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Abstract. Hyperon production is an excellent probe of the strong interaction in the
confinement domain. The spin observables provide a powerful tool in understanding the
underlying physical processes. Expressions of the seven non-zero polarisation parameters of the
Q) baryon from decay angular distributions have recently been derived by the Uppsala group.
Simulation studies show that all strange and single charmed hyperon production channels have
great prospects with the PANDA detector.

1. Introduction
Hyperon production in pp — Y'Y reaction gives important insights into strangeness and charm
production. In this work, we consider single- and multi-strange and single-charmed hyperons.
Their production from light-quark systems like pp implies processes where light quarks are
replaced by heavier quarks. The relevant degrees of freedom of a certain process are given
by its energy scale, which for strangeness production is governed by the mass of the strange
quark, ms ~ 100 MeV. This is close to the QCD cut-off, Agcp ~ 200 MeV where the strong
coupling constant, as, grows so large that perturbative QCD breaks down. As a consequence, it
is unclear what the relevant degrees of freedom for processes involving strangeness production
are: quarks and gluons, or hadrons? The production of strange hyperons therefore probes QCD
in the intermediate region between the perturbative and the non-perturbative regime, i.e. the
confinement domain, that we, up to now, know very little about. The scale of charm production
is governed by m. =~ 1300 MeV, more than ten times larger than m,. The strong coupling
constant in this region is as ~ 0.3, just barely enough for a perturbative treatment to be valid.
Comparing the production of strange hyperons with charmed could thus give important insights
into the differences in the underlying physics at these two separate energy scales. Theoretical
models describing hyperon production in pp — Y'Y reactions are often based on the quark-gluon
picture, where a light quark-antiquark pair from the initial nucleons annihilate into a gluon that
splits into a heavier quark-antiquark pair (ss or ¢¢) [1]. For strange hyperons, there are also kaon
exchange models, where the production of single (multiple) strangeness hyperons are modeled
by the single (multiple) exchange of a t-channel kaon [2]. There have also been attempts to
combine a quark-gluon approach with a kaon exchange approach [3].

Spin variables are often very powerful in discriminating between different theoretical models.
The hyperon spin variables can be related to the spin of individual quarks. The A hyperon can
be modeled by a ud spin 0 di-quark combined with an s-quark that carries the spin of the entire
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hyperon. A similar picture can be drawn for the A, hyperon, and by comparing spin observables
of A and A., we can learn about the role of spin in the creation of s- and c-quarks.

Another interesting aspect of hyperons is CP violation. One of the unsolved mysteries of
contemporary physics is why the universe consists of matter while antimatter is almost absent.
Violation of CP symmetry is one possible source that gives rise to this asymmetry [4]. CP
violation has been observed in meson decays, but so far never for baryons. For hyperons, CP
violation observables are accessible via angular distributions of hyperon decay products.

In this work, the potential of spin measurements in multi-strange and charmed hyperon
production is described. First, we outline the polarisation parameters of spin % and spin %
hyperons, the latter as recently derived by the Uppsala group. Then we present the spin
observables of the full pp — Y'Y process in the case of spin % hyperons, based on previous
work by e.g the PS185 collaboration. We conclude with the prospects for hyperon studies with

PANDA, based on simulation studies performed by the Uppsala group.

2. Spin observables for spin % and spin % hyperons

Polarisation parameters for spin % hyperons

All physics information about a quantum mechanical ensemble is contained within the density
matrix p. In an expansion of hermitian matrices Q% and polarisation parameters ¥, [5], the
density matrix of a particle of arbitrary spin j is given by

27 . L
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where the first term denotes the unpolarised differential cross section I and the second the

polarised part, containing the 7“]%/[ parameters. L is the angular momentum and M its

projection. In the case of spin % particles, the QJLW are the Pauli matrices and the polarisation
parameters correspond to the vector polarisations P;, P, and P,. The indices are defined in
the coordinate system in the left panel of Fig. 1. For particles produced in parity conserving
processes, e.g hyperons in strong interactions, symmetries of the spin density matrix imply that
P, = P, = 0, giving non-zero polarisation only perpendicular to the production plane. The
angular distribution of a particle from a given decay can be expressed in terms of the spin
density matrix of the mother particle: I = TpjniiwT", where T is the decay matrix [6]. For the
case of a weak decay of a spin % baryon into a spin % baryon and a pseudoscalar meson, the
final state can have angular momentum L = 0, that violates parity, or L = 1, that conserves
parity. This gives a decay matrix with one parity violating part T and one parity conserving
part T,. From their products, the asymmetry parameters a = 2Re(T;1}), 8 = 2Im(T;T),) and
v = |Ts|? — |T,|? can be defined. By definition, they fulfill ® + 82 ++2 = |T4|? + |T,|*> = 1. For
example, in the A — pr~ decay, the angular distribution of the proton is given by

I(cosB,) = %(1 + ap Py, cos ). (2)

Some hyperons decay into other hyperons, e.g. the = baryons, as illustrated in the right panel
of Fig. 1. In the == — An~, A — pm~ process, the asymmetry parameters § and v of the =~
hyperon are accessible via the angular distribution of the protons [7]:

1
I1(6p, ¢p) = E(l + azap cos B, + ZO&APE sin 6, (8= sin ¢, — y= cos ¢p)). (3)

This is valid if the reference system is defined such that the spin of the =~ hyperon is along
the z-axis, the momentum of the daughter A hyperon is in the positive xz plane and the angles
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Figure 1. Left: Coord. system of pp — YY. Right: The pp — Z=,= — Am, A — pr decay.

of the =~ decay are integrated over. Furthermore, a is known, az can be extracted from the
angular distribution of the A from the =~ decay and finally, a2 + 8% 4+ v2 = 1 can be applied
to extract all unknowns from Eq. 3.

Polarisation parameters for spin % hyperons
For spin % hyperons, the spin structure is more complicated. The L number in Eq. 1 can be 3, 2
or 1. This gives three Q},, five @3, and seven @3, matrices, all in all fifteen Qﬁ matrices with
fifteen corresponding 7“]%4 parameters. The spin density matrix was derived in Ref. [9]. Using
symmetries imposed by strong interaction, eight polarisation parameters were found to be zero.
In the weak decay of a spin % baryon into a spin % baryon and a pseudoscalar, e.g. Q — AK—,
the final state can have angular momentum L = 1, giving the parity conserving part of the decay
matrix, or angular momentum L = 2, giving the parity violating part. It has been found that
the asymmetry parameter agq is consistent with zero [10] and in the following, it is set to exactly
zlero to simplify the calculations. Defining the reference system in the same way as in the spin

5 case (see left panel of Fig. 1 but replace A with Q and p with A) the angular distribution of

the A from the €2 decay is given by

1 3 3 3
4—(1 + £(1 —3cos? Op)rg — 3 sin? 05 cos 20573 + 3 sin 20, cos pari)  (4)
T

I(On,¢n) = 5

Using the method of moments [8], the three polarisation parameters appearing in Eq. 4 can
be obtained in terms of the moments of the sine and cosine functions, denoted within ():

7"(3 = ﬁ(%—(c;s?«%)) L .
ry = 35(1—(cos*0p) — 2(sin” O sin” @p)) ®)
rf = 5{cosf sinfy cos pp)

For details, see Ref. [9]. More information about the remaining four non-zero polarisation
parameters can be obtained by studying the combined angular distribution of the A hyperons
from the 2 decay and the protons from the subsequent A decay, I(0x, ¢a, 0p, ¢p). The expression
is lengthy for these proceedings but can be multiplied with certain trigonometric functions and
integrated over the angles to extract the polarisation parameters [11]:

1 N 20v/10((3 cos O —1) sin ¢p,)
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i, = _57\1/6(”31129 (sin ga cos g sin ¢p) + 4v/15r3 | + 3v/10rL )

Spin observables for % hyperons in the pp — Y'Y reaction
In the pp — Y'Y reaction, not only the polarisation of individual hyperons are of interest, but
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also their correlations. In Ref. [12], the derivation of the spin observables for the spin % case is
performed in detail. Here we only summarise the results. The spin observables of the pp — Y'Y
reaction can be written in terms of the momentum vectors of the final state antibaryon B and
baryon B from the Yand Y decays:

BB 10? Vg - 7 A
77 = > Y @aPPPxijuwkuky (7)
w,v=01,7=0

where 107 Y is the unpolarised angular distribution, o (@) denotes the asymmetry parameter of the
Y (Y), P]p (PP) the polarisation of the initial state proton (antiproton), k,, (k) the momentum
vector of the final state decay baryon (antibaryon) and yx;;.. the 256 spin observables. For the
case of an unpolarised beam and an unpolarised target, i = j = 0, giving sixteen accessible
variables. Due to symmetries, only six of these are non-zero: the polarisations P? 4 = X00u0 and

Py, = Xxooor and the spin correlations between the Y and the Y, Cuv = Xoouw-

3. Prospects for PANDA

The foreseen PANDA experiment at FAIR opens up new possibilies in hyperon physics. The
antiproton beam from the HESR storage ring, operating in an energy range between 1.5 GeV
and 15 GeV, will interact with an internal hydrogen target. The PANDA experiment will
have high luminosity and provide a near 47w acceptance featuring precise tracking and vertex
reconstruction, sophisticated particle identification and calorimetry. For further details, see
Ref. [13] and references therein. Simulation studies, described in Refs. [9, 16] show excellent
prospects: high signal rate, low background rate and good detection efficiency over the full phase
space for all single- and multi-strange and single-charmed hyperons. The estimated signal rates
are given in Table 1. They are calculated assuming the high luminosity operating mode of the
HESR that corresponds to 2-103?cm™2s™!, as expected in the final version of FAIR. The only
cross section that is well known here is the one for pp — AA at 1.64 GeV. In the remaining
strangeness channels the quoted cross sections are extrapolations from data collected at other
energies. For the 2 and A, channels, no data exist. The quoted values of o(pp — §+Q) and
o(pp — AcA.) are obtained from model calculations in Ref. [14] and [14, 15], respectively,
and may be up to an order of magnitude different in reality. For the A and = channels, the
large foreseen statistics enables precision CP violation studies. If the cross section estimate for
p — EtE-is correct, the large = data samples from HyperCP [17] can be exceeded in ~80 days
of data taking at 4 GeV. PANDA has the advantage that the pp in the initial state produces the
same amount of hyperons and antihyperons. The simulation studies in Refs. [9, 16], show that
spin observables of all hyperon channels can be well reconstructed in PANDA. Some examples
are shown in Fig. 2.

4. Summary

The future PANDA experiment at FAIR has a unique opportunity to give new insights into
the strong interaction in the confinement domain. Spin observables in antihyperon-hyperon
production provide a powerful tool for this purpose. It will be possible to study the pp — 00
reaction for the first time and seven non-zero polarisation parameters have recently been derived
by the Uppsala group. Furthermore, high precision tests of CP violation in hyperon decay can
be performed with the foreseen hyperon data samples from PANDA.
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Table 1. Approximate foreseen production rates of various hyperon channels [9, 16]. The cross
sections marked with a * have a very large uncertainty. Details are given in the text.
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Figure 2. Left: The polarisation of the =~ as a function of the =~ scattering angle cosf=.

Middle: The spin correlation in the x direction (m in Fig. 1) of the =" and the =~ Right: The
polarisation parameter 7"(2) of the 2 as a function of cosfg. The points represent reconstructed
values and the lines the input trigonometric functions.
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