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The physics program of the future PANDA experiment incluttes investigation of the non-
perturbative region of the QCD by means of antiproton beaventually polarised, with a beam
momentum up to 15 GeV/c. Part of the PANDA spectrometer ithelto the muon identifica-
tion, that allows to access many among those processescegmbe the nucleonic structure.
The high foreseen luminosity should allow to investigateiirell-Yan (DY) production of muon
pairs. This reaction is a unique tool to access the spin aépgmproperties of the nucleon, and
in particular its transverse degrees of freedom, by mearxpérimental asymmetries leading
to the Transverse Momentum Dependent Parton Distributiomcfons (TMD PDF’s). More-
over, a scan across the J/psi mass region should allow a nreeasnt of the phase between the
strong and the electromagnetic amplitudes of the J/psiydétee investigations on the azimuthal
asymmetries and on the J/psi scan expected in the PANDA soewi#l be discussed in details.
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1. Experimental Scenario

The future FAIR facility, which will be built at Darmstadt, ggmany, will provide different
nuclear beams. It will also be equipped with different sgeraings. In one of them, the High
Energy Storage Ring (HESR), antiprotons will be stored. PA&IDA Collaboration [1, 2] is
planning to take advantage of the physics potential whidhbsiavailable utilizing high intensity,
phase space cooled antiproton beams. The Collaboratidanisipg to exploit those beams, which
will be provided by the new FAIR facility in @ momentum rangelds - 15 GeV/c, in order to
address fundamental questions on QCD as well as on ele@re@tia processes.

The PANDA detector can be divided into two spectrometersTdrget Spectrometer (TS) and
the Forward Spectrometer (FS). The TS surrounds the itit@naegion. It is designed to cover
the angles betweer® §10°) in the vertical (horizontal) plane and 14h the laboratory frame
and its detectors are mostly contained inside the supeuctind solenoid. The muon counters
(MUOQ) is placed in between the magnet return joke. The FSrsotree most forward region in
order to detect those particles emitted at small laborasoigles. Both TS and FS are provided
with specific detectors for tracking the particles trajeet® detect their energy loss, and perform
the particle identification.

In the design of the spectrometer, the PANDA Collaboratienotied a particular attention to
the muon detection. In fact, several planes of MUO are platbdth the spectrometer regions. The
muon counters are composed of Mini Drift Tubes (MDT) and oéfiidass strip boards (STRIP)
[3]. The MDT are an evolution of the larocci tubes [1, 4] in wiithe proportional operation mode
is preferred to the streamer one, and they are provided wittetallic cathode, to avoid aging
effects. The MDT volumes are filled with a Ar+G@nixture. The STRIP is composed of double-
sided copper laminated fiberglass, so to allow the read otlteofecond coordinate by collecting
the induced charge. In order to install the strip boardsMBa metallic cathode is removed. The
layout of a MDT module is shown in Fig. 1. A full scale protogy(8912x 2116 x 32 mn?) of
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Figure1: MDT cross section (left) and MDT module layout (right).

the muon counters has already been constructed and thepdréed to CERN for test purposes.
To clearly understand the PANDA layout, a “Range Systemtqgiype (RS) has been prepared as
well. The RS, as shown in Fig. 2, is a segmented iron block wighdimensions 153& 1060
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Figure 2: Range system prototype used to study the MUO setup of the PANDA Spectrometer.

x 1000 mn? which reproduces the exact PANDA layout with the MUO planedétween the
segmented iron volumes.

The fact that the PANDA detector is equipped with a muon detecsystem gives us the
possibility to investigate QCD and electromagnetic preess Two studies which will be performed
with the help of muons will be here presented: the Drell-Yad the measurement of the phase
between the strong and the electromagnétiy decay amplitudes.

2. Drell-Yan Processes

The Parton Distribution Functions (PDF) and the FragmantaEunctions (FF) are used to
obtain a complete description of the nucleonic structuretha leading twist, the quark structure
of hadrons is described by three PDF’s: the unpolarizedtiomd(x), the helicity g;(x), and
the transverse polarizatidn (x). f1(x) is the probability of finding a quark with a fractiorof the
longitudinal momentum of the parent hadrga(x) describes the longitudinal polarization distribu-
tion; the Transversity (x) describes the quarks’ transverse spin distribution ingitt@nsversely
polarized hadron.

The hadron structure interpretation becomes more diffishién the experimental polarized
cross sections [5] is investigated. Other factors, likeithgnsic transverse momentum of the
partons k1), have to be taken into account. In a leading twist Trangvétementum Depen-
dence (TMD) approach, eight independent PDF’s are defindanation ofx andkr. The TMD
PDF’s can be investigated in different experimental sdesaand with different beam-target con-
figurations. In Semi-Inclusive Deep Inelastic ScatteriBgXS) experiments, the TMD PDF’s are
convoluted with the FF, and that leads to experimental a@or#iical challenges to their extraction.
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On the other hand, in the Drell-Yan (DY) production of leptmairs one can define experimental
asymmetries depending on the TMP PDF's only, in order taaextheir distributions.

DY is an electromagnetic process in which a quark and an wantigannihilate through a
virtual photon to a lepton pair final state;h, — 171~ X. In order to have a better identification
of the DY signals, the.* 1~ X channels are preferred. The DY is usually studied in thefraste
of the virtual photon, the so called Collins-Soper frame [6he can, then, define a hadron and
a lepton plane, the initial and the final state planes re@det Taking into account the angles
between those two planes, and between the lepton plane @anddteon sping, »), one can define
the anglesp and¢s, ,, respectively.

In the completely unpolarized DY events, the differentiadss section can be expressed as

[2]:

da? a2 T f
Odadda _12Q22e%{(1+005219)F [fl fl] + -
2.1
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+ fsi? 9 cosHF {(Zh-phh-p2T —p1, -pZT) YIS ] },

wherea is the fine structure constard; is the charge of a parton with flavodr andgy is the
transverse momentum of the lepton pair. The Boer-Muldehd)(Binction h{- describes the dis-
tribution of transversely polarized quarks inside an uappéd hadron, and it can be connected to
the orbital motion of the parton inside the hadron. This tehrows a cos@ azimuthal dependence
which contributes to the leading twist description of thessr section.

If one of the annihilating hadrons is transversely polatjzthe single-polarized DY cross
section can be defined as:
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With respect to the unpolarised cross section, we have atiadd term which depends explicitly
on the Sivers functiorflle, on the Transversityl{T, and on the Boer-Mulders functidnfo. The
Sivers functionfllTf describes the distribution of unpolarised parton insideiasiversely polarised
hadron, and it can be accessed through ist convolution \withunpolarised functiorflf. The
Transversity describes the density of transversely madruarks inside a transversely polarised
hadron, and it is convoluted with the BM function. Those teshow a si(¢ — ¢s,) and sir{¢ +
¢s,) azimuthal dependences to the leading twist descriptiohettoss section.
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DY processes are investigated in the so called “safe regioa'dilepton mass range between
4 and 9 GeV/¢, free of resonance contributions. A second region can baetéfn the range 1.5
<My <25 GeV/é&, which is free of resonance contributions. It has an highesscsection, and
allows investigations on a larger kinematic region. Fromdhmulations, an accumulation of DY
events was observed at lowerMalues. At the maximum beam energy availalsle: G0 Ge\?)
the expected cross section is in the order of the nb [2]. Thia imeckground source consists of
events of the typgp — n(rr" ) X, wheren indicates the number of thetm pairs, and its
cross section is estimated to be in the order of 2Q:B(J2]. This leads to the required background
rejection factor~ 10’.

In order to study the DY pair production in the PANDA energgge, the Drell-Yan AB event
generator [7] was used. In agreement with the cross sedstnibdtions in the literature, the code
generates DY muon pairs mand 7 interactions with unpolarised or polarised nuclear target
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Figure 3: Smulated experimental asymmetry related to the cos 2p term, plotted as a function of xp, longi-
tudinal momentum fraction of the hadronic probe, for different gy ranges: 1 < gr < 2 GeV/c (red square
dots), and 2 < gr < 3 GeV/c (bluetriangular dots).

In order to understand the feasibility of this measurem&®d000 events were simulated. In
Fig. 3, 4, and 5 the azimuthal asymmetries are plotted agiumof the longitudinal momentum
of the hadronic probexp), for the unpolarized and the single-polarized case reispdg the x
dependence of the asymmetries included in these simusaisamot relevant, and it has been intro-
duced only in order to probe the accessible kinematic reghselection on the different transverse
momenta of the muon paigf) was operated: ¥ gr < 2 GeV/c (square dots), and gqr <3
GeV/c (triangular dots). Acceptance and efficiency coioest which are crucial for such kind of
measurement, are still under investigation. In the ungsdrcase, the error bars are so good that
a complete scan on the full transverse momenta range sheydddsible. Such studies should also
lead to probe the balance between soft and hard procesdg O production by investigating a
possible inversion of the lepton pair transverse momentepeddency of the azimuthal asymme-
tries. In the single-polarised case, the scenario is maretax: the obtained distributions indicate
that a transverse momentum scan could be difficult or evemssiple. At the highest foreseen
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Figure 4: Smulated experimental asymmetry Figure 5. Smulated experimental asymmetry
related to the sin(¢ + ¢s,) term, plotted as a related to the sin(¢ — ¢s,) term, plotted as a
function of xp, longitudinal momentum fraction function of xp, longitudinal momentum fraction
of the hadronic probe, for different gr ranges:. of the hadronic probe, for different gr ranges:
1< gr < 2 GeVic (red square dots), and 1< gr < 2 GeVic (red square dots), and
2< gr < 3GeVic(bluetriangular dots). 2 < gr < 3GeVic (bluetriangular dots).

luminosity (210°2 cm~2s™1), taking into account the geometrical acceptance, themahbeidget,
and the reconstruction efficiencyg € 0.33), one year of data taking should be enough to obtain
error bars similar to the simulated ones. Studies on badkgroejection are still going on [8].

3. Phase between the strong and the electromagnetic J/ decay amplitudes

An energy scan below th&/¢ peak could probe the existence of an interference between
the resonane*e~ — J/ — hadrons and non-resonarg" e~ — hadrons amplitudes. In a model
independent way, the relative phase between the stroncharel@ctromagnetic amplitudes could
be investigated by searching for interference in tifeb®havior. In the perturbative regime, of
which the relatively small /¢ decay width ¢ 93 KeV) could be interpreted as a proof, thay
resonant amplitudes, the strodgy (Fig. 6a) and the electromagnetfs, (Fig. 6b) ones, are
expected to be almost real [9]. The non resonant electroetiegamplitudeAgy (Fig. 6c¢) is
expected to be real as well. If those amplitudes are all teal; are expected to interfere, with a
relative phase- 0°. On the contrary, the experimental data [9, 10] indicate maxpected phase
difference of~ 90° in the J/y decays intd\lﬁ, VP, PP, andVV (where N, V and P stand for
nucleon, vector and pseudoscalar meson respectivelyghwbirespond to no interference pattern.
Such an experimental scenario points hence toward relewaginary amplitudes. At the moment,
QCD does not provide an explanation of such phase differesrcgo large imaginary amplitudes
[11].

In the inclusiveJ/y decay, the interference term should vanish, since one isnsugnup
on all the decay channels, as observed experimentally. twie should be possible to observe
this interference term in all the exclusive channels. Th&IBA experiment will have the unique
possibility to investigate reactions likep — J/@ — u*™u~. With respect to the existingte™
collider experiment as BESIII, which will measure the phas¢he exclusive channels'e™ —
J/Y— NN,VP,PP,VV in the next future, the radiative corrections in the inigitdte are not needed
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Figure 6: Diagram for the process e"e~ — hadrons: (a) strong Agg, (b) electromagnetic A, and (c) non
resonant Agym contributions.

when consideringpp interactions. In Fig. 7, the simulated cross sections sy for a O
(black), 90 (red), and 180 (blue) phase for the processe™ — pp are shown. The effect of
the radiative corrections reflects in a huge spreading ofifep at © phase. On the contrary, the
simulated yelds fopp — u*u~, shown in Fig. 8, indicate a narrow deep in corrispondence of
the O phase cross section. With the PANDA spectrometer it coulddssible to observe largely
different cross sections, by almost 4 order of magnitudtheatnaximum interference {@hase).
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Figure 7: Expected interference pattern for the Figure 8: Expected interference pattern for the
processete — pp, for different phases between process pp — utu—, for different phases be-
the J/¢ decay amplitudes: 0° (black line), 90° tween the J/ decay amplitudes: 0° (blackline),
(red line), and 180° (blueline). 90° (red line), and 180° (blueline).

The choice of the energy points is crucial for this measuregmén the case of maximum
interference, a reasonable choice would be to take at lepsints. The first 2 points should be
far from the deep position, in order to fix the continuum vdlie cross section value far from the
J/y resonance) and the cross section slope. Other 2 points betidken around the deep position,
and the last one at the beginning of thap Breit-Wigner. The experimental data available in the
literature point toward a 90phase. In this scenario, one could investigate the gradighe cross
section in order to define the mass region where the semgilsilhigher. Keeping apart the first
two points, it was observed that the deep corresponds rptglthe maximum gradient region.

Inverstigations on the phase precision are ongoing. Opdticn of the phase reconstruction
and of the full procedure is now in progress.
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