in all previous Ti type
experiments. In the proposed experiment, the recoiling nucleon system

(lepto-proton) is allowed to have masses, Mx, in the range:
Mp < M, <Mp +1250 MeV. The spectrum of My could be a continuum

and/or have well defined peaks. We do not know of any previous
experiment that directly investigated the proposed reaction mechanism.

Polarized electron beams will be used to search for evidence of parity
violation in the u™ production. The detection of parity violation, even
without a detailed understanding of the level of the backgrounds would (by
itself) be evidence for a new type of interaction beyond the "Standard
Model." All expected backgrounds do not violate parity. (This could be
checked, in part, by measuring p* s.)

Experimental Plan

Longitudinally polarized electron beams at .3 and 4. GeV will be used. The
HMS spectrometer, at an angle of 12.5°, will scan X~ momenta
corresponding to Mp < M, <Mp +1250 MeV for the 4. GeV beam and
Mp < M, <Mp + Mn for the .3 GeV beam in order to detect the reaction

of interest, e + p—>u~ +X. The kinematics for this reaction are given
in Figs. 1 and 2. For u~ identification, we will require that the particle
detected at the HMS focal plain does not produce an electromagnetic
shower (is not an electron) for the .3 GeV experiment and for the 4. GeVv
experiment does not interact in a thick absorber (is not a =.) (The design
of this p identification system is still in progress, but it is presently
planned for the 4, GeV experiment that tracking chambers will be used to
follow the u s as they pass through the absorber.) Some results from
Bates, using just a "NOT electron® signature from a gas Cerenkov counter,
are shown in Figs. 3 and 4. For the 790 MeV data, most of the *NOT
electron™ signa! is probably from = s. At 290 MeV the *NOT electron”
signal is probably from Cerenkov counter inefficiency.
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Sensitivity of the Experiment
Beam energy = 300 MeV

The dominant source of background is expected to be u~s from the decays
T — K"+ v. At the beam energy of 300 MeV, background from the
reaction e+ p-— e” +p +n” +nT  should be zero for the chosen
kinematics. The main anticipated backgrounds are from: 1) Electrons
which are misidentified and appear as ps. 2) % — u" + v where the

z~ is produced from neutrons in the target walls. 3) n" s which appear
as p° s, (The n°, u° separation is still under study.)

The sensitivity is determined in large part by the backgrounds labeled 1)
through 3), above. We estimate that background 2) will be much smaller
than 1), as a result of identifying u s that come from the target end
windows, using standard spectrometer tracking techniques. Concerning
background 1), our estimate, from the experience of others at Bates, is
that the electron rejection in the p signal of 10% can be achieved. The
calculated sensitivity ratios ep/ep determined using a 102 larger, 1%,
electron misidentification are plotted versus Mx for the 300 MeV beam in
Figs. 5. ( Additional details can be found in the proposal: *Search for
Narrow Excited States of the Proton," which might be run simultaneously.)

Considering setup time, etc., a total of 24 hours at this beam energy,
should be sufficient.

Sensitivity of the Experiment
Beam energy = 4. GeV

Calculations of the sensitivity at this energy are stili being carried out.
However, the sensitivity ratios ew/ep determined by assuming a total
background of 1% of the electron rate have been done. The results are
given in Fig. 6. ( Additional details can be found in the proposal: “Search
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for Narrow Excited States of the Proton,” which might be run
simultaneously.)

Considering setup time, etc., a total of 24 hours at this beam energy,
should be sufficient.

Search for Paritv Violation

The principle is that backgrounds: p s from = decay and electrons come
from interactions of the beam and the target(s) which obey parity. Thus,
an longitudinal polarization asymmetry dramatically above that expected
from the weak interactions, about 10'6, will indicate a new type of
interaction.

For the purpose of making estimates of the asymmetry, A, in the cross

sections, for the two longitudinal beam polarizations (+, -):

A= —(E—-:N—l— where P is the polarization of the beams and the N s are
P(N, +N.)

the number of events measured with each of the polarized beams.

follows that the fractional uncertainty in the measurement of A is:

OA 1
= % NS For P = 40%, A =1, Niotal = N_+ N_ =625 detected u s,
%: 10%. It the lepton number violating reaction, e-->U, takes place at a

significant level with respect to the backgrounds and it has a large parity
violation, a new interaction beyond the “Standard Model" could "easily" be
discovered.

References
1) For example: D. J. Griffiths, Introduction to Elementary Particles,

John Wiley & Sons, Inc. (1987)
2) Particle Data Group, Phys. Rev D50 (1994)
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Fig. 1. Puj is the p's momentum (MeV/c), and Mj is the mass
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of the X system (MeV) in ep->pX for the 4. GeV experiment.
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Fig. 3. Results from Bates at 290 MeV and 54°. The radiative tail
(calculation) and the measured electron cross section and the
(NOT electron)/electron ratio are plotted. (log plot)
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Fig. 4. Results from Bates at 790 MeV and 54°. The electron and NOT
electron cross sections as well as the calculated radiative tail are

plotted. The N*(1236) is very evident. The NOT electron cross section is
a mixture of: misidentified electrons, = s and u s. {log plot)
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Fig. 5. Sensitivity of the .3 GeV experiment. Sj is the cross section

sensitivity, 5 std/ 5% signa! (ep->uX)/(ep->ep). Mj is the mass (MeV) of
the narrow X system in ep->puX.
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Fig. 5. Sensitivity of the 4. GeV experiment. SSj is the cross section
sensitivity, 5 std/ 5% signal (ep->uX)/(ep->ep). Mj is the mass (MeV) of
the narrow X system in ep->uX.
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RESEARCH PROPOSAL TO CEBAF

Search for Free Quarks

D. Garelick’, N. Khalil, P. Nistor
Northeastern University
Boston, Massachusetts 02115

W. Oliver
Tufts University
Medford, Massachusetts 02155

and others

Abstract

A conceptually new search for fractionally charged particles, free quarks,
is proposed.  Unlike all previous experiments, the experiment will be able
to detect quarks if: 1) Their interaction length, A, with normal matter is

as small as A =.05 g/cmz; and/or 2) Their energy loss per g/cm?is much
larger than that expected from just electromagnetic interactions.

The experiment is separated into two phases. In the first phase, this
proposal, we will search for negatively charged particles whose apparent
momenta are above the beam momentum, it they have integer charge. Such
particles must be fractionally charged. The experiment will also be
sensitive to such particles even if they have very short interaction
lengths with matter. A high momentum magnetic spectrometer (the HMS
spectrometer in Hail C) will be used. If such patticles are observed, we
will propose, in a second phase, to measure their mass/charge ratios.

A measure of the sensitivity of the experiment is as follows. Suppose the
quark escapes from the nucleon bag (becomes free) with a probability

PEq = 1073 per "hard collision." This corresponds to the best limit placed
by previous experiments which searched for quarks with very short
interaction lengths (P.F. Smith, Ann. Rev. Nucl. and Part. Sci. 39, 73 (1988)

and L. Lyons, et al., Z. Phys. C 36 363 (1987).) For PEq = 107 the
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proposed experiment is expected to detect 10° quarks per hour. This is

more than a factor of 10% improvement in sensitivity over the best
previous experiment. A request for beam time for this entire exploratory
search is 24 hours.

Requests: Phase 1: Electron beam energy = 4000 MeV at 60 pA. Hall C

high momentum spectrometer at 300 set to 4500 MeV/c with a vacuum
chamber from the target surface to the output window of the
spectrometer. Carbon target. 24 hours of beam.

* 8pokesperson (Garelick@NEU.EDU, 617 373 2936)
verview

The quark model for explaining the substructure of the hadrons (mesons
and baryons) suffers the following major complication. Despite diligent
searches, no one has ever seen an free quark.!) Thus far, quarks always
appear bound inside hadrons. OQur proposed experiment explores the
hypothesis that single free quarks can sometimes be produced, even
though they have escaped detection in all previous experiments. Unlike all
previous experiments we will be able to detect free quarks even if:

A) Free quarks have a very strong long range interaction (SLRI) with the

normal matter.2-3) It has been proposed that the SLRAI results from the
long range color field carried by the free quark. Due to the SLRI, free
quarks might be expected to suffer nuclear interactions in distances as

small as A =.05 g/cm2. A critical new feature of the proposed guark
search is that, from the production point of the free quark inside the

target to the detector, the path length in materia! will be A< .05 g/cm2.

B) The quark energy loss per g!cmz, dE/dx, is much larger than that due
just to electromagnetic, EM, interactions. This is hypothesized to be due,
also, to the quark's color field and gives rise to the SLRI.  Unlike all other
accelerator quark experiments, we do not rely for identification of the

quarks on the usual assumption that dE/cixr_Iuark = Q2 dE/deM . (Here Q is
the ratio of the quark's charge to that of the proton.)
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A magnetic spectrometer will be used to select negatively charged
particles whose apparent momenta, if they have integer charge, are above
the electron beam momentum and thus must be fractionally charged.

To detect free quarks: 1) You have to produce them. 2) The quarks must
arrive at the detector and provide the expected signatures above
backgrounds. If we are correct, past experiments have produced large
numbers of quarks but as a result of possibilities A) and/or B), the quarks
were not detected. However, it is likely that quarks with properties A)
and/or B) would have been observed in bubble chamber experiments if
produced in a high enough abundance. As discussed below, an upper limit
estimate of the fraction of bubble chamber interactions giving free quarks
possessing a SLRI, without them being detected, is approximately 10°%,
(This is approximately the same as the limit obtained by L. Lyons, et al., Z.
Phys. C 36 363 (1987) using magnetic levitation to search for quarks
captured on steel spheres.)

Consider the reaction: " +p->u+d + n*+ + n° + p, where the 7 falls

apart into its constituent anti u, u and d quarks, with say a 10 GeV 1’
beam in a liquid hydrogen bubble chamber. This event would appear to
violate the conservation of charge +/- one particles. ( The initial and
final states differ by one negatively charged particle, a quark, so this
event would appear to violate the conservation of charge by one unit of
negative charge.) |If the quarks have a SLRI interaction, it would not be
possible to measure their sign of curvature, charge, in the short .7 cm =

A =.05 g/cm2 path length.  Furthermore, similar events without the quark
production will produce secondary interactions in the bubble chamber in
A=05g/cm? with a probability of about 102, thus further obscuring the

quarks. For example, assume 10% bubble chamber interactions are
examined giving 10 quark events. We believe that these quark events
would have been attributed to secondary interactions, impurities in the
hydrogen, etc. These arguments, the bubble chamber bound, suggest that
in interactions with beam energies 2 1 GeV, the probability, P, of a quark

escaping, E, in a "hard" collision is: PEq < 1073. This is to be compared to
the sensitivity of our experiment which is better than: PEq = 107,

In summary, quark properties A) and B) could explain why all previous

counter experiments failed to detect quarks and why bubble chamber
experiments and other experiments have missed quarks with PEq < 1073,
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We will propose this experiment in two phases, if Phase 1 is successful.
Phase 1 will be a search for negatively charged particles whose apparent
momenta are above the beam momentum (and are thus fractionally
charged) and have very short interaction lengths with matter. If such
particles are observed, in Phase 2, we will propose to measure the
mass/charge ratios of such particles.

h : 1 I

Kinematics:

We assume that the electron scatters from an unbound d quark with Mq =

336 MeV and that this quark is detected at an angle of 3q= 300. For these

kinematics: P, = 1484 MeV/c T = 1186 MeV 6= 15.3° and E_= 2814
MeV. Here, Pq is the quark's momentum, Tq its kinetic energy and Ge
and Ee are the scattered electron's angle and energy. For charge -1

particles, the spectrometer will be set at 4500 MeV/c.
The Experiment:

A 4000 MeV electron beam will be incident on a (1cm)3 cube of carbon.
The magnetic spectrometer will be set to a momentum setting of 4500
MeV/c for charge one particles at an angie of 30 degrees. A beam current
of approximately 60 pA will be used. The quark‘”, Mq = 336 MeV and
kinetic energy = 1186 MeV , will likely interact in the first .1g/cm2 of
detector material encountered. Furthermore, it is expected that the quark
will give up most of its energy to the first 1 g/cm2 of the detector. Thus,
two 1 cm thick scintillators, located and covering the spectrometer focal
plane, will measure a large amount of the quark's kinetic energy, say 100
MeV from nuclear spallation. This is to be compared to a minimum
ionizing particle that will deposit about 4 MeV. Thus, these scintillators
should, by themselves, have good rejection of cosmic rays and accelerator
associated backgrounds. In addition, with the quark having 1186 MeV of
kinetic energy to loose, several & s should be produced giving tracks in
the drift chambers. Such tracks when traced back to their common vertex
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should indicate that they were produced by a particle traveling up rather
than down like a cosmic ray or some of the room background.

The procedure will be to take a series of data runs with the beam
intersecting the target [(1 cm)3 carbon] at varying transverse distances ,
Xt, into the target as indicated in Fig. 1. As xt is varied, the quark signal
should maximize when the beam intersects the surface of the target
facing the spectrometer and the quark signal should essentially disappear
when the beam is placed in the center of the target, xt = 1.2 g/ecm2 and
beyond. (See Fig. 2.) Quarks produced at the center of the target should not
escape from the target and thus will not be detected.

In estimating the sensitivity of the experiment, we assume that the
nucleons are made up of three point like quarks, loosely energy bound in a

bag, about 23 MeV per quark. The sensitivity of the experiment will be
expressed in terms of the limits it places on the probability, PEq, that a

quark escapes the nucleon bag after being hit by a scattered electron. The

apparatus settings correspond to: the electron scatters from an unbound d
quark with Mq = 336 MeV and that this quark is detected at an angle of 9q=

300, For these kinematics: Pq= 1484 MeV/c T = 1186 MeV 6= 15.3°
and E_= 2814 MeV. Here, Pq is the quark’s momentum, Tq its kinetic
energy and Be and E. are the scattered electron's angle and energy.

The spectrometer will be set at 4500 MeV/e, for charge -1 particles.

The differential cross-section for electron d quark elastic scattering
(ed—e'd), from a point fike d (charge z= -1/3) , is :

dc) _ 22(e2 /41*..')2 c0s2@ /2
dQ Jo = 2P
© 4p2 sin4®/2[1+(-ﬁq) sin2®/2]
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For the kinematics indicated above, the quark momentum will be Pq =

1484 MeV/c and the electron momentum will be Pe=2814 MeV/c.
According to the above, the ditferential cross-section for elastic electron
d quark scattering producing a free d quark for the kinematics indicated
is:

do

dQ2
In addition to assuming an escape probability of PEq = 1.0, this
calculation makes the reasonable assumption that the Fermi motion of the
d quark inside a nucleon and the motion of the nucleons inside the carbon
nucleus can be neglected. (The affects of these assumptions are still
being studied.) The sensitivity of the experiment will be expressed in

terms of the limit placed on PEq, the bag penetration probability. For the
conditions specified, above, assuming PE, = 1.0 and 100% detection

) = 1.5x10732 ¢m?
q

efficiency for the quark at the focal plane detector array, gives:

Ng=(#e's/secx(#N /em?23Zl  «aq
q dQeqeq

Here Ngo/cm2 s the number of quarks/cm? and AQ= 10msr is the
spectrometer solid angle. Nq is the number of d quarks detected per

second under the assumptions stated above.

Nq=(0.4x1015)(2.x1024)(1.5x10-32)(10x10-3) = 1.2x105 /sec
= 4.3x108 / hour

In the calculation, directly above, we have not taken into account several
effects which could reduce the sensitivity of the experiment. First, for

quarks with a SLRI, absorption with A =.05 g/cm2 corresponds to A= 200
um path length in the carbon target. In Fig. 2 we show the fraction, Fq , of

quarks produced taking into account beam that misses the target (beam
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sigma = 100 Qm), beam position (XO) and the quark absorption length in

carbon, lambda. For tambda = 200 pm, Xi= -50 pm, this gives Fq= 3.

For a quark detection efficiency, DE#, of 80 % this gives:

N'g= Fc| x DEff x Ng =108 / hour,
where N'q is the number of quarks detected per hour, under the stated
assumptions.

To transform this result into an actual sensitivity limit on PEq, requires a

knowledge of the background of particles with quark signatures in the
focal plane "quark®" detectors as well as the actual quark detection
efficiency. We guestimated, above, a detection efficiency of 80%. (This
will be investigated by measurements of elastic ep scattering where a
proton of kinetic energy equal to the quark's kinetic energy interacts in an
absorber placed at the location of the spectrometer's exit vacuum
window.) Suppose the quark escapes from the nucleon bag with a
probability PEq = 1077. For two three hour runs (one at the surface and
one at the center of the target) this could give a 30 quark signal above
background. (Mopefully, investigation of the actual backgrounds can be
made in the near future.) The beam positioning for these two runs is
indicated in Fig. 2. However, a more realistic request for beam time is
four times this example, namely 24 hours in order to measure at other
beam positions, etc.

{Another type of background we have considered is caused by atoms like
negatively charged deuterium: a deuteron with two electrons attached.
Such an atom, with 1484 MeV/c momentum would be formed by the
deuteron picking up the two electrons as it leaves the target. This
background will have a weak dependence on the transverse position of the
beam and thus be identifiable as background. In addition, this atom will
deposit fixed amounts of energy in the detector, uniike the quarks. We
presently believe that this type of background is negligible, but it is still
being examined.)
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Phase 2: Measuring the Quark Masses

Phase 2 will be carried out only after Phase 1 successfully finds evidence
for fractionally charged particles. Furthermore, the actual beam energy
and spectrometer settings for Phase 2 will be determined by the energy
and angle dependencies of the quark production determined in Phase 1.
Phase 2 measures the free quark mass/charge ratio by using the time of
flight technique to measure the velocity of particles traversing a known
magnetic field, as described below. The zero time for the quark time of
flight will be determined by measuring electron-quark coincidences. The
details of the electron detector will depend critically on the results of
Phase 1. The discussion given here, Phase 2, is to present the reader with
a possible method for determining the mass/charge ratios.

For a fixed magnetic field setting, the bending angle G)B is given by:

®B=c,QB
P
where co = spectrometer magnetic length
Q = charge of the particle
B = average magnetic field strength
P = particle's momentum and
P= M=y

v 2
(3)
c
where M = mass of the particle
v = the particle's velocity
¢ = the velocity of light

Let P, = CE;B and 1=

B [o

< |0

Here P, is the momentum of a charge 1 particle bent by GB. the central

spectrometer trajectory. t= the time of flight of the particle and to is
the time of flight of a particle traveling at the speed of light.
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2 2
It follows that: (%J =Pf[(tiJ —1}

and the uncertainty in the (M/Q)2 determination is:

O CRCIRCT.

For the CEBAF spectrometers we assume: §P—P=i0.02 and & t=1.25 nsec

where the momentum resolution depends on the ability to measure the
quark’s position at the focal plane. The quark flight path from the target
to the detector is about 24 m for the Hall C HMS spectrometer. Fig. 3

indicates the (M/Q)2 resolutions by the vertical error bars on the (M/C))2
points. These calculations have been done for Pi= 4500 MeV/c as an
illustration of the technique. (Since the electron beam energy will be
4000 MeV, all negatively charge 1 particles will not have enough energy to
pass through the spectrometer.) To be more complete, we have also
shown the calculations for: u and d quarks Mqg =My =336 MeV, for the s and
¢ quarks Mg = 538 MeV and M¢=1500 MeV, for a light d' quark Mg: = 5 MeV
and for the = meson Mz=140 MeV. Clearly the resolutions would improve
at lower beam and quark momenta if the cross sections are large enough.
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Fig. 1. Beam targeting. With the beam in position Beam 2, quarks are
expected to be produced at the surface and be detected by the
spectrometer. For position Beam 1, nearly all the quarks produced are
expected to interact and be absorbed in exiting the target. The

spectrometer will be set at 300, in the direction shown for the quark in
the diagram.
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Fig. 2.  The fraction, Fq , of quarks produced taking into account beam
that misses the target (beam sigma = 100 pm), beam position (X,) and the

quark absorption length in carbon, lambda is piotted. For lambda = 200

um, Xi=-50 pm, this gives Fq= 3.
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Fig. 3. Resolutions in (M/C.})2 indicated by the vertical error bars in a
(M/C))2 versus M plot. For additional details, see text.
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Appendix 4

Appendix D D-23
Proposal: PR-94-113, Hall C
Spokesperson: D. Garelick
Title: Search for Narrow Excited States of the Proton
Motivation:

The objective of this proposal is to search for a narrow excited state of the proton. It was suggested that
color octet states would occur at higher mass than a color antisymmetric state. The excited, “color-
charged” proton would then be surmised to decay by a “color-charged” photon.

Measurements and Feasibility:

The experiment is straightforward electron scattering from the proton similar to experiments which have
been performed as either calibrations or studies of the proton at all electron scattering laboratories. Energy
resolution is likely to be important since the proposed process is likely to have a vanishingly small width.

Issues:
The physics arguments for an excited proton state with color were not convincing.

Although some Bates data were presented, the PAC was not convinced that already existing data from

recent experiments at SLAC and other electron scattering laboratories were considered in setting present
limits.

Recommendation:
Reject.
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Appendix D D-24
Proposal: PR-94-114, Hall C
Spokesperson: D. Garelick
Title: Search for Direct Conversion of Electrons into Muons
Motivation:

The purpose of the proposed experiment is to search for the conversion of electrons 10 muons by exchange
with a proton of a hypothetical particle carrying both electron and muon flavor quantum numbers.

Measurements and Feasibility:

This experiment would measure muons with the HMS spectrometer in Hall C at beam energies of 0.3 and
4 GeV. The detector package in the HMS is not presently configured to detect muons. No details are given

regarding muon detection. No convincing case has been made for the effective elimination of background
muons.

Issues:

The implications of the existence of the postulated particles on known processes have not been
comprehensively examined. The proposed experirnent is extremely difficult to perform convineingly. even

at the level of sensitivity indicated. This proposal is inconsistent with the level of accuracy required for
such an experiment.

Recommendation:
Reject.
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Appendix 6

Appendix D D-25
Proposal.: PR-94-115,Hall C
Spokesperson: D. Garelick
Title: Search for Free Quarks
Motivation:

This proposal would search for the production of free quarks from a carbon target. The focus of the search
is for quarks that have a very strong long range interaction and may have escaped detection.

Measurements and Feasibility:

The proposal suggests that the standard HMS spectrometer and detector package would be used for the
search. The spectrometer would be set at 2 momentum above the beam momentum (for charge =-1) w0
observe the fractional charge.

Issues:

A derailed comparison with existing searches and the relative sensitivities was not presented. The PAC is
not convinced that the standard detector package of the HMS is useful for this search.

Recommendation:
Reject.
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