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As may be implied from the titles, I will devote most of the discussion
to the first topic and I will only touch briefly on the second. These topics
are being explored experimentally at Fermilab and are part»of_a program to.study
neutral meson production under a variety of conditions at high energies, using
very simple equipment,including a novel photon detector to detect these mesons via
their purely photon decayvmodes.bThe‘first‘experiment, on pion charge—exchange,
was‘performedhby a~collaboration from Caltech and LBL whose memberS'are'listed,
in Fig. 1a.l For'the.subsequent experiments the.collaboration has been augmented

by a group from BNL_and others from LBL (Fig. 1b).

I. Pion‘Chaggg-Exchange (CEX)

The perspectiye of the lecture is oriented’to answering some ofvthebgeneral
questions about-the.subjectvshown in Figure 2*. More specifically, I.would like
to provide an_overvieW'of an elegant and conceptually simple experiment recently |
completed at Fermilab to study pion charge—eschange (CEX) at beam momenta between
20 and 200 GeV/cr.)As part of this CEX overview, I shall first discuss the physics
motivation and then describe the experiment, stressing the conceptual aspects, I
will then proceed to discuss the results, which are still preliminary since‘we
have not as yet completed our final estimates of some of the (small) corrections
" to be applied in the analysis.‘ This will be done in the very near future. Prelim—

inary results, at various stages of analysis have already been reported 1-3 The

results to be presented here are essentially the same as those in Ref 3 and include.

the entire data sample from 20 to_200-GeV/c,

* For those not familiar withF@rmilab,the composite portrait of a particle physiCist
doing research there, depicted in Figure 2, is made up of the poet Allen Ginsberg
* (lower left) and actor-bon vivant w.C. Fields (lower right) The fellow at ‘the top

has been identified elsewhere.
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I.A. Raison d'8tre or physics motivation.
The charge-exchange reaétion,

Tr_p '+ Ti-on, TTO > 2Y (l)

is of compelling interest for at least two feasons,,which I first list briefly and

tMneMMXMeom

i) A measure of asymptopia: The cross section for reaction (1) in the

forward direction is related to the difference between the m p and T p total
cross sections and its value is sensitive to small differences in these total cross
sections. Thus, measurements of this forward cross section as a function of energy

. + .
at high energies would provide a measure of the asymptotic behaviour of the m p total

' cross sections; for example, are they approaching one another in value or is their

difference bécoming constant?

ii) Direct test gi_simple Regge theory: Reaction (1) and the reaction,
Tpnn, N2y | ()
which is studied in the same experiment, are considered to be dominated at high
energies by the exchange of a single Regge trajectory in each case. This represents

a significant constraint on the predictions of the theory; hence, a measurement of

‘the differential cross section of both reactions over a wide range of energies would

provide a sensitive test of the Regge theory.:

To elaborate, let me'first derive in a simple and straightforward way the
’relationship between the forward CEX cross section and the difference in'the_v_p and

n+p total cross sections. To begin with, the forward CEX cross section is related

to the CEX scattering amplitude in the usual way:

CEX : ‘ _ ' _ ' '
QE v = [ (Re-ACEX)2 + (Im ACEX)2 1. _ (Eq. la)
dt 2 t=0

t=0 k _ - _
= 35 1+ Rz) [Im.ACEX(O°)]2 . ‘ (Eq. 1b)
k : o T
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CEX

Where A = CEX éca;teriﬁg amp}ifude
k =.iab.beém momentum
t = invariapt 4-momentum-transfer
R = Re A%(0°)/1m a“¥¥(0°) .

Now from isospin conservation,

: AcEx _ 1 (A+'—'A-)' I | o (Eq 2):v, E
. Y . S - _ _

Where Ai_= wi p elastic scattering amplitude.
Also, from the optical theorém,

6 e m o .
Oyotal — % Im A(0°) - - o - (Eq. 3)

' ‘Then,vsubstituting equation (2) and (3) into (1), we obtain h

A =255 @A +RHGE (Bq. &)
dt . oo ' C
t =90 )
Ag = -y _ + ' B ' o o .
.Where A0 = 0 eal (n.p? 'dtqtal(ﬂ p), and the constant on the righthand side depends.

on the units used, which in this case are do/dt in ub/(GeV/c)z; k in GeV/c and Ac in
mb. If R is unknown then equation (4) reduces to an'ineqﬁality."However, as.will
be shown later, an estimate of R can be made froﬁ our data with some simple theoretical

assumptions. Thus, equation (4) can be used to determine Ac from a measurement of

EX '
, do® /dt at t = 0.
It would now;bé instructive to compare'the sensitivity in determining Ac from i
the charge-exchange measurement with that from measurements of the . m p and ﬂ+p total .

- ¢cross -sections.

a) Error on Ac from CEX measurement:

From Eq. (4), AGCEX

- . 2
dt = constant* (Ac)



Taking differentials, we get

§ (do/dt) = constant * 2 < Ac * § (Ag)

CEX

Then, the percentage error, o , in the CEX measurement is,

JCEX - 8 (do/dt) _ 2 - & (Ao)

do/dt Ao
and therefore the error in Ao is
§ (o) = -A-% . oCEX © (Eq. 5)

b) Error on Ac from mp total cross section measurements:

Ao. = ct(n—p) - ot(w+b) =g - c+

t t
5(80) = 85 ? + (85’
s - +  +
=2 5(Gt), since at high energies, 9, = o, = 0%
Then? : . 8(do) = V2 Ot o : v " (Eq.6)

Where a = percentagé error in the total cross section measurement.
Thus, to get the Same'error in Ac from both techniques, we need only compare equations

(5) and (6),

*

CEX s .
@ .22 | (Eq. 7)
t ‘Ao

‘Recent measurements4 at 100 GeV/c indicate oi = 24 mb and Ao = 0.7 mb, so that

t
CEX

¢

according to equation (7), o /atl‘lOO/l. This means that, at 100 GeV/c,ba 107

CEX

'measurement of do /dt(t = 0) is equivalent to a 0.1l% measurement of both the n_p

+ o
and ™ p total cross sections. As will be shown later, our CEX forward cross section
measurements are certaiﬁly better than 10%.

With regard to tests of scattering theories at high energies, the most rigorous

tests are provided from studies of reactions involving the fewest parameters—i.e.,

S0 6t 0t 0000
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two-body reactions mediated by a single propagator. Two of the simplest such examples
are the an® and nn reactions (1 and 2). In each case, the final'state has a epin-
parity Jp 0 meson and a nucleon as does the common initial state. The

quantum numbersinvolved delimit the possible exchange propagators in the t channel.
To illustrate, consider the general Feynman diagram in Figt 3(a) for the case

T p > neutral'meson + neutron. Flrst, since charge is exchanged then the

propagator, X, must be charged so that its isotopic spln must be >l Second,
conservation of spln—parlty at the (upper) meson vertex requ1res that X have parity
(--1)J where J. is the spin of X. Finally, because of G parity conservation'at the'
meson vertex, X must have positlve‘G parity,in the CEX-reaction (1) and negatine G
parity in reactiOn (2). These reasons then imply p—exchange in the former'fFig.'3b)
and Azeexchange in the latter (?ig. 3c) - Simple Regge theory assumes the exchange of

: o 5.6
a single Regge trajectory in each case. However, polarization measurements” ’

at lower
energies suggest that the interactions are more complicated than the'exchange of a
single trajectcry. ‘Nonetheiess; the indications are that the dominant contribution
(even 1f not exclusively so) is still from the single exchange in each case.

In orner to test further the Regge model predictions for these reactions it
is important to‘study experimentally the twc reactions at high-energy over as large
a range of energy.and momentum transfer as nossiblef To this_end,vwe have meaeured
their:differential cross sections at beam momenta of 20 to 200 GeV/c and in the range

of four-momentum—tranefer,,-t, of 0 to ~ 1.4 (GeV/c)2 for. reaction (1) and to

~ 1.2 (GeV/aE for reaction (2).



I1.B. Egperimehtal Méthod

. Part of the beéﬁty of this experiment, as- I hope,to‘demonstraté below,

arises from the simplicity,of‘the design of the set-up. As a consequence, the

. corrections to the raw data are small and are, for the most part, directly measured

in the experiment.

"The essential feature of the experiment is that ‘the reactions

T p > an®, 1° > 2y | » (1)

and - ‘mpan, n>2y , (2)

are identified by detection only of the two gamma rays from the meson decays and
. measurement of their kinematics. While the gamma-ray measurement resolution is
'éeftaiﬁly”gOOd enough to determine the kinematics of the parent meson, it is still

. not adequate:to determine accurateiy the missing mass recoiling against the final—v

state meson as that of a neutron. To_cleaﬁly identify»the final-state one needs
additiénal COnsﬁraints.' Rather than‘attempt to detect the neutron, we have
desigﬁed the expérimeht to reject all other final states. Thus, in genefal terms;
the experiment consists of a liquid hydrogen target, a photon detector to measure
the positions and ghergiesvof'the two decay gamma rays and é carefully designed
veto system of counferé capable of vetoing not only charged partiéleé which méy
be émittéd form the target but also gamma rays from the 7°'s produced in reactions
other than the one of interest. |

The_basic performgnce_requireﬁents dictatipg the design df the apparatug
are (a) excellen; backéround rejectioﬁ efficienqy and (bj goéd resolution in tﬁe
fduf—momeﬁtum—transfe? t. fhese'gogls are non-trivial here. For example, at iOO
GeV/c, the charge—eXchange cross section is oﬁly about 3 ub whéreaé'the wfﬁ total
cross section is_aﬁout 24 mb éndv of which the total ngutral fiﬁal state cross .
sectiénvis about BC:ub; MThus the "signal is appro#imately 10_4-of theaw-p total

' . -1 1 ea ' ;
cross section and 10 ~ of the neutral final state cross section.

9961 0pE0T00
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The t resolution has to be good ehough so that we can exfrapolate the CEX
differential cross section, do/dt, reliably to zero degrees and to be sensitive v
to the dip structure at -t-~0.6 (GeV/c)2 observed in'lower'énergy;experiments.7_l;

The apparaﬁus was désigned’for the following resolution in t over the interval of

interest, -t = 0 - 1.5 (GeV/c)Z:

Cat -t © 0.005 0.03 0.6 1.5 (Gev/c)?
At = 0.0025 - 0.005 ~  0.05 | 0.1 (GeV/c)2
From these general objectives, we now proceed to show how the design of

the apparatus follows in a logical, straightforward way.

i) Dimensions of .the Photon Detector

From simple considerations of kinematits»and.geometry, we can first_
determinevthe detector position along the beam line with respeét.to the target, K
and its transvefse diﬁensions.‘ Oﬁce these aré established then the targé;
dimensions and the veto systemvdesign can be détermined.

| At;high energieéband sméillt (-t 5_2.[GeV/c]25 the vy rays.from.the wf
or n decays tend to go féfﬁard'in the lab af small angles, so fhét the deféctor

can be small in size and yet have a large accéptahce. In this region 6f‘energy

and t;
-t = p2e® T (Eq. 8)
and
Yy _2m | | | L9y
,emin P (Eq. 9)

where 6 is the w° or n production angle, p is the beam lab momentum, GlZn is the
minimum opening lab angle of the di-gamma system and m is the mass of the parent
neutral meson (7° or n). Thﬁé, for a given t, 6 and elln s;ale with beam momentum

by the factor 1/p. Therefore, we let the detector positidn scale with beam-momentum,

making the distance between the detector and target, L, proportional to the beam -



momentum as follows:

P (in GeV/e)
o 100 ’

L=1L (Eq. 10)

where Lo = dgtector.positién at p = 100 GeV/c. L° ié then so éhosen as to §étisfy'
the fdllowing conditions: 1) the 2y's must Be'well separated spatially at the
defector so that théy‘can be cleérly resolved and 2) the detector should Be kept
as small as'possible._ L0 should also be consistent with the desi;ed resolution

in t and the'di-gammé Apening-anglé; determined by the spatial resolution of the
y-rays at the detector andvthe'uncerpainty in the interaction position in the
hydrogen target. We will -come béék to this'point later. For now, we consider

the first condition:. At high energies, the width df‘a.céﬁvergea Y;féy shower in

the detector is about 1 cm. Then a conservative choice for the minimum spatial

p'Y

separation of the 2 v's at the detector, nin’

is about 4 cm, corresponding to a

m° decay at the minimum opening angle. Because of details in the construction of

the detector, we actually chose Dl}nk= 4.24 cm. Therefore
O S R e 1D
min T S L - ' _ 4

For p = 100 GeV/c, L = L, %16 meters, from Eq. 11. Once the length has
been chosen, the-ttanSversé dimensions are easily determined from the maximum t

desired, using Eq. 8 and 9. For both the nn° and nn reactions (1 and 2) the

desired “t oax ~1.5 (GeV/c)z. Since the n's have a larger'minimum decay opening

angle than the 7°, the detector must  be wide enough to detect the y—rays'from»nfs'x
produced at —tmax' For 100 GeV/c n's, the detector at L = 16 meters must then
have a radius greater than 29 cm, say 37 cm. We therefore make the detector

rectangular, about 74 x 74 cm on a side.

ii) TafgegJ Veto'Syétem and Experihental Lgyout
In order to maximize the yield of events and the target full-to-empty rate,
the liquid hydrogen target should be as-loﬁg as possible,~consistenf with the

desired t-resolution. The uncertainty in the location of the interaction point in

L6t aobE0dDn0

"
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thé target contributes to.the uncertainty in the scattering’aﬁgle déterﬁination,
kand hence to the'ﬁnceftainty in t. To minimize the variation in the t-resolution
with beam momentum, in a practical way, our_liquid hydrqgen target consists of
2 cells, 20-and 40-cm long,vto provide 3 target lengths -- 20, 40 and 60 cm.

" The experimental arrangement is shown schemétically in Figs. 4 and 5.
The vetd'system consists of two parts ~-- a chafged-éarticie'veco surrounding the
target which is used in the event trigger to define a neutral finél state and'én
array of y;féy shower countérs’whicﬁ do”not participate in the trigger lpéic but
rather tag the presence of finai4Staté y-rays outside thé acceptance of the y-ray
detector. The veto system wés designed to_saﬁisfy the following requirements:

a) The system, including the y-ray detector, should ‘subtend > 99.99% of
the entire 4m sr solid angle in the lab, for each lab momentum between 20 and ' 200
GeV/c; .

b) The number-of'camponent parts of the s&stem be kept at a minimum,
- consistent with the requiremént of a simple geometry fof gach componenﬁ an& (as
emphasized-earlier)

¢) The detection efficienty should be.sufficien;ly high (of céurSe) so
‘as to reject neﬁtraléand charged-pafticle baékground down to levels of a f¢W'percenﬁ
or‘bétter of the expectgd'charge;exchange sigﬁal. |

The charged-particle veto éystem'copsists of scinti;lation‘counteré.Al, Az
and A3 surrounding the target (Fig. 4). ‘Also surrounding‘the target is a system
of y-ray veto counters (called the "veto house") which was désigned;‘particularlj;"
to have a high detection efficienéy for iow ehergy Y—rays._bThe most serious
backgrdund in this experiment comes from reaction such_as,ﬂ~p -+ 7°N* where the m°
is ‘indistinguishable fromva valid charge—exchangé nf.. Deteétionvof the low.eqérgy
photons from the N* decay (N* - nﬁ°, ﬁ° > 2v) idéntifies this reaction as'backgfound.
The Vetp housé shower counters are multi—layér lead-plastic sandwich countérs,'having

eight lead plates for a total of five radiation lengths—-the first four inner plates
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are each l/ﬁlrediatioh'length thick and the outer four are 1 radiation length esch.
this arramgemeht with two thicknesses of lead plates ensures a high'detection
efficiéncy'fof low energy photons, even for those incident at highly.oblique angles.
Insteao of scintillator in the Veto house‘wevuse a plastic Cerehkov'detector (Pilot
425'in order to minimize the sensitivity to the recoil neutrons from true charge-
exchange events.

The other shower veto counters upstream and domnstream of_the_tatget,.Vl -
V4, are lead-scintillator sandwich counters having five lead p}ates totalling either
.5 (as in V ) or 10 radiation lemgths. The positions and apertures of Vz,'V3 and V4
vary with beam momentum so that they may still subtend all angles between those
.subtended by the detector in its new position and those’ subtended by the veto house
‘which is fixed-in positiom.

In addition_to'these coonters, there is a plastic scintilletor counter, A4
(not shown'in Fig. 4), which covets the apetture of V4 and iS‘usedvfor tagging the
presence of charged particles ptoduced downstream from A3_(such as from.K; +"n+n—
decays). .To avoid potentia11§ serious problems of backscattering from y-ray showers
in the'detectot,:v4 amd AA are located far enough upstream (usually 2 2’m) from the

' detector so that the backscattered signal, if any, will have the wrong timing.

'iii) The Photon Detector

Until now,.we'have only discussed the detector position and dimensions and
then showed how the design of the rest of the system followed from those consider- -
ations. It is now appropriate‘to descrlbe this novel detector Which utllizes some
"old- fashion" technology in a new scheme to measure accurately the ©° or n kinematics;

- The detector is basically a total absorptlon, 1ead scintillator sandwich -
_counter hodoscope, composed of 140 narrowv"finger counters" that locate the shower
position'from»the'yfraykconversion and integrate.its total ehergy loss. Because>
countersoare involved, the detector 1is capable of hiéh counting tates}_ The more

detailed description which follows is taken from our ref. 1.

I R ¢ B
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The detectér consists of a coupter hodoscope arravahich measures the x
and y (transverse coordinates) distributions of the energy depositéd in One:or
- more photon showers, integrated over thé axial (incident beam direction) coérdinate
z., The detector is shown schematicaliy-in'Fig.'6 (a,b).. It is construgted of 19
lead plafes, each 6.4 mm thigk and 75 cm square. The piates are stacked normal to
the direction of ;héident particles (2z) withAgaps between them of approximately 7
mm. These'gaps are filled‘with long narrow sqintillatioh fingers, 1.05 cm wide,
which are'close-packéd and run the full width of fhé détectdr, Vertical and hori-
zontal fingers aré in successive gaps. The,eight finéefs héving the same x coprdin-
'ate,of the same y coordinate are connected opticallf.by cu;ved'light pipes ét one
end, and each setvof'éight fingers so connected consfiﬁUtes oﬁe countér; fﬁefe
are 70 x-counters and 70 y-counters. Each finge:-has-been separately wrapped wiﬁh
foil of graded reflectively, and a light trap captures those fays transmiﬁtéd at
large angles to tﬁevfinger axis. Bécaﬁse of this special treatmenc,'each
counter yields pulsesvof Qniform height (within 2%) over the entire éohhter_-'

length.

A

. By simultaneously-measuring all pulse heights, hXi and hyi (1 <1iz<570),
in the detector counters it ié‘possible to find the energy E,'maés M, and

production angle of a particle decaying at the target into the photons observed -

-

by the detector. The first three spatial moments of the pulse height distri-

bution are given by

-5 . E =%t S | [ 12)
i : i
w=1 Tun o ¥=q Dy 0 @ 19)
By i 1% y i | |
2 1 .2 2.1 2, (Ea |
xT=g Txhy 5 Y =g E Vi - (Ea. 18

E and MZ are then evaluated from the spatial moments using the following
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éxpressions;
1 ' .
= - Eols
E=3 (E +E) ,(_q_ )
2 F— 2 - 2 '
(%‘) -3 [<x2~x Y+t -y ) -2 6 (Eq. 16)
L : :

.where L is the distance from the target to the detector and 62 is a constant

which is an approximate measure of the inherent width of avsingle shower‘of.
half the total energy. :The coordinates (;; ;) are a good éstimator of the
point of intersection between the deteétor and the extrépélated trajectpfy

of the decaying particle. The productibn angle is then computed from (x, v)
and the i'beam‘hodoscope.information. These félations»are'sased on-the'Sméll‘

angle approximation and hold for particles decaying in any decay orientation

and into any number of photons as long as all of the photons enter the detector.
The spatial resolution of the m° position extrépolated to the detector, 'is about
2.5 mm which allows for a sufficiently precise production angle determination

consistent with the desired t-resolution for the CEX reaction.

I.C. Event Selection Criteria

The electronic trigger was a relatively loose one,Basigally requiring only.that
the final #tate be completely neutral. When this conditioanas satisfied, the
informatién from all the éounters was fead info a computer -and stored on_magnetic
tape for subsequént gnalyéis. The off-lipe éelection criteria used to define the

data sample for reactions_(l) and (2) are listed below.

1. The CLEAN requirement. There must be no pulse in any photon veto couhter,
thereby eliminating events with photons outside the solid angle of the detector.

2. Cerenkov Tag. A pulse in the threshold Cerenkov counter is required, thereby

eliminating kaons and antiprdtons from the beam fluk,
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3. Energy in the detector. The measured energy was required to be within the

full energy peak corresponding to the incident m beam energy.

4, Number of photons. It was required that two individual showers be resolved

by the detector for the charge exchangé reaction.

5. Cosf cut. In the decay T > yy (o; n -+ 2y), the émission #ngle 6 of the photons
in the 7° (or n) fest framevﬁith respect to the n° (n) line-of-flight can be
calculated from the data. Those events having emission angles with | coserl

->'O.7 are eliminated because one photon‘hés very small labofatory energy near
cosf = 1.0. This arbiﬁrary cut is wellvoutside the reéion where the detécﬁion‘
efficiency falls below 100%. |

© . 6. Mass cut. The value of the mass M measured by_the detector is required to be
within the 7° or n mass péak.

The distribu;ion in M2 for'events.satisfying_cri;eria 1-5 (mass éut_not
imposed) is shown in Fig. 7 and 8(a). The level of the backgfoﬁnd ou;sidé‘the-n°
and n mass peaks is very low, permitting clean identification of.the 7° and n
events., Moredver,‘the mass specﬁfa’for,thé one—photqg and three-phdtdn events
exhibit no pgak in the 7° and n regions; indicating very little loss of events
from the twd-photqn caﬁegqry. -

As an illustration of>otﬁer reactioﬁs which can bé studied in the same
experiment, we show thg mass spectra for the thrée-photon (HY = 3)‘and NY'Z_4
events, subject to cuts 1-3 above. In the thrge-photon mass-squared spectrum
(Fig. 8b) there is a'distinct peak at‘M2 ~ 0.6 (GeV/cz)2 correspbndiﬁg to w :
production in the reactioﬁ mTp+nw, w* 1. Even without constraining two out
of the three y's to haQe a m° mass, the signai4to—backgr0und is quite good..Thg
mass spectfum for the higher y- multiplicity events (Fig. 8c) shows a clear n

signal (from n +‘3n° decays) and an enhancement in the region of the £° (or A2,

from A2 > nﬁ°).
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While the ove?whélmingly doﬁinant effects in the di-gamma spectrum are the
7° and n peaks, there is‘élso a very small but clean peak at Ml2 ~ 0.9 (GeV/cz)zl
correspondiﬁg to n'(959) + 2y. In additibn there is a small peak at‘Mz_~ 0.6 which
is due to w - T°y events in which our photon counting alg;rithm distinguishes only
two out df‘the three phoﬁon showers. Improvements are being made in the algorithm

which will significantly decrease even this small "feed-down" effect.

I.D. Results for the CEX Reactidn'ﬂ-p > nn®

Plots of do/&t'versus -t are_shownvithig. 9 and 10. The curves shown are hand-drawn
and:are for purposes of guiding the.eye. -In Fig. 11, the differential Cross_sectidﬁs
in thé_regiqﬁ of - small t are,displayed. There are between twenty and twenty-five"
thousé34 eyents for each momentum.- The prominent features of the data are:

1) . A characteristic forward peak with a dip at t = 0. The dip persists
at gll'energies; but gets less pronounced with increasing energy;

.. 1i) A break in do/dt at -t -~ 6.6 (GeV/cjz for all gnergies._ At,the lowest
energy,‘;he;e‘is_a diﬁ at this value of t, followgd by a secohdary peak. As the
energyﬂincgeases, the height of:this secondary peak getS'progreésively smaller,.
f;gttens,out, and then becomes a shoulder on a falling disﬁfibutiqn at the hdghest
energy,.and '

| iii) The forward peak.exhibits shrinkage>with,increasing energy.
Thesé features are evident also in the results from expériment§ at lower

- energies. _‘1_However theldip at t = 0 in our experiment is more‘pronouncéd.than
would be expected from,the lower energy data. Furthermofe, in the one experimenf
Qﬁich overlaps ours in enefgy, by Bolotov_ét al;s the dip is essentially absent

in théir highest energy data at 48 GeV/c, The value of do/dt at t‘=v0 was obtaine& by
fipting thg‘low’t.dgta tqba second—ordér polynomial in t and thén'extrapolating thé
fitted curve to t = 0. The results are shown in Fig. 12, along with those ofbsome

other experiments. The disagreement with the data ovaolotov et al8 is quite apparent.

046t 0t 0000
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The "total" chafge—exchaﬂge cross section was obtained by intégrating the
differential cross section from ~t of 0 to 1.5 (GeV/c)2 and tﬁe results are shown
in Fig. 13. Here, as ‘in the case of do/dt at t = 0, our results are systematically
lower than those of Bolotov et al.8 The discrepancy is qﬁe of normalization and ofl
shape in do/dt near t = 0. The curve in Fig. 13 is the result of a fit of our
data and ghat of the CERN:expefiment7'to an expression of the férm

o = Ap N | - (ﬁq. 17)
T lab : : _ »

with A = 719 + 11 yb and N = 1.175 + 0.004. This fit spans the range from 5.9 to

200 GeV/c. | . |
- Let us now examine how some Regge theory predictions compare with our data.

Our first preliminary resultslfrdm 26 ﬁo 101_GeV/c, based on a paftial sample §f
the data,weré repdrtgd at the_1974 London Conference and seemed to indicate devia-
~ tion in some details 6f s and t-dependeﬁce'from the prédiction of the simple Regge
pole model base& on the original CERN data’ in the beam momentumvtange 5—18 CeV/q.
Figure'l4.sHOWS the forward differential cross sections fqr'CERN»data at 5.9 GeV/;:7
and our dat# at 40.6 éhd 101 GeV/c a;ong with the Reége prediction (dashed curve)
of Barger and.Philiips,12 and is reprinted from a théoretical paper by Desai and
Stevens.l3,These authorslsconciude from.the.observed.discrepéﬁcy that a néw.mechanism_
may be .respon#ible and provide their own hypothesis, which I won;t gb into hefe,
Suffiée it to say, first indications showed some discrepancy (Fig. l4)vwith the
Barger-Phillips predictiohs.

Withvoﬁr:entire dataAsample, at pfesent,'we determine a‘(preliminary) ' .
effectivé Regge P tfajectory byvfifting the différéntial éfoss sections to tﬁe:

.functional form

sq .
where o(t) and B(t)'aré_pérameters to be determined as a function of t, q is the

momentum of each particle in the cm system and s 1s square of the total cm energy.

»
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An overall fit from 6 to 200 GeV/c was made, for various tjintervals, using the
.data from this experiment and from the CERN experiment.7 “Results of this fit are
shown in Fig. 15 and 16. Figure 15 shows plots of do/dt versus P1ab for several
representatiwe values of t with the curves from the fit to Eq. 18. Figure 16 shows
the fitted values of a(t) versus‘t. The straight line corresponds to the best fit
of the data to a linear expression in t. The linear hypothesis gives an acceptable.

fit, with a value of
a (t) = 0.50 + 0.75¢ , (Eq. 19)

Note that this result is still preliminary. When the final corrections to the data
are made,'the'slope nay change somewhat but the intercept will likely be unchanged.

In any case, when the present fit is extrapolated to positive values of t, the

-straight line passes very close to the p pole, indicated by an asterisk on the plot.
'These results seem to be quite consistent with the 51mp1e-Regge model description.

What then of the descrepancies mentioned earlier? Recently, Barger and Phillips1

refit the data, using their same p + p' parametrization (the p' to account for the

polatization) as before,12 but including our London Conference data from 20 to 101

_ GeV/c. Theyiquote a good fit to all the data and their results are compared to the

do/dt data in Fig. 17.14 It should be noted that this comparison covers many orders

of magnitude range in do/dt.

' We now turn to the determination of Ao e the difference in v p and p
total cross sections. If one assumes that the forward CEX scattering amplitude,
ACEX(O), obeys aipowetllaw dependence on s, then from.some general principles of o
axiomatic field theory_(see, for example, Eden's book15 on high energy collisions)'

one can derive the following telationship for R, the ratio of the real to the

imaginary part of ACEX(O):

R = tan 1a(0) ‘ : (Eq,vzo) o

The power 1aw assumption seems valid, as indicated by our results for dc/dt (t = 0)

plotted in Fig. 12. The c@rve’is@a besd‘fitaoﬁaoni? our fpidls to Eq. 18
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From our effective trajectory fit (Fig. 16 and Eq. 19), «(0) = 0.50 so
that R = 1.00 from the above expression. Plugging this into Eq.'ﬁ and using the
fit to our forward cross sections from Eq. 18, we obtain the curve for Aot vefsus

Pi.p shown in Fig. 18. For éompéfison,‘we also show the results from the recent total. .
o 1 _ | v v :
cross section measurements At Fermilab. 6 The curve from our determination of Act

appears to have a similar energy dependence to that exhibited by the total cross

section points but the its normalization is somewhat lower, systematically, than

the points.

I.E. Results for the Raactioh:nfp +'nn'£ﬁ + 2y) -
"Figures 19 and 20 show thé differential cross section reéults. The t-range
[-t < 1.2 (GeV/c)z],*isvlimited by statistics and'ndt'by,the accepténce‘of #he
detector. Aé in the case of the 7° data;vthe curves shown are hand-drawn ahd.are
to guide the eye; The prominent features of the“forﬁard peak are:
a) a dip'at t=0 which decreases in depth Qith'increasing energy, and
b) a smooth exponential falifoffifor'-t'z 0.2’(GeV[c)2.
The intégfated "total" cross section'résults are‘shoﬁn'in Fig. 21, aloﬁg
with data from éomé loﬁer energy expeﬁiments.l7’l8 'As.forvtﬁe ﬁ°n data,.oufrdata‘
are systematically lower than those of Bolotb& et a1.18 Tﬁé cﬁfve shows the result
of a fit to the same functiohal férm as in Eq; 17.

An effective Regge A, trajectory was determined by‘fitting the differential

2
cross section data to the same functional form as Eq. 18, using thé'dataifrom fhe
CERN experimentl7 as welllas that ffom the preseﬁt experiment. The resul;s from
the fit are shown in Fig. 22 which displays the plot of o(t) versus t. Tﬁe sfraight:
line corresponds to the best fit of the data to ailinear'expression in t. The |
linear hypothesis‘gives an acceptable fit, wifh a value of

o

A

(t) = 0.40 + 0.68 t T (Eq. 21)
2 | | |
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For purposés bf comparison, Fig. 23 shows the .effective A2 trajectory from
ref. 18, In order to get an aéceptable fit, they require the trajéctory.(dashed
curve) to havela quadrétic form, with thé trajectory fﬁrning over near -t *_1.0-
(GeV/c)z.'v

To conclude, I wish pnlyvto provide the reminder that for both the 7°n
and nn reactions, the signal at large |tlis considerably smailer,than at low |t|
so that the effegts éf background become increasingly importaﬁt in this rggion,

even for a "clean" experiment. We are still studying our own high-|t|data for
possible background effects even though they seem small. Needless to say, when

~assessing the trajectories reported from any of the charge-exchange experiments,

consider the following first:

CAVEAT EMPTOR !!

"II. Righ Transverse Momentum Phenomena

.. High transverse momentum (PT)phenomena are usually associated with inter-
action at a small distance. Thus, a study of hadron-nucleon collision -

PT may provide important information about the structure of the nucleon. Recent

results on the inclusive reactions..

19-21

pp > T + anything, ~at the ISR (3

and ‘ pw > 1+ anything; at FNAL22 : ; (4)

show dramatic behaviour for PT 2 3 GeV/c, which suggests a new productidn phenomenon.

At low PT (s1 GeV/c),vthe invariant cross section,

I=Edog _ : - (Eq. 22)

dp3
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for single péfticle inclusive production (pions, kaons, protons, anti-protons) is

of the form A »
I=e T , (Eq. 23)

The only hadronic theory which gives a prediction consistent with the'behaviour of Eq.

23 is the thermodynamic model. At high PT’ the observed spectrum is quite different

from this, as indicated.for example by the 7° yields at cm angle, 6%, of 90° from

the CERN-GalumbiaeRockefeller (CCR)'experiment19 at the ISR, " Their measurements

T
represents the best fit to the low PT (s 1 GeV/c) ddta, extrapolated to the high

of the invariant cross section versus P, are shown in Fig.‘24. The ‘solid curve

PT region. At PT =3 GeV/C; the yield is about 104 times greater than predicted

from the e—6PT behaviour at low P . Another thing to note from the data in Fig. 24,

T
is the variation with energy, Vs. This data indicated a scaling behaviour at

high PT,with the invariant cross section having the form

E gfg = ARFRE  (Bq. 24)
dp '

How well this expression desc:ibes the CCRYdata'is shown in Fig. 25, which is a

n
T .

quantitatively, the CCR group get a good fit to their data at 6% = 90°, with

plot of P, E d3c/dp3 versus PT//E,_using a best fit value of n = 8.24. More

-26Pp/ Vs ' :
T
E d30 = 1oe ) mb/(GeV/c)z, ' (Eq. 25)
3 P

dp . ' T
A large number of theoretic#l_models have been proposed in an_attemét_to
explain the flattening out of the RT spectrum at high PT} A recent review of
the various models is given by Ellié23 at the London Confereﬁce. As a class,
the so-called_"hard~s¢attering" models (e.g. quark-parton models) prediét
invariant cross-seétions of the form of Eq. 24 above. Perhaps anticipating the

ISR results, Berman, Bjorken and Kogutz4 considered electromagnetic processes
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(1.e.,_one—phbtoﬁ;exéhange) and predicted hadron yields of tﬁe form PEA F(PT/JE).
The P;S dependence of the CCR daté rﬁlgs'this out. On the other hand; models
1ike the constituent exchange model of Blankénbéqler, Brodsky and Gunionzs.do
seem to deséfibe the‘CCR data reasonably well; Even so, much more incisive
exberimental'informétion is needed in order to determine which, if'an&; of the
models provides fhe correct descriptiOn of the high PT'phenbmenon.

Uﬁfil néw; ;hé experimentai evidence of hadron prpdﬁctiop at high PT comes

only from nucleon-nucleon interactions. One extremely important and sensitive

test of the various models is a compamison of the meson production at high PT

from mp and pp interactions. In the quérk model description, the pion is made

up of a'Quark-antiquarkﬂ(qE) pair whereas the pfoton consists of three quarks.

'Tﬁds, tﬁeimeson yields'at high PT-cah be qﬁite'different from mp and pp inter-

‘actions.

To this end, we are carrying odt_another experiment at the Fermilab;_usiﬁg
équipméﬁt from the CEX ekperiment, to'make a detailed comparison of-high—PT:(Z—S

GeV/c) meson yields from the reactions
T p * (w°; n) + anything o (5)
and ' o pp * (1°, n) + anything N (8

at 100 and 200 GeV/c. 1In addition, we will sfudy the pp reaction (6) at 300

GeV/c in order to compare with results from ISR and‘Fermilabvexperiments on the

same inclusive reaction at the_same'J;.
Tﬁe experimént is characterized by'the fpllowing important féatures:
_i) _tﬁé_same,set-up'in one beam 1ine measures”bpth intgractions. This
tendé to minimize sYstematic effects’in.méking the comparison;
. ii) ‘both'of_the méson decay photonsvare detected (in contrast to experi-
ments which detect only one photon);
viii) goqd spatiél and enefgy resolution for the phéton showers;

S L 6L 0B 000
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bviv) géod signal-to-nﬁise (hopefully) as a result of ii) an iii1);

v) wide kinematic region to be explored. In terms of_the Feynman variable,

th, the region to be covered by this experiment is'.X||:~ 0 - 0.6; |
vi) with a liquid-hydrogen target, the normalization errors on the cross:
section measurements should be minimized.

The e#perimenf uéés the same equipmént as in thé CEX experiment except for
all the Qeto counters.(charged énd neufral) which are rémqved. The defector is
moved out of the beam line to one side at a non-zero lab_anglé corresponding to‘
the desired XII region. Two gettings of the'detector posi;iog will cover the
region of interest. ' | | | |

The event trigger in this ekperiment is ﬁuch less résfrictiﬁe than that
in the CEX.expetiment_and the.data_gnalysis is more difficulf. We wish to trigger
the apparatus whemever a group pf y-rays have a combined transverse momentum é 1.5
GeV/c (i.e., conéerva;ively‘below the 3-5 GeV/c region of primary interest). Tbi
do so, we sum the pulse ﬁeight from each vertical elemént, i, in the detector in
such a way that the summed signal is abproximately proporfional to |

.ZP = IP ‘éine

k! 1

4 T (weig_ht)i X (Pulse height)i - (Eq. 26)

If we'aséociatevan'angle 6, with respect to thg beam for every vertical detector

i
element, then each individual signai can be "weighted" by an amount proportional
to sin ei; using an #ppropriate_value attenuator., (This iévonly apﬁroximate
since each vertical elément subtends a range in 6 along it length.) |

The off-line data analysis is complicated by the presence of more than fwo
photon showers and/or charged particles in the detector some of.thé time. As»é'
result, the ﬁoments analysis used in thé CEX experiment is not adequate here,
Instead, wé must identify and measure the position and energy of each showér by

fitting a known shower shape to each peak in the detector. Preliminary results

from some test runs are very encouraging. Fig. 26 shows the di-gamma mass spectrum
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in the region of thé ﬁ° for pp > Zy + anything.at 360 GeV/c. Fig. 27 shows the
same spectrum.in the n mass region. The spectra:éhOW very clean n° énd n peaks,
respectively. For purposesvof comparison, the inset in Fig. 27 shows the 2y -
spectrum from the recent CCRS26 experiment on'tﬁe same inglusive reaction.

The majorvpért of the déta collection for our Fermilab experiment will
start in August of this year. An ;dded fegture to the set-up will be second
photon detector,vcruder than the first one, thch will be located on the other
side of beaﬁ line from the original ome to study correlations.

At present, the data from the short test runs on 7p and pp are heing
analyzed but the analysis 1s still too preliminary to warrant any results on the
wa gnd n yields to be included in these proceedings. Hopefuliy,vthough, the
conéeptual description of the experiment providea here will indicate the feasi—‘_
‘.bility of ééhieving a good comparison of 7° and n yields at high PT from ﬁp and
PP inﬁeractions. Reliable results from this experiﬁent should bé’forthcoming in

" the coming'year}
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- Mass squared spectrum of the-2-photon shower events in the region of the m

Figure Captions

- Participants in the charge-exchange experiments at Fermilab.

Composite portrait of a particle physicist.

Feynmen diagrams for various 2-body final states in T p interactions.

 Schematic drawing of the expérimental layout, showing all the counters in the

setup. v-1, v-2, v-3, v-4 and the veto house comprise the Y-ray véto system.

Ai;’Ag é,nd_A3 constitute the charged particlé veto system. - Mi, M ,'M3 are the

beam telescope counters. Hl and H2 are beam hodoscope counters which_meésure

the”inéident m bosition and anglé; Ao-is a beam halo veto counter. O is a
threéhoid:CerenKOV éounter to tag the pions in the beam. Not shown is Ah’

a plastic scintillafor counter covering the aperture of vgh. Its function is
to detect and flag‘chargéd»pafticles produced downstream from A3; The A& in-
formation is not uséd in the trigger. | ‘ | .

A perspective drawing of the experimentai layout (not to scale).. Details are

given in Fig. L.

Schematic drawing of the photon detector. (a) Showing one of the T0 x counters

and one of the 7O y counters.  (b) Pictorial view showing the drieﬁtation of

some of the constituent counters with their twisted light pipes.

o

"mass satisfying cuts 1-5 discussed in the text.

Mass squared spectrum for different shower mﬁltiplicities in the detector

a) = 2, for events satisfying cuts 1-5; b) NY-= 3 and c) NY = 4. Events

N
¥
in b) and c) satisfy cuts 1-3..

do/at (ﬁ~p + 1°n) vs —t,‘fdr'beam momenta of 20.7, 66‘and 200 GeV/c. The curve
throughlthe‘66 GeV/c data is hand-drawn, to guide the eye. Errors are statistical

only.
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do/at (n"p > 1°n) vs -t, for beam momenta of 40.6, 101 and 150 GeV/c. The
curve through the 101 GeV/c data is hand-drawn, to guide the eye. Errors are.

statistical only.-

do/at (w p ~ m°n) vs -t, in the region of small t. The errors shown are

statistical only.  Horizontal error bars at the bottom indicate values of
At, the experimental t resolution at 101 GeV/c.
do/at (mp - non) at t = 0 versus beam lab momentum. The curve (described

in the text) is a fit to the points of the present experiment only.

TotaL integrated cross section (7 p + 7°n) for Itl.i 1.5 (GeV/c)zvversds plab'
The dark poinﬁs are from the present ekpérimeht (Expt.viil).r The curve is a
fit to Eq.‘17'ﬁsing_the;data'of_CERN and this experiment.
do/dt'(n—pv+ ﬂ°n) versus t in ﬁhe low t région, ﬁhowihg the predicﬁibgs from
Barger and Phillipslz.(dashed curye) and those from Desai ghd Stévens.;? This
biot is reproduced from ref. 13. - |

do/dtv(n_p + 7°n) versus.plab for various t values. 'Thg curves are f;om a fit

to Eq. 18, using the CERN data and those from the present experiment.

Effective trajectory for m p + n°n. The asterisk is located at the position of

‘the b pqlé.

 do/dt (n’p > ﬂ’n)_versus t, showing the results (solid curvés) of the recent

14

re-fit to the data by Barger and Phillips. This plot is'reproduced from

thelr paper.

The difference, Ac, of the w‘p and ﬂ+b total cross sections, plotted as a

function of p, .. The solid curve is the "measure" of Ac from the present

experiment. The points with error bars are from the total cross section measure-

ments at Fermilab;16

do/dt (n p + nn, n + 2y) Qersus -t, for 20.7, 66 and 200 GeV/c. The hand-

drawn curﬁe through the 66 GeV/c data is to guide the eye.

@ L 6B OO0
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Fig. 20. do/dt (ﬂ-p +'nh),_(n -+ .2y) versus ~t, for 40.6, 101 énd 150 GeV/c. The hand-
' drawﬁ'Curve through the 101 GeV/c data is to guide the eye.
Fig. 21. Total integrated- cross section (n-p + nn, n > 2y) for |t < 1.5 (GeV/c)2 versus

Plap*
experiment (Expt. 111).

The curve is a fit to Bq. 17 using the data from CERN and thé'présent

Fig. 22, Effective trajectory for n_é <> nn.

Fig. 23. _Efféc;ive.trajeétofy for m p + mn from the exﬁerimeﬁtldf Bolotov et éi.ls The -
dérk.points-are ffdm a fit to CERN da;a and tﬁeir'own;. B

Fig. 24, CERNéCdigmbia—Rockefellgr (CCR) fesultslg'on ﬂ°'y1e1ds at large PT in pp iﬁterf
actions. vInvafiaﬁt\droés Séctioh:versus PT'  The Cu:vé isién'eitrapolation of
the iow’PT.(< 1 GeV/c) data. _

Fig. 25. The function F (ff//§)=rP; E,(d3d/dp3};iasfdeducéd fromvthé CCR'meaéuremehts}
using theﬂbest fit value of n =:8.24. Plof is repfodgced from ref. 19.

fig. 26, Mass-squared spectrum_in the ﬂ°'mass region of the di-gamma system for the
reaction PP > 2y + anything af.300'GeV/c, fof 2y events in the detector saéiéfy—
ing the following'cuts: the decay ICOSB*Yy' < 0.7 andv2.2_< Pir< 3.0 GeV[c; |

Fig; 27. Di-gamma méss—squared.sfeCtrﬁmﬂin tﬁé n maés region fdr‘ﬁhevreacﬁion.pp + 2y +
anything, at 300 GeV/c. Same'cues‘as in Fig. 26. .The inset shows.thevcorres—

) | ponding mass spectrﬁm from the'rgcent CCRS experiment26 at the ISR.
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PARTICIPANTS AND ESTEEMED COLLEAGUES IN THE PION CEX
EXPERIMENT AT FERMILAB

FROM CALTECH FROM LBL

Alan V. Barnes Orin I. Dahl

D. Joel Mellema Randy A. Johnson
Alvin V. Tollestrup Robert W. Kenney
Robert L. Walker Morris Pripstein

ADDITIONAL PARTICIPANTS AND ESTEEMED COLLEAGUES IN THE
HIGH-PT EXPERIMENT

FROM BNL FROM LBL
Greg Donaldson
Howard Gordon Art Ogawa

Kwan-Wu Lai Steve Shannon

Julio Stumer

Figure 1
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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