PROCEEDINGS

OF SCIENCE

Spin Physics @ FAIR

Marco Destefanis*'
Universita degli Studi di Torino, Italy, and INFN
E-mail: dest ef an@o. i nfn. i t|

Our knowledge on the nucleonic structure is still uncongléttransverse momentum dependent
description of the nucleon structure is a crucial milestofgeveral forthcoming studies in a wide
range of experimental scenarios. The physics program ofutiuee FAIR facility includes the
investigation of the nucleon structure by mean of antiprdieams, eventually polarised, with a
beam momentum up to 15 GeV/c, in kinematic regions whereugzative QCD could not yet
completely hold. The Drell-Yan production of lepton painsantiproton-proton scattering is a
unige tool to access the spin depending properties of thieomcand in particular its transverse
degrees of freedom, by mean of experimental asymmetrigbnigdo Transverse Momentum
Dependent (TMD) Parton Distribution Functions (PDF’s) e Bpin physics program that could be
accomplished at FAIR, and in particular by mean of the PANPAcirometer, will be discussed
in details.
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1. Motivation

The complete description of the nucleonic structure requires both the ghstabution func-
tions (PDF) and the fragmentation functions (FF). At the leading twist thid¥é'sPare needed
to describe the quark structure of a hadron: the unpolarized funétio, the longitudinal po-
larization distributiong; (x), and the transverse polarizatibi(x). The f1(X) function describes
the probability of finding a quark with a fractionof the longitudinal momentum of the parent
hadron regardless on the quark’s spin orientationgtfi) function is the helicity distribution of
the quarks; théa; (x) function, a.k.a. Transversity, describes the quarks’ transverseligitbu-
tion inside a transversely polarized hadron. Transversity has nolglishia interpretation in the
helicity basis; moreover it is chirally odd and hence it could not be extrdobea the historical
deep inelastic scattering (DIS) dafh [1].

The difficult interpretation of the experimental polarized cross sectiongmdnergy hadron-
hadron scattering suggests that other factors have to be taken intoaf@loun the last decade
many efforts were devoted to understand the role of the intrinsic tramsmrementum of the par-
tons k7). A full set of Transverse Momentum Dependent (TMD) PDF and F& wioduced. In
order to obtain a complete description of the nucleonic structure in a leadingniwi3 approach,
the three PDF's above described are no more enough, and eightimidep&DF's, functions of
andkr, are needed. Fid] 1 shows such eight TMD PDFis:gay, flLT, andgir are chirally even

functions, whileh{, hj; , hyt, andhy; are chirally odd.
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Figure 1. TMD PDF's distributions. The arrows indicate the polarizats of the quark and of the parent
hadron.

The TMD PDF’s can be investigated in different experimental scena@i@si-Inclusive Deep
Inelastic Scattering (SIDIS) experiments are currently allowing to probdddeon structure at
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different energies, and with different beam-target configurationst B such cases, the TMD
PDF's can be extracted only from their convolution with other FF, posimgéexperimental and
theoretical challenges to their extraction. On the contrary the Drell-Yar) fedduction of lepton
pairs allows to directly access TMD PDF’s, since in such scenarios andafane experimental
asymmetries depending on the TMD PDF’s only. In the considered DY gsa@guark-antiquark
annihilation proceeds through a virtual photon into a final state containingt@nigpair: hih, —
I*1~X. The usually adopted Collins-Soper franpg [3] (shown in Hib. 2) is defewsidering
the lepton’s production plane. Another relevant plane is that containingrihiilating quark-

/ lepton plane l
74

Figure 2: Virtual photon rest frame, so called Collins-Soper frame.

antiquark momentap is than the angle defined by the two planes, égd the angle of the nucleon
spin (Sr,2) with respect to the lepton plane.

DY processes allow as well for an effective test of QCD Universalite T function (a.k.a.
Sivers function) deduced from the SIDIS data is expected to be oppuatiteespect to that ex-
tracted from DY data:

fir|sibis= — fit|ov. (1.1)

The asymmetry corresponding fg: [A] could be observed convoluted with another time-reversal
odd function. Considering a deep inelastic processes and applyingctbeifation theorem, the
parton density can be defined as the elementary fields multiplied by the Wilsoif]nes

dy d?
Plckr,sr.0) = [ ST e ™ < g0y yrw L VepOlp>,  (12)

wherex andkr indicate the fraction of the longitudinal and transverse momentum, resggctive
carried by the quark; the transverse part of the hadron spin vecter iis light-front coordinates
yH = (yt,y,y7) = (Y0 +¥?)/V/2,y7). The variable is associated to the direction of the Wilson-
line operator\(V). The Wilson-line ensure the colour gauge invariance Vpdindicates a Wilson-
line operator which goes from the pointo future infinity, which means that those lines are going
in the light-like direction. When applying space- and time-reversal to thempdeasity operator
of eq. one has to take into account also the Wilson-lines, so the futiméAg direction is
replaced by the past-pointing direction:

P(x,kT,8r,{)|futurepointingw = —P(X,KT, —=Sr, {) | past- pointing W- (1.3)

The DY process can be factorized by the past-pointing Wilson-lines, s&ittees asymmetry,
which depends or, kt, and{, has opposite sign for SIDIS and DY, leading to pq] 1.1.
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The differential cross section of the completely unpolarised DY procsbe expressed as:

da?

- a? o1 o f
dedeXquT _12Q2 Ze%{(l‘i‘cog‘S)F |:f1 f1:| +

o e
+fsin219c052pF[(2h'p1Th'p2T Par - p2T> MM, ]}

(1.4)

wherea is the fine structure constarg; is the charge of a parton with flavodiy andqr is the
transverse momentum of the lepton pdit. is the so called Boer-Mulders (BM) function, which
describes the distribution of the transversely polarised quarks in arawigeal hadron. In a TMD
approach, a c@2¢ ) azimuthal dependence contributes hence to the leading twist descriptian of th
cross section; the corresponding TM is a function that can be connected to the orbital motion
of the parton inside the hadron.

In the single-polarised case, in which one of the annihilating hadrons s/gesely polarised,
a further term contributes at leading twist to the differential cross section:

do _ do® N dao'! 15)
dQdxdxdagr  dQdxdxdgr  dQdxdxdar’ '
where
dAg! £ ffo
d0dxdrodar 1szZZez|S2 { (L+cos'9)sin(¢ — 9s,)F [h P2r "M, - %
hih!
—sir? 9 sin(¢ + ¢s,)F [h Py, — 1T]+
l
R " R " hlthf
—sirf 9 sin(3¢ — ¢s,)F [(4h-p1T(h~p2T)2—2h-pZTplT “Por — h'plTp%T) oM I\;Tz} }
(1.6)

Such a term depends explicitly on the Sivers functfgfﬁ, on the Transversitjn{T, and on the
Boer-Mulders functioﬂnfo, wheref is the parton flavour. These functions are weighted bfgsin
¢s,) and sir{¢ + ¢s,), and selecting the proper angular dependence by mean of the com@spo
experimental asymmetry, both the Boer-Mulders, the Sivers, and thevewsity functions can be
accessed.

The Sivers functiorffTf describes how the distribution of unpolarised quarks depends on the
transverse polarisation of the parent hadron, and as such it contmimaations on the orbital mo-
tion of hidden confined partons and on their spatial distribufipn [6]. Thistiun can be accessed
through its convolution with the unpolarised functiblﬁ

The Transversity functiortn{T describes the density of transversely polarised quarks into a
transversely polarised hadron. The Transversity can be acceseadhhits convolution with the
Boer-Mulders function. In a single experimental scenario it is hencsilplesto access the BM
function in the unpolarised case, and then use it to extract the Traitgwerthe single-spin case.
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If both the beam and the target could be polarised, the differential seasi®n, after integrat-
ing upondgr, becomes|]7]:

do'! a?
dedeX2 - 12Q2

(1+C0§’9)Ze%f_lf(xl)flf(Xz)—l-Sinzﬁ coszp‘7()(12’)(2)

1.7)
+|sT1|rst|sin28cos<2¢—¢sl—¢s2>Ze%ﬁiﬂxl)hiﬁxaﬂmz> :

where thd]{T function can be directly accessed.
Three experimental asymmetries can thus be defined:

e AS%S? for the unpolarised case;
o ASNG—9s,) andASN(#+9s) for the single polarised case;
o ACOS20-9s,-95,) for the double polarised case.

The unpolarised asymmetry can be obtained considering for>galoim events showing positive
(U) and negatived) values of cos@, the resulting asymmetry beimf°s% = (U —D)/(U +D).
The single- and double-spin asymmetries can be obtained in similar ways.

To perform a proper experimental investigation of such asymmetries dhe afost relevant
issues is the correct choice of the center of mass energy. In fact,|&t &t¢rgies (p-p scattering
at/s~ 200 GeV) one can access TMD’s mostly related to the sea quarks, leating to small
expectations for the above described asymmetries. In the FAIR experlrseatario, that will
be set at Darmstadt, Germany, such an investigation could be perforraddveér energy range
and making use of antiproton beams: the valence quark’s TMD’s coulcehem accessed. Two
experiments have been proposed in such a scenario: the PANDA expeffihevill access the
energy region up te~ 30 Ge\?, and the PAX experiment up &~ 200 GeV [f]. The key issue
is making use of antiproton beams: each valence quark can thus contrikthueel¥ diagram. The
PANDA experiment will investigate the unpolarised and, possibly, the singlerised cases. The
PAX Collaboration is planning to study the single-polarised and, if antiprotalidze significantly
polarised, the double-polarised scenarios.

2. PANDA Experimental Setup

The PANDA Collaboration[j1[]§, 10] proposed to build a state-of-thexaistersal detector for
strong interaction studies hosted at the High-Energy Storage Ring (HE$#) foreseen interna-
tional FAIR facility in Darmstadt. The detector is designed to take advantaties @xtraordinary
physics potential which will be available utilizing high intensity, phase spaotedaantiproton
beams.

The collaboration is planning to exploit the antiproton beams provided by th&AR facil-
ity in a momentum range of 1.5 15 GeV/c in order to address fundamental questions on QCD.
The physics program is intensively described in this volume by Tobias @tuks. The PANDA
spectrometer allows for the study of electromagnetic processes as welforéseen luminosity
(up to 210°2 cm~2s 1) will give access to processes like the Drell-Yan production of muon pairs
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The detector consists of two spectrometers. A target spectrometer ({T&)rsds the interac-
tion region, and a forward spectrometer with a second magnet providetaaroverage for the
most forward angles. The basic concept of the target spectrometehéldile arrangement of
various detector systems surrounding the interaction point inside the fialthaje solenoid. The
forward spectrometer covers the gap of detector acceptance in tharéoregion. The spectrome-
ter apparatus is shown in Fig. 3.

Micro Vertex Detector GEM Detectors

Central Tracker STT Detectors

Shashlyk Calorimeter

\ Targetsystem Muon Range System

Solenoid

Barrel TOF

TOF Wall

Muon Detection

EM Calorimeter

Figure 3: Setup of the PANDA detector (3D view).

The target spectrometer (TS) is an azimuthally symmetric system of detectotly ows
tained inside the superconducting solenoid, including the muon counter®)}NMilbetween the
magnet return yoke, and the forward end cap which may be situated histliitbe magnet. This
sector of PANDA spectrometer detects all those particles emitted at labosaiglgs greater than
5° and 10, in vertical and horizontal planes respectively, and lower thari.1M0 particle detec-
tion is foreseen in the very backward region of 3-28C°. A silicon micro-vertex detector (MVD)
surrounds the interaction volume. For a second tracking detector, twasgie currently under
investigation: or 12 straw tubes trackers (STT) double layers, or a tinjegtian chamber (TPC).
Particle identification is performed by the detection of the internally reflectestedkov light
(DIRC) by mean of two detectors: one along the barrel (DIRC) and otteciendcap region (for-
ward DIRC). The forward region is covered by three sets of gas electwultiplier (GEM). The
inner detectors are surrounded by an electromagnetic calorimeter (EIM@3-of-flight (TOF)
counters provide the identification of the particles with momenta lower then 5 GeRdc the
more forward directed particles the tracking is provided by MVD and GEW$e muon coun-
ters (MUO), located within the segmented iron, are composed of laroces t(rhini drift tubes
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or MDT) in which the stainless steel cover is replaced by fiberglass stepdbqSTRIP), which,
collecting the induced charge, allow for the read out of the second icaded The MUO system
will be optimized for the DY events reconstruction.

The current design of the forward spectrometer (FS) includes a 1 ndigaje and tracking
with straw tube trackers (STT). Photons are detected by a shashlykatipenteter consisting
of lead-scintillators sandwiches (EMC). The particle identification is praliole ring-imaging
Cherenkov (RICH) and time-of-flight counters (TOF). The other radsitand charged particles
showing momenta close to the beam momentum are detected in the muon count&p (MU

3. Drél-Yan Eventsin PANDA

The Drell-Yan processes that will be considered in the PANDA experiarerieactions of the
type pp — |1~ X, electromagnetic processes in which a quark from the proton and anauktiqu
from the antiproton are annihilating into a virtual photg)( The virtual photon decays then into
a lepton-antilepton paie™ —e~ or u™ — u~. The number o&" — e~ pair per event is supposed to
be quite high, due not only to particle decays but also to the secondargatiters which can occur
inside the spectrometer. In order to have a better identification of the Dnelevants, the decay
channelu™ — u~ is preferred. In this scenario, at the maximum provided center of masgyeise
=30 Ge\A) the expected cross section is of the ordegof 1 nb.

The most relevant foreseen background consists of events of thppypen(rt* m) X, where
n indicates the number of the*r~ pairs. Primary pions can generate fake signal in the muon
detector. Moreover, since muons and pions have an almost similar masseiofgaion decays
into muons inside our magnetic field, the tilt angle between the decay pion anddhgity muon
momenta can be lower thafi,2hus preventing to disentangle the two particles. The cross section
in the PANDA energy range for such processes is estimated to be of theadia ~ 20-30ub. A
background rejection factor of the order of’ 18 hence required.

Normally a Drell-Yan process is investigated in the so called “safe regioedilepton mass
range just above the/peak and showing no contribution from resonances. In fact in the reso
nances region, this process should be disadvantaged, and shoelld loaver cross section. Pre-
vious experiments of proton-antiproton annihilation and di-lepton produa®B&866 at Fermilab
[LT] or NA51 at CERN [[1R], have shown as the “safe region” is cbmsed by a dilepton mass
ranging from 4 to 9 GeVk Unfortunately this region is characterised by an extremely low cross
section. An alternate region characterised by a dilepton mass rangind féoim 2.5 GeV/€ can
be considered as a “safe region”, since free from resonancesciinasregion the cross section is
expected to be larger, and probing such a dilepton mass region as wel &lamvestigate larger
kinematic region. The phase space plot in Hily. 4 reports the scatter plat tdrtgitudinal mo-
mentum fractionsxy, x) of the two partons taking part in the annihilation. We can also define
the variablete = x; — X2 andt = X3 - X2; the dashed diagonal lines and the dashed hyperbolae in
the plot correspond to constaxit and T values, respectively. For dilepton masses between 4 and
9 GeV/@ we can access only the small area above the upper hyperbolae line. Gmthary to
consider the dilepton mass region £52.5 GeV/@ gives access to the kinematic region limited
by the double hyperbolae lines, straight and dashed, in the middle of thim pat region 0.05 <
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Figure 4: Phase space plot for the Drell-Yan process with respeci 10 the longitudinal momentum frac-
tions of the parton, taking part to the annihilation in the DY process. Hyperletefine the kinematic
regions accessible at a given center of mass range.

T < 0.2. This area corresponds also to the region of interest for PAX, limitddrthe two tiny
hyperbolae lines. Simulations show as events accumulate at fovedues.

The Drell-Yan AB (DY_AB4) [13] event generator, developed for B&&NDA collaboration
by Prof. A. Bianconi, Universita degli Studi di Brescia, Italy, is speailly intended for Drell-
Yan (DY) studies, since it generates DY muon pairpiandrr interactions with unpolarized and
polarized nuclear targets. The Drell-Yan production cross section ia fat experimental data
[[4,[@%]. The events are sorted by a flat distribution of the variaklez,, Pr, 9, ¢ and ¢s and
then accepted or rejected according to a cross section defined as:

do

K
dadxdrda — 5 S*uxe) S(Pr)-A9.4.4s). 3.1)

wherex; andx, are the projections of the quark momenturg) (pf the beam and of the target
respectively on the momentum of the parent hadre; (Br is the transverse momentum of one
hadron with respect to the other in the hadron center of mass frame (irifigehe phase space
distribution [16]); 3, ¢ and ¢s are the angular variables defined in the Collins-Soper frame (the
virtual photon rest frame) shown in Fii. 8is the center of mass squared eneyjs the Collins-
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Soper frame angular asymmetry of the form 1+....., where the correction$ e Wwithin 10%
[L3).

The generator adopted for these simulations is an evolution of the one plestddg A. Bian-
coni, in which the Sivers and the Collins effects are also taken into accAumtl description of
the generator can be found in[14] {5] 17]. The code provides astsutpeu™ andu~ energy,
and theta and phi variables.

This is the very same generator used by the COMPAS]S [18] Collaboratioertorm the
feasability studies for their futura~ — N measurements.

Two million events were simulated. Of the generated events, 14.28% fall withigildgpgon
invariant mass region ranging from 1.5 to 2.5 Gé\(ig® ~ 0.8 nb), while only 35 events showed
a dilepton mass in the 4 9 GeV/& range 6° ~ 0.4 pb).

4. Simulation Properties

The PandaRoot software framewo[k]|[19] is now the official framevedtke PANDA Collab-
oration. Itis based on ROOT and Virtual Monte-Carlo. Due to its complexily,its earlier stage,
it is constantly developed and hence often modified. A stable version bfssiftware framework
was needed, in order to check the different effects of the setups arbHsibilities we are in-
vestigating. Moreover, we wanted to perform a deep investigation of thetddeant4 simulation
software without including effects arising from other routines, as the &ittlonte-Carlo ones.

We hence decided to freeze the official PANDA software release, adéwvelop our own
simulation software. The simulation framework used to perform our studiesSSNMuon In-
dependent Simulation Software). It is a pure Geant4 simulation softwarthamEhckage ROOT
was used for the storage and the plots preparation only. We included imthiat®ed geometry
only the target spectrometer (TS). The design of the implemented magnesmonds to the one
provided in the november 2007 release of the official PANDA softwaré far the magnetic field
we implemented the design provided by the Genova group (ltaly). Layensioh detectors were
placed every 2 cm of iron in the yoke of the solenoidal magnet, and thasékevolumes were
filled with a mixture of Ar+CGQ.

The events for the foreseen background processes were gehbyathe PYTHIA 8 [2D]
software, completely written in C++ language. As already explained i Jptive 8nain background
is expected to arise from processepas— n(rmr" ) X. The background was classified into two
main sets: primary and secondary. The primary background includesrgrpitns, created at
the interaction point, and the secondary muons, coming from the decay rfithary pions. The
secondary background consists of secondary pions and segandans, from the decay of the
secondary pions.

5. Analysisand Results

Our simulations showed as the Drell-Yan events are boosted to the fornglesa Most of
the signal consists of two muons which should cross the endcap of theh€®ohtributions from
the forward spectrometer region are hence expected not to be negligisi®all contribution to
the signal from muon pairs in which one muon is crossing the barrel sideedf$hand the other
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one the endcap of the TS has been observed as well. For a better égplanthe obtained results
refer to [211].

An important effort was devoted to identify the cuts needed for the backgr rejection,
and their effects on both the signal and the background. Table 1 rebergfects of the different
investigated cuts on the signal, and on the primary (Prim) and the secoSda)yb@ackground. The

Iron Hit ar

Signal Linear | 30% | 65%

Prim Linear | 10° 104
Sec | Negligible | 10* | > 5.10°

Table 1: Cuts and rejection on signal and primary and secondary lbackg.

iron planes (Iron) between two muon detector layers do not provide byshlges the requested
rejection factor of~ 107; a kinematic selection of the events’ sample is hence needed. For this
reason, we have to introduce some kinematic cuts into our sample. First, tiielatanmuon
tracks should give a signal at least in one of the first two muon detecterslg¥it), in order
to exclude those muons produced inside the iron yoke. Even if such &jeata~ 30% of the
signal, it also selects muon pairs with enough energy to pass through albtiesmf the muon
detector without being stopped in between. A further kinematic cut is peefion the tranverse
momentum of the muon paigf). With these cuts, it is possible to reconstruet35% of the
signal, yet achieving for the secondary background a rejection fiatger than 5L0°. For a more
precise estimation of the secondary background rejection new simulatibese whe number of
the generated background events should be at least 2 orders of rdadarger, are needed. On the
other hand, the rejection of the primary background is still insufficient; deslad rejection value
could be probably reached performing a kinematically constrained refietewith the candidate
muon tracks. With the combined request for all the candidate tracks to Atedrm the target
region, a proper primary background reduction is foresggn [21].

The simulated Drell-Yan asymmetries for the unpolarised and single-poladsed are pre-
sented in Fig[]4}7 for two different muon pair transverse momenta intervats:.qr < 2 GeVi/c
(lightdots), and X qr < 3 GeV/c (dark dots). There is ng dependence in the generated events
for these simulations, the plots in Fig.[[5-7 just showing part of the accessitgmatic region at
this center of mass energy and in this di-lepton mass range[JFig. 5 shothke fanpolarised case
the simulated experimental asymmetry related to thé2gosterm, plotted as a function of the lon-
gitudinal momentum fraction of the hadronic protg)( Fig. [6 and]7 show for the single-polarised
case the simulated experimental asymmetries related to thg sipps) and sir{¢ — ¢s) angular
terms, again plotted as functionsxyf. Those results were obtained making use of 500000 simu-
lated events. The plots are not yet acceptance and efficiency carrattteough these corrections
are crucial for our studies.

In the unpolarised case the asymmetries are expected to be small but ligibreedt should
anyhow be possible to study the asymmetry dependency on the transvensatum of the lepton
pair. The investigation of a possible inversion of such dependence, gnagéof a scan on the full
transverse momentum range, would allow to probe the balance betweandbfird processes for

10
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Figure 5. Simulated experimental asymmetry related todbge2p term, plotted as a function of,xlongi-
tudinal momentum fraction of the hadronic probe.

DY production of lepton pairs in the PANDA energy range.

In the single-polarised case, the simulated distributions show how, acgdeodine considered
generator, an investigation of the possible dependence of the expelimsyitametries on the
transverse momentum of the lepton pair could be more difficult or eventuallyssitge, according
to which experimental asymmetry is considered.

Further studies evaluating the expected experimental errors from asynmedsurements
have been performed as well and are reported in details]in [21].

The investigations reported in the present paper will be soon performibe iofficial Pan-
daRoot framework that has in the meantime reached a much more mature stegachleved
rejections factors quoted above can hence be countercheckedcantpkete kinematic event se-
lection scheme can be developed and validated. A significantly larger statlsfiasvents) is also
needed.
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