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ABSTRACT
/

A descriptiog is given of the physics opportunities at RHIC regarding quark-ghion spectroscopy.
The basic idea is to isolate with appropriate triggers the sub-processes porneron 4 pomeron -+ hadrons
and 4° 1 47 - hadrons wilh the net cffective mass of hadrons in the range of 1.0 to 10.0 GeV, in
acder to study the hadronic states composed of u, d, ¢, b and gluons. The double-pomeron interac-
tioms are expected to produce glueballs and hybrids preferentially, while the two-offshell-photon initial
states showld conple predominantly to quarkonia and multiquark states. Of pastienlar interest is the
possihility of carrying ont a CP-violation study in the B deeays.

The KAON facility, proposcd for TRIUMF, Vanconver, Canada, is an intensc hadron factory with
a proton finx some 25 times higher than that available at the BNL AGS with the Baoster. Therefore,

a general purpose hadron speetrometer will be able to tackle the prablem of studying gluonic and

multiquark degrees of freedom in strangeonia.

1. Hadron Physics al RITIC

In this section is deseribed a conceptual design for
carrying out a study of quark-gluon speetroscopy at the
BNL Relativistic Hleavy Ion Collider (RUIC)'.

The idea is derived from a double-pomneron ex-
change trigger which was successfnlly implemented in
R807 (an ISR experiment al CERN). The resulting
ntr~ {see Fig.1) and IV~ spestra provided key in-
gredients in the study of J/'C - 01 states” with masses
aromul 1.0 GeV,

For the trigger to succeed, it is necessary that for
px pthe recoiling beam particles eome off at a very siuall
angle, § <2 21ne. At RHIC cnergies this eorresponds to
installing a set of four ‘Roman pots,’ two on cach side
up and down, 10 m away from the interscetion region.
Precision 5x5 < mini-drift chambers aud scintillation
counters will be fastalled in each Roman pot to detect
and trigger on the seattered beam particles. The inter-
scetjon region will be instrumented with a 4w-detector
cousisting of eylindrical drift chambers, ring-imaging
Cerentkov counter and lead.scintillator barrel counfers,
all within a 5.4m-long solenoid magnet with a 3.6 m
coil dinmncter, patterned after the Mark ' and the
ARGUS apparatns.

It was shown in R807 that imposition of momen-
tum balance in the dircction perpendicular to that of
the beam particles resnlts in pure exclusive cvents, as
follows:

|-

pp s ple'=")p

pp - p(K'K")p
where the systcms shown in parentheses indieate the
particles detecterd in the central detector. In the pro-
posed RIIIC experiment, the central detector will he
optimized for charged as well as nentrenal particles with
momenta up to 3 GeV/c, so that the following reactions
can be stndied:

r - p(mm)p

pp -+ plww)p

rp — pl{dd)p

pp — p(nmm)p

pp = plwrx)p

pp— p(KKn)p
pp - p(pp)p

where the parentheses indicate ngain the central system.

The momentum transfer squared from initial to final
protons is given by

~t~ (pr)? ~ g% = 0.025 (GeV /c)?
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where p - 250 GeV /e is the momentum of the initial
proton and e ~ 2mr is the seattering angle of the
proton in the laboratory and ¢ >~ 0.5 GeV/e is the
mmnmentnm of the final proton perpendicular to the
hea. Sinee the slope of  f distributions is expected to
be agound 10 GeV'2 at the top end of RIIC encrgy®,
the value -1 is sufliciently siuall to gnarantee a pomeron
exchange, and a donble pomeron exchauge reaction will
result if both the final protons come off with - <
0.025 (GeV /)2, Iu this casc the central rapidity region
corresponds in effect to the reaction

PP - hadrons

where P stands for a pomeron and the /3 for this
subprocess ranges from 1.0 to 3.0 GeV. The upper limit
on the /3 is not an inhereot limitation; for a study of
the states with o(#) quarks, it should be cxtended to
5.0(10.0) GeV.

Let M denote the invarianl mass of the total hadronic
systemn, i.e, the /s [or the process given above. Then,

A2~ erea (2p) 10 [ 3 — 2a5 - q2

where subscripts 1 and 2 denote final deflected beam
particles and 1 - ¢ stands for the Feynwman x variables®.
R(‘plnq-i"g -t hy 'IZ‘ oue ahtaius

M2~ ey (2p) ~ (qu + q2)’

Frowm this one secs that

v

M,
€|~82~5 ~ 4 x 10

for M = 2 GeV and p — 250 GeV/e.

According Lo §. Y. Lee (BNL), one can choose an
insertion made in which the angnlar dispersion of the
beam can be held to as low as 1.0 mr at 10 1n from the
interscction. At this point, the deflected particles may
range from 10 mun to 40 min measured from the beam
center. This corresponds to gin the range 0{0.25 GeV/e
to 1.0 GeV/ce for a proton heam at 250 GeV/c. Within
the Roman pots there will he a sct of four drift-chamber
modules and two scintillation counters, each with an
active arca ineasuring 50x50 mm.

The samne experimnental setup can be applied to
heavy-ion collisions, e.g. thosc involving gold. M.
Rhodes-Brawn (BNL) points out that in the extreme
low-memnentumn-transfer region the photon-photon in-
teractions hecome competitive with the double-pomeron
production,

o~ (Za)' ~0.1

for Au x Au at 100 GeV/u. The heavy ions of RHIC
thus provide an opportunity for a study of two oflshell-
plioton inferactions,

~4*y* — hadrons



where /s for this subprocess is in the range 1.0.3.0
* GeV. Note that the photous involved are highly offshell
indeerd; the - { corresponding Lo the photon is giveu by

I gt~ (p=1 mr]2 ~ 20 (GeV/e)?

where p — 197 x 100 GeV/e and 11mr is the allowed
angnlar dispersion of the heam.

The coberent production of hadrons by the two-
photen process involves extremely sharp - & distribu-
tions. According to A. Skujr and D. H. White", the
slope of the -7 distributions is 700 GeV " ? for An x Au
at 100 GeV/u, indicaling that the beams sisuply pass
througl nndeflected in the region where the cross sce-
tion is appreciable. The energy loss is also extremely
sinall,

M

I 5
e|~52~51-;’:5x10""

for AL - 2 GeV and p = 197 x 100 GeV /e, It is scen
that this loss factor is well within the allowed beam
dispersion of RBIC.

It therefore follows that a proper ¥*v* trigger calls
for something othier than the Roman pots, i.c. it has to
rely on a veto on the deflected heawn, by a sct of four
lead-scintillation sandwich barrel counters located at 10
1 and 40 m away [rom thic intersection point. A barrel
coustker consists of six truncated wedge detectors with
widths 5 cm and 20 cm and 50 cm long. Its design is
tdentical to that of the EM calorimeter in the central
detector, as deseribed in the next section. Note that
cach barrel counter covers radial distances down to 5
em radins from the beant line. With this sctup, one can
span Lthe deflection angles from 1.25 mr to 5 mr.

It is necessary, in addition, to veto on the diffractive
dissociation of the beam.  For this purpose, the cud
iron-plates of the magnet will be cut oui at 100 cmn
radins, atd a hadron calorimeter will be installed, which
consists of 30 iron-scintillation sandwiches, designed to
velo hadrons above 10 GeV/e. Additional materinl on

+ the calorimeter is given in the next seetion.

The quark-gluon speetroscopy is a study of hadrons
with mass in the range between 1.0 and 3.0 GeV, if
thc constiluent quarks are comprised only of u, o and
3. The initinl state of the double-pomneron production
is in reality a Ravorless and colorless ghionic hundle.
It follows therefore that the final state shoukl be rich
in gluomic excitations, i.e. gluehalls and hybrids. In
contrast, two oflshell photons couple preferentially to
charged gnarks, e uii or & if the energy is high
cumgh, leading to the praduction of quackonin and
multiquark states.

What gquantum numnbers are allowed for the ini-
tinl state? Assuming a pomcron to be a JPC = g+t
stade, one can expeel for the doable-poweron initial

state I¢ —~ 0t and JPC < g+ 28 4V d oo For
the two-offshell-photon initial state, one may cxpect
IS = 01" and J'C = (0,1,2,3,4,..)'%,(0,1,2,3,
4,..) "' It should be noted that J€ = (1,3,5,.)
is exotic and cannot couple to quarkonia. Obscrva-
Llion of such a stale would imply an exotic multiguark
state. Study of J/4 radiative decays proved to he a
prolific source of information for hadrenic states. Oue
can perform a similar study at RHIC by examining the
hadronic system recoiling off a single photon.

2. Central Detector at RHIC

The central detector consists of a neutral and charged
particle detection device with a 4a coverage, all housed
in a moderate-size solenoid magnet with an inner radius
of 155 cm and 540 cin loug outside. The magnet uses
Al coils inside the yoke producing a ficld strength of 0.5
T. It is designed to identify up 1o a dozen particles with
momenta in the range 0.05-2.50 GeV/c, for a study of
meson systems with mass 1.0-3.0 GeV. The central de-
tector is thus given the name QGS, for Quark-Gluon
Spectrometer (see Fig.2).

The QGS counsists of a drift-chamber module sur-
rounding the beam pipe, followed by a ring-imaging
Cerenkov counter (RICH), a timc-of-flight (TOF) ho-
doscope and a lcad-scintillation sandwichi EM calorime-
ter, all within the magnet coil. Each end of the magnet
is instrumented with a hadron calorimeter. These items
arc described bricfly below.

The drift-chamber module is 3.2 m long along the
beam; it starts at a radins of 5 cin and extends to 75
cm. The size of drift cclls (5 mm) is dictated by the
time interval of 225ns betwcen bunch crossings. The
whele module is divided into 9 layers, cach containing
two axial sense wires and two sterco wires at angles from
40 mr to 80 r. In all there will be some 9100 scnse
wires. The rins error on the transverse momentnn is
estimated to be

Spy = 1.5% p, ( GeV/c)
rL

assuming a measurement accuracy of 200 pm and a
ficld of 0.5 T. The angular resolution is, from multiple
scattering,

1.3 mr

= —
= eV

The particie identification is provided by the dE/dr
measurement.  Assuming an average of 36 mcasurc-
ments per track, the resolution is expected to be 15%
FWHM. This provides a 3o x/ K scparation up to about
0.6 GeV/c.



Figure 2:  The Ceniral detector: Quark-Ghion Spectrometer (QGS). The major components consist of a central
doift-chamber modile (CDC), a ring-imaging Cerenkov connter (RICH), a time-of-flight hodoscape (TOF), an
dlectromagnetic calorimeter (EMCY, and a hadron calorimeter (I1C).

The RICH detector cuvisaged here is patterned
closely after the concepinal design worked out by B.
Rateliff®. 1t extends from a radins of 75 em to 100
cm and is 370 c long on the ontside. The front scg-
ment consists of a Tan-thick lignid Freon (Celiq) with
an index of refraction 2 - 1.277, so that a relativistic
pacticle produces Cerettkor light of 17 cnu radius at the
end of a 13 em drift cegion. 1 is then followed by a
4.4cin-thick pholon-eanversion region containing C2ffs
and TMAE (Tetrokis Dimethyl Amino Ethylene). The
readont is accomplished by a system of 2950 10x10 cm
clectronic pads. The drift time is about 25 us, which
implies that this RICH counter is not a trigger device.
The offine /K separalion is impressive, starting at
0.03 GeV/e and extending lo 3 GeV /e,

The TOF system is located at a radins of 100 cn
and is 3.8 m long. Tt consists of 128 5x5 cm scintil-
lation eounters, earh viewed by two photamultipliers.
The resolution is conservalively estimated Lo he 250
ps, providing a 3¢ 7/ scparation from 0.08 GeV/e
to 0.6 GeV/c. Thus it can be used as an independent
chieck of botl the drift-chamber module and the RICH
counter.  Ib can alse be nserd as a comnponent in the
charged particle triggers.

The EM calorimeler covers radii from 105 can to 155
cut and is 480 e long ontside. [t consists of 3200 10x10

cnt bowers, each with 84 layers of 6 mun lead-scintillation
sandwiches (1 mm of lead and 5 mm of plastic scintilla-
tor) for a total of 15X and viewed by a photomnltiplier
through a wave-length shifter. A similar device was
nsed by ARGUS®. The energy resolution is expected to

he

5E . T%h

E  /E(GcV)
for the photon energy from 0.07 GeV to 3.0 GeV. This
device can be used to detect 7 — 4y, ¥ — v and
w -» 'y,

The end caps of the magnet have cutouts with radius

100 em, and two hadron calorimeters with the active
arcas at radid from 5 cn to 100 cm will be installed
in this space.  The cadorimeter cousists of 38 iron-
scintillation sandwiches. Both the iron plate and the
plastic scintillator are 1 am thick, and the periphery
of the scintillator is cdged with a wave-length shifter,
whicli is read ot by a photomultiplier. It is estimated
that the encrgy resolution is

5 S0%
E ~ /E(GeV)

so that a 10 GeV/e parlicle can be measured with an
accuracy of about 20%. For the Au x Av run, the two



hadron enlorimeters will be nseed to veto on any particle
with energy greater than 10 GeV/e. It is expeeted that
ahout 90% of all the diffractive dissociation cvents can
thus be elitninated al the trigger level.

3. Triggers at RHIC

The trigger for PP interactions relies on a set of
four scintillation connters within the Roman pots. For
p x p muns, two triggers are possible with the Roman
pots, ‘up-up’ and ‘down-down.” This means that both
ol the counters above (below) the beam line at citler
side of the intersection region are Lriggered for ‘up-up’
{‘down-down’). The triggers will be augmented with
signals {rom the QGS, ntilizing among others the hits
in the EM calorimeter. Bach hit above the minimum
cnergy threshold, but below the maxiinm allowed en-
crgy, e.g. 10 GeV, is treated with equal weight; a fast
microprocessor sums up independently the x, y and z
projeciions of the location of the hit wilk respect to
the midpoint of the intersection region. The trigger re-
quires that the three sums are within a small preset
range.  This algorithm ensures that an event with a
large missing energy in any direction will be eliminated,
on the average. Note also that this technique treats
charged and nentral particles on an equal footing,

For An x Aw runs, inslead of the Roman pots,
the trigger relies primarily on signals from the QGS
to pick out two-photon events, accompanied by vetos
at two end-cap hadron calorimeters and the four lead-
sciatillation barrel connterslocated 10 1n and 40 m away
from the intersection region. The vetoces gnard against
the small-angle beam deflections and the diffractive
dissociation of the beams.

A Monte Carlo study is planned to assess the offi-
cacy of the x-, y- and z-projection methods deseribed
abave in sclecting production of low-mass hadrons in
the central region.

4. B Physics at RHIC

One of the more fundamental questious confronting
the Standard Model based on the group SU(NQSU(2)®
U(1) is the problem of understanding the erigin of the
CP violation and of the exisience of three generation
of ynarks and leplons. In a conventional paramcteri-
zation of the Standard Model, the CP violation arises
from a single non-zero phase in the Cabbibo-Maskaws.-
Kobayasi (CKM) matrix. The stady of the CP violation
therefore involves, among others, precision measure-
ments of all the clements of the CKM matrix.

It is now an accepted norm that, in addition to
the KOK" system, the CP-violation cffects should accur
substantially in the B decays, cspecially those involv-
ing B,. There is therefore a tremendous push to start
I} physics at LEP and TEVATRON. In addition, asym-
metric ete™ machines as B factorics have been proposed
at SLAC!?, KEK'Y, Cornell'? and CERN'". A proposal
also exists to build a dedicated detecter'? for B physics
at the SSC.

With several crucial additions and modifications 1o
the QGS, once can conteplate carrying out B physics
at RHIC. A possibility of D physies at RHIC has been
previously investigated by N. Lockyer et al.!'%. In terms
of certain key parameters, the QGS described above is
esscntially similar to the detector studied by them.

Of particular interest are the self-tagging I decays:
B® o K*x- and BY - K~ n' The P, of the B mesons
at RHIC arc typically about 4.4 GeV/e. About 90%
of the decay tracks arc contained within 4:2 units of
pscudo-rapidity, and the p; of the Kt ranges from
0.7 GeV/c to 7.0 GeV/c, in contrast to the typical 300-
McV/c track for the underlying events. As er = 350 jun
for the B mesous, it is necessary to mensure vertices at
an accuracy of 10 jun in order to be efficient in picking
out B events from ilie background.

These considerations snggest that one needs to in-
stall a micro-vertex detector, c.g.  the silicon driflt
chamber'® with a position resolntion in both x and
y dircections at 10 uzm. It is cnvisioned that a three-
layer batrel vertex detector will be fully instrumented
for triggers, with a [ast on-line processor called on to
determine in real time the production and decay ver-
tices. A B trigger may be that in which a deray vertex
is separated by more than 30 g from the production
vertex.

At the highest luminosity for p x p at RHIC, there
may be one to two interactions per bunch crossing, with
the time separation between bunches expected to be
225 ns. The drift-chamber module hns an average drift
space of 5 mm and the maximum drift time of 50 to 100
ns depending on the type of gas mixturc used. As the
interaction diamond length is :£22 cm, multiple events



from ou a single buneh erossing ean be resolved oflline in
principle as distinct clusters separcated along the beam
linc. However, one may, for an extra margin of safety.
decreasc the detll space to 2.5 wum, increasing the total
nuwher of sense wires 1o 182100, and in addition nse a
gas mixture with a fast drift velocily of 100 pm/ns, thus
reducing the maximnm drift time to 25 ns.

In order to distinguish the mass of the DY from
that of the BY, a momentum resolution of the drift-
chamber module hetter than that given in Sectiou 2
may be necessary; one mmay Lhen have to replace the
converdioual solenoid magnet with a supercondncting
one and inereasc the fickl strength from 0.5 Tto 2.0 T,
for a factor of four gain in the momentuw resolution.
As the ' mmomenta range nup to 7.0 GeV/e, a second
RICII counter will hava to be added as well to handle
monwnta bhetween 3.0 to 7.0 GeV/ey this necessitates
increasing Lhe radins of Lhe solenoid magnet by 25 cn.

The RHIC machine inay operateina px p mode with
a luminesity of 1072 cm 2 see™! at 250 x 250 GeV. The
estimated BB eross section at these energies is albout
10 ub, and a ran of 107 see wonld produce ronghly
10" 23 paics. Assume that the fraction of B} B9 pair
prothuction is 2095 of that of the B as a whole; that
the hraaching raiio for BY -» K'x s 1079%; that the
overall trigger and other cfliciencies add up to 1%. Then
from » sample of 1019313 cvents, a CP asymunctry of
20% coukl be observed at the level of 3o efleet.

This excrcise shows that the B physics at RHIC can
be competitive with other machines.

5. Hadron Physics at KAON

The KAON facility!?, proposed foc TRIUMF, Van-
conver, Canada, is an intense hadron machine, capa-
ble of generating proton fluxes some 25 times higher
than those available at the BNL AGS machine with
the Booster. The KAON facility, therefore, affords
an opportunity for carrying ont the study of hadron
spectroscopy al a [evel hitherto inaceessible with the
current-genceration machines.

At the present tinme, a number of experiinents are
underway or planned thronghout the world, to study the
ways in which the simple picture of quarkonia {states
comnposed of a quark and an antiqnark) of mesons fails.
These simple pictures are thought to fail in two diffcrent
directions: a meson can contain a valenee gliuon with the
resultlant incrensc i inass and with possible existence of
JPC exatic quantuna numbers, or it may be composecd
of two pairs of qf; if cach q7 is a color singlet, the
resulting multi-quark state wmay be thought of as a
mesonic molcenle, whereas if ench g pair is in eolor

actet state, the state represents a fundamnentally new
kind of meson.

It is cxpected that such a stndy will be necessarily
incomplete, as the current generation of tmachines can-
not provide sufficient sample of strangeonia. In order
to carry out the gluonie and mmultiquark degrees of free-
dom, an intensc J{ ~ sccondary beam is necessary; the
KAON facility has a plan to implement an RF sepa-
rated beam capable of delivering the hieam in the range
of 5 x 10° per sccond. A modernized version the SLAC
LASS detector is a logical choice for the spectrometer
at which such a study can be carried out.

6. Hadron Spectrometer at KAON

The hadron Spectrometer envisioned for the KAON
facility rescmbles the SLAC LASS detector, albeit mod-
ernized to take advantage of all the recent progress
made in the detector developments.

A conceptnal design for the spectrometer is shown
in Fig.3, as sketched out by C. Amsler and K. Crowe!®.
The target region is contained within a solenoid mag-
nct and is instrumented with doift chambers and Csl
crystals, very similar to that of the CERN Crystal
Barrel detector'®. A dipole magnet is located down-
streamn of the target for measurement of the forward-
going charged particles. Further downstream is located
a lead-glass detector for neutral-track measurcments.
Two sets of proportional chambers, a Cerenkov counter
ad a hedoscope connter are interspersed among the
detectors as shown in Fig.3.

A solenoid magnet around the target has been
shown by LASS to be a powerful device for mecasur-
ing slow rccoil tracks from the target. The sucess of
the Crystal Barrcl Dctector argues for CslI blocks to
be placed around the target for detection of low-cacrgy
photons. The GAMS cxperiments both at CERN and
at Serpukhov demonstrated that an array of lead-glass
blocks can e successfully used to trigger and measure
fast forward-going photons. It is therefore natural that
such a device be placed downstreamn of the dipole mag-
net as an integral part of the Hadron Spectrometer at
KAON.

A detailed design kas yet to Liegin; however, certain
paramcters are casy to be fixed at this time. The
drift chambers can be made to have a space resolution
of 100 yum. The encrgy resolution of the CsI erystals
should he

5E 3%

While for the lead-glass detector, one can expect
§E 5%
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Figure 3: A possible layont of Hadron Spectrometer at KAON. Major clements are solenoid magnet (C), erystal
bareel (GD), drift chanbers (DC), propartional wire chambers (W), Cerenkav connter (C), dipole magnet (D),

hadascope connter (H), and lead-glass deteetor (G).

Given the rapid progress with the powerful worksta-
tions, one ean plan ou taking data at the raie of up
to one thousand events per second, and a roun of a fow
months should provide at Jeast a hnndred-fold increase
in statistics from those of LASS. A general long-range
plan of hadron spectroscapy al KAON wonld call for a
mulli-year program with statistics exceeding 10795 this
is cerlainly not himpossible in the late 1990s.

J. Comyn of TRIUMF and K. Crowe of LBL arc
organizing a group which will propose to build a hadron
spectrometer at KAQON; interested readers are invited
to contact them for further inforinations.

T. Conclusions

s this note a briel deseription is given of an exciting
opportunity to carry out hadron spectroscapy cxperi-
ments at RHIC and KAON. Both machines are slated
to be ready for physics in the Iatter half of 1990s. As
sich, both provide apportunitics for further investiga-
tion into the ontstanding problems in badror physics,
in particular those that cannot easily be tackled with
thie inachines currently available in the world,

The key idea for RIIIC is that by concentraling
on the extreme double-peripheral region, the machine

is used Lo prodiuce hadronie systems at low /s in the
range 1.0-10.0 GeV.

The snb-processes responsible for the hadronic sys-
tem in the central region may be expressed cither as
pomcron | pomeron — hadrons or as 7" ) 7° o
hadrons.  The donble-pomeran interactions are ex-
pected to produce gluchalls and hybrids preferentially,
while the two-offshell-photon initial states should canple
predominantly to quarkonia and multiquark states. A
whole gamut of JPC_exotic mesons (-, 07,1+, 2+~
3,47~ ,.)) may be secn cither directly in Loth types
of interactions or in association with a single recoil pho-
ton in the final state. Another important distinction is
that the hadronic system fram a double-pomeron inter-
action has zero net flavor, whereas an 7€ - 1° meson
can comple readily Lo a two-pheton soitial siate. The
salicnt feature of this proposal lies in the fact that, for
the first time, a study of the pomeron-pomeron interac-
tions can be mounted with the same experimental sctup
as that of the photon-photon interactions.

In addition, the QGS with a micro-vertex detector
and an cxpande’ RICH counters can tackle the CP-
violation effects in the B decays. The key clement in
this effort would lhinve to be the capability Lo trigger
on the D-decay vertices separated by more than 30 jum
from the production vertex. The upgraded QGS may



also serve as the apparatns for a study of X, and X,
states.

The intense proton flux available at the KAON fac-
tory, Vancouver, Canada, affords an opportunity to
carry out hadron spectroseopy with a siatistical sen-
sitivity nuprecedented hy the present day standards.
Recent developments with hadron physics show that
mesons in Lthe mass range belween 1.2 to 2.2 GeV arc
extremely complex, with many overlapping resonances
from the SU(3) family as well as exotic stales with gh-
onic and nmlliquark degrees of freedom. A data sample
in the range of 10'Y, with gond aceeptance, should go
a loug way in settling many of the ontstanding issues
comfronting hadron spectrascopy today.
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