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Abstract

A striking energy dependence has bsen observed in the difference
between the p-p total cross sections for parallel and antiparallel longi-
tudinal spin states, Ao = Tof(z) -0 (3). The structure appears around
= 1.5 GeV/c where AoL = -16.7 mb and is seen in o' (+) rather than

Piab

To+(+). The experiments were performed ai Argonne Nationa!l Laboratory

using a standard transmission technique.
From the dispersion analysis of a forward p-p scattering amplitude

using the data on Ao, Grein and Krol| have shown that the Argand plot

L’
of the amplitude has a clear resonance-liks behavior around proton-
incident momentum of 1.5 GeV/c. At the same energy range, the p-p polari-
zation at fixed -t also shows a remarkable energy dependence. In addition,
we have observed a prominent energy dependence for CLL’ the spin
correlation parameter for elastic pp scattering with beam and target

both longitudinally polarized. The possibility of a resonance was further

pursued by studying Legendre expansion coeificients of p-p differential

cross section and polarization data. The analysis showed a partial wave,

*Work supported by the U.S. Departmant of Energy.
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3F3 consistent with having a resonant behavior. Bas2d on a phase-shift

analysis, Hoshizaki also showed that 3F3 seams to resonate. This resonant
state would have the quantum number JP = 37, mass V2250 MeV, width 4200 MeV
and elasticity 20-30%. This exotic state ma,; be describad by the MIT

bag model.

We also speculate several more diproton resonances in the mass

region 2100 to 2800 MeV.

| ntroduction

We Qould like Té start out by discussing the proion-proton total
cross~section data at the intermediate-enargy region. As shown in .
Fig. 1, up to 1.2-GeV/c incident proton momentum, thz toial cross section,
which mainly consists of the elastic process, falls and Then rises due to
the inelastic-channel opening. The cross section flattens above 1.5 GeV/c,
We observe no structures that may suggest The possible existence of a
resonance.

However, we have observed totally unexpected siructures in the
total cross section when both the incident protons and terget protons
were longitudinally polarized. The most remarkable structure appears
around Piab = 1.5 GeV/c.

We mainly discuss the existence of at least one diproton resonance
and its properties, and speculate three more such candidates. Such a
resonance opens a new era in the nucleon-nucleon system znd also is
crucially important for further development of the quark models that

require six quarks in a bag.l_3
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First, we describe experimental observables in terms of the
helicity amplitudes, and then in terms of singlet and triplet partial-

wave amplitudes. There are three s-channel helicity amplitudes et Bc m.> 0:

¢, = <H+|+H>, *
9, = <--|++>, and
95 = <h=|+=>.

These amplitudes are related to total cross section as follows:

i) Spin averaged total cross section

Tof

= (zn/k Infp, (0 + ¢ (0= (172" (D) + o (—»)} (n

il) Difference between total cross sections for parallel and

antiparallel spin states (longitudinal)

do = /K im {6, 0) - 45} ={sTT @) - TN} 2)
ili) Difference between total cross sections for paraliel and

antiparallel spin states (fransverse)

Bo = ~C4a/k) Im §,(0) = o™ (44) = 6TMeany (3

Argonne ZGS facilities provide various spin directions of incident
beam and target. Spin directions are illustrated below. To express observables
In elésfic scattering, we adopt the notation (Beam, Target; Scattsred, Recoil);
(0,N;0,0) for polarization, (N,N;0,0) and (L,L;0,0) for spin correlation
parameters, etc. A typical experimental setup for AUL is shown in Fig. 2 (a).

The measurements were done in standard transmission experiment.
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égt and fo Measurements

We show the results of Ag, measurements from 1.0 to 6.0 GeV/c

L
4-6 There is a sharp peak near 1.2 GeV/c and a dip near 1.5 GeV/c.

(Fig. 3a).

From Eq. 2, a structure in ¢](0) and ¢3(0) should appear as a peak and dip,

Figure 3b shows UTOT(Z) and UTOT(i) as obtalned

L
from Eqs. 1 and 2. There is a clear bump in UTOT(I). We observe the

third structure in oTOT(Z) near 2.0 GeV/c although that is not as remarkahble

respectively, In Ag

as the one appearing 1n AGT.
In Fig. 4, preliminary results of several Aoy measurements up

to 12 GeV/c are shown. (Several momentum points between 3 and 6 GeV/c have

been measured, but they are not shown in the Figure.)
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To study the behavior in terms of the partial scattering amplitudes,
the data on (k2/4onL together with (k?/4m)da. are plotted in Fig. 5 as
a function of the center-of-mass energy,7 where k is the c.m. momentum.
I the dip in AUL is considered to be due to a resonance, the mass is about
2260 MeV with a width of about 200 MeV. The 1.2-GeV/c peak Is seen in
AOL and possibly in Ao data. The 2.0-GeV/c peak is clearly visible

T

in AGT. )
Using the data on AcL, Grein and Kroll have calculated the reaf

part of [@1(0) - ¢3(0{l by applying dispersion relaﬂons.8 In the

Argand plot of the [@1(0) - ¢3(0i] ampiitude, we observe a clear resonance-

I ike behavior around the incident proton momentum of 1.5 GeV/c (mass X 2260

~MeV) and possibly at 1.2 GeV/c (mass ~ 2100 MeV) as shown in Fig. 6.

When the helicity amplitudes are decomposed into partial waves,9

=1 $d
Img, (0) = o %: Im{ (20 + DR+ (3 + DRy (WRy ¥ 2[J(J+I)] RE @
3y = 1 - +d
Imp,(0) = ? im{-(20 + DR+ Q + DRy IR ANSENES }» (5
and-
-1 : 14
Ind(0) = = 25 Im{ (20 + DRy, + Ryyp g+ W F DRy, - 2[00 + 1] ge)

J
where RJ is the spin-singlet partial-wave amplitudes with J = L = even,

RJJ and RJil,J are spin-friplet waves with J =L =odd and J =L ¥ 1 = even,

respectively, and RJ is the mixing term. The partial wave characteristics

to ¢.(0) is R, and to ¢,.(0) is R the peak in Fig. 3a ts due to one of
1 3 P

) 347

1

the singlets lS DZ""’ and the dip is due to one of the Triplefssb

3. .
F3,... .

o’ 1’
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Structure in UTOT and Polarization
—e|

So far, such a behavior Is discussed only at |t]= 0, and the
properties of he possible resonance (e.g., spin and parity) are not deter-
mined. One needs to study the angular distributions of the observables
in pp scatfering. Let us see if we observe a similar structure in other

Tot 10,11

channels. Figure 7 shows the elastic total cross section, Oy °

There is aiso a structure in the plot of polarization against incident

momentum at fixed ltl, as shown in Fig. 8.‘2 Ve note that the structure
in polarization has nothing to do with the peak in AGL at 1.2 GeV/e,
because the polarization does not include singlet terms.

Legendre Coefficient Analysis

Ve pursue the possibility of the existence of such a resonance
and investigate the nature of the possibie resonance by studying differential
cross-section and polarization data in pp elastic scattering around 1.5
GeV/c. Our interest then is to investigate if an RJJ partial wave has
the behavior of a Breit-Wigner formula. The effect of resonances can
be studied through the energy dependence of the lLegsndre expansion
coefficients obtained from the diiferential cross-section and polarization

da'ra.”'12

We report the results of such an analysis using cata at 1.0 -
2.0 GeV/c.9 The analysis was carried out by looking at the energy

dependence of the coefficients a, and bn in the expansions:

N
do/d = %2 X a P_(cosd) N
n=0 nn
N
Pdosdn = X2 3. an'n(” (cosd) (8)
=2

These coefficients are related to various partial waves, and we show

only relevant relations here.



The coefficients as obtained by fitting difrferential cross~
section data to Eq. 7, mainly tell us that the highsst significant value

of J Is four; a_, and higher coefficients are nearly zero, and we ignore

8
those terms with J > 4 and L > 4. Figure 9 shows the coefficients bn
obtained by fitting the product of differential cross-section and

polarization data, plotted against incident momentum and energy. Alf
coefficients up to and including b6 have a rcmarkable energy dependence
around Plab ~ 1.5 GeV/c. We need to kncw if such a rapid change is due

to one or two resonant paffiai waves while the other amplitudes vary slowly
with energy; our particular attention is on the RJJ parfié! waves, FH

and 3F . We determine how the behavior compares with the Breit-Wigner

3
formula,

Aros = (€ + D (T /T)/te% 1), where € = 2(E_ = EM/T (9
The energy dependence of this formulé is illustrated in Fig. 9.

In general, the coefficient with higher order is easier to
interpret because fewer terms are involved. The coefficient b6 is

related to the partial-wave amplitude by

T 3 3 3 3 '
b6 = 1.8 (Im ESRe_F4 - Re F3lm F4) + ..., (10)

where residual terms (...) include neither 3F3 nor 3P1. A rise In b6
with respect to energy is consistent with 3F3 fdllowing fhe.Breif-Wigner
formula while other amplitudes vary slowly with energy; the value of

the first term in Eq. 10 is the same both before and after resorance,

say at 2110 and 2410 MeV, respectively, and the diffé;énce in b6 at these

energies is due to the second term, which has -ReAres changing from

minus to plus (Im3F4 > 0 by unitarity). We note that 3Pl' another



possible resonance candidate in RJJ, is absent in b6' Other coefficients
are also consistent with the interpretation.

QLL = (L,L;0,0) Measurements

Simultaneously with Aoy measurements, we have measured the spin-

spin correlation parameter CLL(e ) = (L,L;0,0) In p-p elastic scattering

(o] (o] i3
for 70 j_ec.m < 1107 at Plab = 1.0 to 3.6 GeV/c. A typical experimental

Cc.m.

setup Is shown in Fig. 2(b).

The differential cross section for a particular spin direction of

beam and target, lii, is given by
+ _ N . ; ]
178, ) = 1,08, ) [t + wpyrc (0 ) (1

. o c.m. T "LL "cem.

where PB and PT are the beam and target polarization respectively, and

+ (-) refers to the spin state parallel (antiparallel) to the L direction

(beam direction); Io(eC m ) is the spin-averaged differential cross
section. The parameter CLL(ec.m.) is then found to be
— - -t .
N HE A W ¢ S a2
LL "c.m. PBPT atf sy + ar+ 1 Y-

Figure 10 shows the angular dependence observed for the parameter

CLL at various incident~beam momenta. The errors shown are purely statistical,

which dominate over systematic errors. The values of CLL are alt positive
over the range covered, and are consistent with a symmetry about ec > 90°
as expected for scattering of identica! particles. Figure 10 also shows

‘the predicted curves from existing phase-shift solu‘l’ions.1

The values of CLL at GC m 90° are plotted with respect to the

incident momenta as shown in Fig. 11.  We observe a sharp dip near blab=



1.2 GeV/c, rapid decrease near 1.5 GeV/c, and additional structure near
Plab = 2.0 GeV/c. A way to study these structures is to define CLL in

terms of parfial wave amplitudes. Using the s-channel helicity amplitudes

¢ = <H o[+, ¢, = <-lo|++>, 05 = <= | |+->, 9, = <+=[¢]-+>, and
bg = <++|ojt->, we have
_ 2 2. 2 2
C, (ordm = & [-10,1% = fo 1%+ logl? + [6,1% ], . (13
where do/dQ = % [|¢]|2 + |¢2[2 + |¢3|2 + |¢4[2 + 4|¢5[2]is the spin-

averaged differential cross section.

The amplitudes ¢] through ¢5 are then expanded in terms of partial
wave amplitudes. The spin-singlet partial waves, ]SO’ ]DZ’ ]G4.... appear
in ¢] and ¢2 with opposite signs, and the spin~triplet partial waves
with L = J = odd, 3P], 3F3,..., appear in ¢3 and ¢4 with opposite signs.
' Figure 12a shows the quantity on k2 CLL (do/dQ) at ec.m. = 90°
plotted with respect to the incident momen‘ra.]5 This quality is dimensionless
and allows us to study the coniributions of partial! waves more directly.

First we examine if the rapid decrease cb;grved in Figs. 11 and

123 near Plap = 1.5 GeV/c is consistent with the partial wave 3F3 having

a resonant behavior.9 Eq. 13 can be expressed in terms of F3 and
interfering partial waves as

2 <[+ 136 12 3 3
[x cLL<do/dm_]goo = [0.77 | Fyl“ + aRe™F5) + blImFy) + ], as

where a (b) is the real (imaginary) part of The.sum of other partial
waves and the values can be estimated from the fesuifs of a phase-shift
c-malysls.]4 By substituting these values and the 3F3 resonance at

mass = 2260 MeV with a width = 200 MeV and elasticity = 0.2 into Eq. 14,

we find the same amount of rapid decrease as shown in Fig. 12a,
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Next, we discuss the structure around Plab = 2 GeV/c in Fig. 12a

From the resonant-like structure in(k2/41T)AoT as shown in Fig. 5, we

expect it is due to a singlet spin s+a+e.6'7 The contribution of spin

singlet waves to Eq. 13 is

2. .1 1 1 : 2
k°C;, (da/dQ) = -1 Sg + 5 DP,(cos®) + 9 G4P4(cos§) + W00 1., (19)

in which the contribution of ]G4 vanishes at 6 % 700, where P4 = 0.

The structure around 2 GeV/c is absent in Fig. 12(b), where the
values of kZCLL do/dQ at GC m.= 70° are plotted as a function of
beam momentum. Thus we may conclude that 164 wave is responsible for

the sfrucfure.16

Next, we dfscusd +he sharp dip observed at 1.17 GeV/c as shown
in Flgs. 12a and 12b. We conslder this due to a spln-singlet wave, because

6,7 In particular,

structures also appear as a peak both in AGL and AGT.
we suspect they are due to the 1Dz'wave, because it is the only wave that
couples to the s wave NA s+a+e; which is responsible for the rapid Increase
of pp total cross section near 1.2 GeV/c. We also point out that a resonance-
like bump was observed in the cross-section of pp +~ md in the same energy
range,]7 which is.usually interpreted in terms of the finai-state inter-
action between one of the nucleons and 7, forming AC1236) in the inter-
madiate state.

The dip structure in Figs. 12a and 12b may come from the resonant-

like behavior of the 1D2 s+a+e.14’]8']9
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We conclude that the measurement of the spin-spin correlation

in pp elastic scattering near BC o - 90° has revealed rich

parameter CLL

structure in pIab = 1.0 - 3.0 GeV/c, which is consistent with the presence

of 3F3, and possibly 1G4 and ID2 resonances.

C,_ = (N,N;0,0) Measurements at eb o 90°

TN -

The measurement of the spin-spin correlation parameter CNN in pp

elastic scattering at eC m. = 90° also reveal a strong en=rgy dependence.

A plot of szNN(dc/dQ) in the momentum region 1 to 6 GeV/c is shown in Fig. 13.20’21

We find that the energy dependence °s consistent with the -~ stence of ID2 and
3
F3 resonances.
Real Part of Scattering Amplitude at |[t] =0

The real part of scattering amplitude in the forward regioa in
pp elastic scattering has bean experimentally defermined.22 A plot of
Re/im at [tl = 0 is shown in Fig. 14. The real part changes from positive
to negative as energy increases and becomes zero at around 1.5 GeV/c. The
behavior is ccusistent with the existence of 102 and 3F3 resonances.

Any Other Structure?

Do we observe any strucfure above a mass of 2500 MeV? Measure-
ments of AGL and AUT are yet to be made at smali-momentum Interval.

But we observe a remarkable energy dependence in CNN = (N,N;0,0) data

at all angles23 and also at OC m. = 900.21 As shown in Fig. 10 CLL =

(L,L;0,0) data are all positive at large angle up fo 3.0 GeV/c, but we

observe negative values as large as -35% at 6 GeV/c.
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Theoretical Models Without Resonances

There are several attempts to explain the structure in AUL data

26,21 54 tar,

by Deck models,25 by opening of inelastic channels, etc.
none of the models explained the structure at 1.5 GeV/c.
Conclusion

A summary of diproton resonances is given in Table |. The name,

BZ, of resonances was adopted during the Tokyo conference.

Table |

Diproton Resonances

Name 8%(2.14) B%(2.22) 8%(2.43)
Macs, GeV 2.14 - 217 2,20 - 2.26 2.43 - 2.50
I 1 1 1

Width, MeV 50-100 100-150 ~150

Elasticity 0.1 n0.2

pp State 1D2 3F3 1So or IG4

Remarks AGL’AGT’CLL AGL,P,CLL AOT’CLL
Arndt et al. Hidaka et al. Hoshizaki
Hoshizaki Hoshizaki

We are aware that the structure in AoL around 1.5 GeV/c consists of
both singiet and triplet spin states. As shown in Fig. 3, AUT data contain
only singlet structures. Then we expect to see only the triplet structure in

(AOT - AaL) as shown in Flg. 15. 1In this case the mass of 82(2.22) would be

somewhat higher.
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Present Status of AQL Measurements In the pn Sysiem

We are currently measuring the parameter AoL in on scattering
covering the momentum region of 1.0 to 3.0 GeV/c. We can investigate
possible structures in | = 0 state. The results will be available within

several weeks.
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FIGURE CAPTIONS

Fig. 1 PP Total Cross Section

Fig. 2a Beam Line for the AGL Measurement

Fig. 2b Experimental Setup for the CLL = (L,L;0,0) Measurement

Fig. 3a Total Cross-Section Difference AUL = 0T°+(z) - 0T°+(3)

Fig. 3b Total Cross Sections for Pure Initial Spin States. The
dotted curves are only to guide the eye.

' Fig. 4 Total Cross Section Difference, AOU up to 12 GeV/c
Fig. 5 (&2/4m Ao, Together With (k°/4m) Ao

Fig. 6  Argand Plot of the [, (0) - 950)]

Fig. 7 Efastic Total Cross Section

Fig. 8 Polarization at 0.1 < |t| < 0.2

Fig. 9 Results of Legendre Coefficient Analysis

Fig. 10 CLL = (L,L;0,0) Data at 1.0 to 2.5 GeV/c

Fig. 11 ¢, = (LL;0,00 at 6_ = 90°

Fig. 12a kzc (dg/dQ) at o % 90° vs. p The dashed curve

is S%Iy to guide %ﬁg'eye. The sol?% curve is the contribuiion
of the F3 resonance over a smooth background.

Fig. 12b k2CL (do/dQ) at o v 74° vs. Plap® The dashed curve is only
to guide the eye. "~
2 (o]

Fig. 13 k'Cy(do/dR) at 6_ ~ =90°.
Fig. 14  Re/Im at |t]| = 0.

. 2
Fig. 15 (k /4ﬂ)(AaT - AGL)
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