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We have carried out B search for neutral hadrons 

10-7eoc.
witb ~3SSC5  ~  2 GeV!c2 and lifetimes ~  in the 

}\.l nO',lL1,,1 bee", at Fcrmilnb. The pLlrticla mass os 

were detcrminej from their flight time and kinetic 

enol·SY. Our u:,per 1i[:\its for the production cross 
. . -1-3 

r;cct~on  of such part~cles  arc 10 to 10 those for 

p~oauction of ~'s  by protons for comparable kinematic 

conditions, This is the most sensitive search to date 

for. Cr.li;'~  i-sta~lc  integrally charged quarks with masses 

2•
f> 2 ccV/c

'fr33Q ( 

'.

~spito  tho m~nt  so arches for now particles thoro is 

almost no evidence concorning the possible existence of neu

,tral hadrons ~ith  lifetimes ~  10·'80c. and maSSGS > 1.5 GaV/c2• 

Such particlos would not sho~  up in searchos which look for 

decay products, for oxample with a bubble chamber. nor can they 
I 

be studied with conventional magnetic spectrometers, On the 

other hand, there is considerable theoretical motivation to 

search for such particles. For example, Han and Namhul have 

proposed a version of the quark model with integrally charged 

quarks. Since these have fractional baryon nutiber. the neutral 

quarks could be very long-lived. perhaps absolutely stable 

if a neutral quark is thO. least 
~  

massive. In the Pati-Salam 

model2 integer-charge quarks may have a lifetime _10-6s ec• 

Similarly if charm is absolutely conserved, the lowest mass 

charmed particle would be stable and most previous charm searches 

'wo~ld  have failed. 

Previo~s  experimental searches which were sensitive to 

integrally charged quarks with lifetimes ~lO-lO  sec. include 

a cosmic ray search3 for massive hadrons which set total 

. 1" f 10-31 2product~on  cross . ~m4ts  0 - 10-29 cm for m~ssessect40n 

between 5 and 20 GeV, independent of the charge. A previous 

FNAL experiment to search for massive particles with q = :G 

set upper limits for the invariant cross section E d3~/dp3 of 

10-34 to 10-32 c~2/GeV2. 4 
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~n  an (, ,.>erinent in the H4 neutrill beam at FermilaD wo 

• have carried out il search for quasi-stable neutral hadrons 

... r 
I 1\ segmentedserved to veto cosmic ray extensive air showers. 

counters ahead of tho calorimeter were used to veto{_ .~ident  

charged particles, and largo counters over the calorimeter 

with ma$ses ~  2 Gcv/c2• The masses of particles in thc neutral 
lead filter with a total length pf 13.6 rad. lengths was placed 

beam were determined by measuring·their flight times (with between the production target and the calorimeter to remove 
rc~pcct  to the rf of the accelerator> and energies by meilns most of the photons. Variable defining co~limators  were used 

, 
~ 

1 ns (or roughly tho \.;idth of the rf "bucket~"  in the accelerator> 

The flig~lt t Lmc could be measured to an aecuxacy of better than 

of a total absorption c~loriffioter.5  From this information 

the ma~s  of each particle can be determined from m~[2CE2~t/;]~.  III
" , 

to control tho neutral beam inten~ity  at the calorimeter. 
I 

~ypically th~re  were _103 particles in a 2 rom square beam spot 

at the calorimeter with 4xl012 protons/pulse incident on the 

production target. The proton be~m  energy was 300 GeV. 
over a flight path t of 0.59 km. The main difficulty in the Figure 1 shows a scatter plot of flight time ~'energy  

experiment is the separation of any massive particles from for a small sample of events. The flight times arc measured 
tho dor.lina!'.t neutron backcj:round. The}i4 bcara with its rela with respect to ~·s.  The majority of event~  are neutrons, 
tively large ta~coffangle  (7.25 mrl was chosen to minimize but below 30 GcV there is a significant fraction of kaons 
this bacKground, since it is likely that production cross sections and photons. Superimposed on the scatter plot are the loci 

for 

for 

massive particl~s  falloff more slowly with PT than those 

. . 1 • '6
d~ffract~ve  Y producea ne~trons.  

of particles 

10 GeV/~2.  

with masses mK, mn,2 GeN/e2, 

The dashed curves indicate the 

6 Gev/c2, 

rms mass 

and 

resolution 
The calori~eter5  uscd for the experiment had a total calculated from the energy resolution of the calorimeter and 

thickness of 900 gm/c:i of iron so that hadrons had a high the time ~esolution.  The latter was :0.88 ns, and was cetermincd 

probability of interacting and depositing essentially all primarily by the width of the rf bunches. The mass resolution 
~loir  energy. The rms fractional energy resolution was approx. was sueh that it was just possible to resolve kaons and neutrons 

O.H (100/E) ~  for E in GeV. Phototubes placed on either side near 10 GeV. 
of the calorimeter collected light from alternate scintillators Candidates for massive particles were events with 6t>2 ns 
SO Lhat two indopendent measurements of the energy and time ang which were more than approx. 2 sta. dev. above the neutron 

or-flisht \,'ere possible. consistency (± 2 std. dev , in curve (Fig. 1). In the course of the experiment about 1.3xl07 

energy a:,(} time) :cct,,:een the two measurements W<:IS required: useful events (mostly neutrons) were recorded and analyzed. 
this eliminated events with anomalous timing caused by particles Typically therp were -2 candidates per 10 6 triggers. However 
passing through the light pipes of the calorimeter. Scintillation 

"+". ; --p ,,\' II" ... _·..,....-,-~·~.,~~  ;:""if:"!"·~..: '~;. 



.. tho;,;o Cr'i.d"tC3 wcr c r~nao:nly  distribc:t"cd anc1 did not lie 

nlong :, b .... J il:;:;nciuted with a woll-dc£ir.cd mnss. Presumably 

these wero mostly accidental coincidencos of two Low enorgy 

.. p:lrt.icles which ga;"c a pulse height that simuhtcd a higher 

energy particle or theQil of the normal neutron distribution. 

The nu~ners  of cnndidatQs in each mass band ~orG  counted. 

Fro"' thi:;, t:-:'o r.~;:c.:;cr of protons incident on the production , 
tarJct, the solid unsle :;~btcnd~d  by tho collim~tor3  ~nd  tho 

energy range over which candidates wore accepted, uppor limits 

on the production cross section for each value of tho particle 

Tabla 1 gives 90~~  conri<lence levolmass could be determined.� 

1 .. ~  7 for the invariant production creGt Gcction�upper :l,r.u. ~s 

* 3 I 3 - -1.3! The range in PT and G 2PL //sEd" dp '" r\. 0 (J dPLd ll• xp 

arc alco sivcn, Tho acccptanco is centered near hk' = 0 so 

thilt cC;1tr:-:l ,,~oc~ction  is favored. '1'.<10 production targets 

were used at dif~c~cnt  ti~cs  in the cxp~ri~cnt#  a 20 em 

beryllium tars~t  and a 10 em tantalum target. The latter 

was 30 r ad , lcr.gth5 long 50 that photons from 1T
O 

S producedI 

~  hypothetical particles.in the target could phD:';::",: 

cro:::s ceetion li:r.it::: arc given for each target in Table 1 

assuming direct production by protons only, since the evaluation 

and zignii:ic;1:lce of cross sections for production by second

a r Lcs a r c unc c r t a i n , 

Runs ~ere  also taken with a 960 gm/cm2 iron abs~rber  in 

the vea~  ahead of the calorimeter. It is plausible to expect 

mas~ive  new p~rticles  to have total interaction cross sections 

which are small compared to neutrons. (V's. for example. havo 
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a ~ot~l  cross section of approx. 2 ~~ for nucleon~(  about� 

.05 times the nucleon-nucleon cross section]. Thus the� 

absorber would selectively remove neutrons, and in thesa� 

runs wo woro ablo to opon the collimators to pass much more� 

be~m. Our production cross .soction limits for new particles� 

&ro thon a function of tho total interaction cross section� 
.. in tho ahsorbor and detector. In Fig. 2 we show 90% confidence 

I 

level upper limite as a function o( tho aSGu~cd  interaction 

cross section par nucloon, [aT ~ 0T(Fe)/56] for several values� 

of tho mass. When tho total cross section is very small� 

tho limits incr~ase  because tho particles havo a lower efficiency 

for being detectod in the calori~oter.8  

In conclusion, we sec no evidence for the production of� 

long-lived neutral particles with musses ~  2 GeV/c2. Our� 

cross section limits in Table 1 arc _10-1 of the limits for� 

the production of charmed particles at Fermilab o~ergies,9 
 

1and _10- of the cross sections for the production of 7'S 

at comparable values of PT (Ref. 10). If the total interaction 

cross section of the hypothetical particles is -1 ~~/nucleon.  

our limits arc _10-3 those for ¢ production (Fig. 2).llThis 

rosult is the strongest evidence to date against the existence 

of quasi-stable integrally charged quarks. 

We wish to thank the Fermilah staff. in particular James� 

Griffin. Peter Koehler. and A.L. Read for their cooperation� 

and support. We are grateful to H. Kobrak and B. Winstein� 

for their help with the beam line.� 
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.. i~~~~ort(c~ by the National Science Foundation ( II rwith two chatqcd particles are rOUghlY equal to(
** ,Now at a Instltute for Fundamental� Rocearch, DornbAy, Ind1a 

production erol. sections for ~'s  by 400 GeV protons. 

(E. Shibata, in~ited  talk at the Vanderhilt UniversityII • ConfcroncQ on Now ROlu1t. in Hi~h'Ener9Y  Physics, 
Rcfcrcnecsand Footnotes 

Nashville. 1976.) 

10.� The cross section for producing *'s with 400 GcV protons1.� l-l. '(. lIan and Y. Narnhu. phys. Rev. 1!1d2, 1006 (1965),� 
3 3 -32 -l~lp  2 2 2� 

.; is�E d O/dp • (2.6 :·0.6) x 10 e T ~m . (GcV -nucleon)J.e.� Pati and C.II. 1'1'00, Phys. Rev. D3, 1173 (1971) • 
I 

for x =O. [H. Snyder et al., submitted to Phys. Rev.2.� J.e. Pati and A. Salam, Phys. Rev • ..Q,1Q, 275 (1974); p� 

Lett.)�J.e.� Pati, Univ. of Harylaild Tech. Report, 75-069. 

11. The upper limit from Table 1 for� a mass of 3 Gev!c 2 
3.� L.H. Jones at al., phys. Rev. lQi, 1584 (1967).� 

corresponds to a total production cross section of�4.� J.A. Appel, at al., Phys. Rev. Lett. 32, 428 (1974). 

1.4 x 10-32 cm2/ nuc1eon if the. hypothetical particles5.� L.H.• Jones' at al., Nuel. Instr. 118, 431 (197<:).� 
2 lire produced with x and P distributions similar to�-4.31',� p T 

6.� Neutron pro~uction  falls off approx. as e T for thoce for ~'s.  [n. Snyder et al., 10c. cit.] If we 
&m~ll  p (J. Engler et al., Nucl. Phys. n84, 70 (1975)J, also� assume they have an interaction cross sectionT 2 
\ihilc W p.roduc t i.cn falls as e -l. l PT (II. Snyder at al..� -1 rnb. the limit in Fig. 2 corresponds to a total pro-
submitted to Phys. Rev. Lett.]. 2 -35 2;:A� •~uct1on  cross section of x 10 ern� nucleon. 

. ,7.� The production cross section limits of Table 1 were� 

obtained assuming: (a) production ",;\1.0, (b) 100%� 

efficiency of detection in the calorimeter. and (c)� 

particle lifetime such that decay in flight may be neglected.� 

(i.e., lifetime » 10-7s ec).� 
':. 

B.� In calculating the efficiency of the calorimeter we� 

required that the particle interact in the first half� 

so that most of its energy would be deposited in the� 

calorimeter.� 

~.  The current limits for production� of charmed mesons by .'. '.. 
protons with their subsequent decay into final states 

...... '" "1 •• '.4) ' .......? ~ .•.. ---,••'� 
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Figure Cn'C'-::.(")nn 

1. Scatter' plot of relative time of flight ~  energy 

'ucpo:;;itcd in the ca1or,imcter for a small samplo of events. 

The solid curves :;;hO\o1 the cxpcc t.cd loci for LncLdo••t particles 

~ 	 with v~rious  rest m~sses;  the cashed curves indicate the 

expected spread for a given mass. 

;;. I.,var i:::-.t ;:>roduction Cl'OSS section limits ~  aT' tho 

effc~tive  interaction cross section per n~c1con.  

Tnblc Ca~tion  

1. Invariant production cross section limits (90~  conf.)� 

per nucleon for the beryllium and tantalum targets.� 

.( II 

\1
I�i� co' 

'I ~laSS  

i//02)� 

I� 
2� 

3� 

.4� 

~6  
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I I� 
Range in P'l'� 

(cev/c)� 
1�I� 

0.13 - 0.32 

0.20 - 0.48 

0.26 - 0.64 

0.39 - 0.96 

0.52 - 1.12 

0.65 - 1.14 

0.7a - 1.15 

. Table 1� 

Range in x F 
\ 
I� 

-0.05 - 0.09 

-0.08 - 0.14 

-0.11- 0.18 

-0.16 - 0.27. 

.0.22 - 0.27 

..O.2~ - 0.17 

-0.33 - 0.04 

( 

(cm2/r;cv2-n ..l,:,lco:,\) 1�E� d' ,/d,'
Be '!'arget \ 'ra 'I'arge:;: I� 

1.1>:10.32 9.1x10·33� 

33� 33� 3.7>:10:3.5>:10.
I� 

1.5:<10.33 . 1.2:<10-33 'i 
I� 

"� 
5.3>:10.34 

I 5.3x10·34� 

34 I� 
2.1x10·1.9xlO·34 I� 

1.1>:10.34 2.4:<10.34 i
t

i�
34� 34� 2.9;<10.1.3>:10.
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