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  sec(on	
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e+e− data). Although the framework outlined in Sect. 2
applies in principle to the photoproduction of any hadron
species (made of light quark flavors only), we limit our-
selves mainly to the production of neutral pions. These
are most abundant, and the π0 fragmentation functions,
mainly extracted at large resolution scales µ ! MZ from
LEP data, have been shown to work quite well also at scales
of a few GeV relevant here [26].

Since the parton distributions of circularly polarized
photons, ∆fγ , required for estimates of the resolved pho-
ton contribution d∆σres, are completely unknown so far,
one has to resort to some models. For our purposes it is
sufficient to use the two extreme scenarios proposed in [28]
which are based on “maximal” [∆fγ(x, µ0) = fγ(x, µ0)]
and “minimal” [∆fγ(x, µ0) = 0] saturation of the positiv-
ity condition |∆fγ(x, µ0)| ≤ fγ(x, µ0) at the starting scale
µ0 for the evolution to µ > µ0. Both models result in very
different parton distributions ∆fγ at small-to-medium xγ

while they almost coincide as xγ → 1 due to the dominance
of the perturbatively calculable pointlike contribution in
this region. Unless we study the impact of the details of the
non-perturbative input to the evolution of ∆fγ on the full
photoproduction cross section, the use of the “maximal”
set will be implicitly understood. For recent work on the
parton distributions of polarized photons, see [27].

3.1 Single-inclusive pion production at Compass

With the present setup, Compass scatters polarized muons
off the deuterons in a polarized 6LiD solid-state target. The
beam energy is Eµ = 160 GeV, corresponding to a lepton–
nucleonCMSenergy of

√
S ! 18 GeV.Onaverage the beam

polarization is Pµ ! 76%. About Fd ! 50% (“dilution
factor”) of the deuterons can be polarized, with an average
polarization of Pd ! 50% [2]. It is also conceivable to run in
the future with a “proton target” (NH3) which, however,
will have a much less advantageous dilution factor of about
Fp ! 17.6% but a polarization of Pp ! 85%. We will
therefore mainly present results for the photoproduction
of neutral pions off a deuteron target.

Currently, pions can be detected if their scattering an-
gle is less than θmax = 70 mrad. Using η = − ln tan (θ/2),
this straightforwardly translates into a minimal bound on
pseudo-rapidity ηmin ! 3.35 in the laboratory frame, cor-
responding to ηmin

CMS ! 0.44 in the lepton–nucleon CMS
where we have made use of the well-known behavior of
rapidity under Lorentz boosts:

ηCMS = η − 1
2

ln
2Eµ

MN
, (8)

with MN the nucleon mass. Kinematics sets an additional
upper bound on the pion’s rapidity depending on its trans-
verse momentum: ηmax

CMS = cosh−1(
√

S/2pT). As already
mentioned, we will always integrate over all kinematically
allowed rapidities, 0.44 ! ηCMS ! cosh−1(

√
S/2pT).

The momentum distribution of the quasi-real photons
radiated off the muons can be described by the Weiz-
säcker–Williams spectrum given in (6) with ml = mµ and

0
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Fig. 2. Unpolarized and polarized pT-differential single-
inclusive cross sections at LO (dashed) and NLO (solid)
for the photoproduction of neutral pions, µd → µ′π0X at√

S = 18GeV, integrated over the angular acceptance of Com-
pass. The lower panel shows the ratios of NLO to LO contri-
butions (K-factor)

Q2
max = 0.5 GeV2. The photon’s momentum fraction y is

restricted to be in the range 0.2 ≤ y ≤ 0.9. At smaller y the
photon polarization is strongly diluted as the unpolarized
equivalent photon spectrum behaves like (1 + (1 − y)2)/y
rather than (1− (1− y)2)/y in (6). We note that the often
omitted non-logarithmic pieces in (6) result in a small but
non-negligible contribution here.

Figure 2 shows our predictions for the pT-differential
cross section for the polarized and unpolarized photopro-
duction of neutral pions, µd → µ′π0X, at LO and NLO
accuracy at Compass. We have set all factorization and
renormalization scales in (2) equal to the pion transverse
momentum, µf = µ′

f = µr = pT. The so-called K-factor,
defined as the ratio of NLO to LO unpolarized (polarized)
cross sections,

K =
d(∆)σNLO

d(∆)σLO , (9)

is depicted in the lower panel of Fig. 2. The results indi-
cate clearly the relevance of the NLO corrections to the
cross section in the small-to-medium pT-region accessible
at a fixed-target experiment, in particular in the unpolar-
ized case. The effects of higher-order corrections are less
pronounced for the longitudinally polarized cross section,
mainly due to large cancellations among the various par-
tonic channels contributing to d∆σ at NLO. The differ-
ent behavior of the unpolarized and polarized K-factors
also clearly indicates that the contributions due to NLO
corrections do not cancel in the experimentally relevant
double-spin asymmetry defined as

AH,N
LL ≡ d∆σ

dσ
=

dσ++ − dσ+−
dσ++ + dσ+−

. (10)
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Fig. 4. Double-spin asymmetry Aπ,d
LL at NLO for different gluon

polarizations in the nucleon and minimal and maximal satura-
tion of the polarized photon densities, dashed and solid lines,
respectively (see text). The “error bars” indicate the estimated
statistical uncertainty for such a measurement at Compass

measurement of the spin asymmetry could be related to a
certain ∆g. However, this does not imply that the resolved
contribution to the cross section is negligible as we shall
demonstrate below. On the other hand, for pT ! 1.5 GeV
results for different gluon polarizations of the nucleon and
assumptions about ∆fγ overlap, making it virtually im-
possible to draw any conclusions without either knowing
∆g or ∆fγ .

To judge whether the observed dependence of Aπ,d
LL on

∆g in Fig. 4 can be used to learn something about the gluon
polarization, we give estimates for the expected statistical
accuracy δAπ,d

LL for such a measurement at Compass in
certain bins of pT, calculated from

δAH,N
LL ! 1

PµPNFN

1√
σbinL

. (11)

Here, σbin denotes the unpolarized cross section in the pT-
bin considered, L the integrated luminosity for which we
assume 1 fb−1, and all other parameters are as specified at
the beginning of Sect. 3.1. Not unexpectedly, the statisti-
cal accuracy rapidly deteriorates towards higher pT as the
photoproduction cross section drops sharply. In the region
1.5 ! pT ! 2.5 GeV it is conceivable that some informa-
tion about ∆g can be obtained. We note that the gluon
polarization will be predominantly probed in the range
0.1 ! xb ! 0.3 of the momentum fraction xb in (2).

Let us now turn to a closer analysis of how the re-
sults presented in Figs. 2 and 4 come about and can be
understood, by studying the different contributions to the
polarized photoproduction cross section separately. This
is done in Fig. 5. Here we use again our default sets of
parton densities: the “standard” set of GRSV [24] for the
nucleon and the “maximal” set of [28] for the photon. First
of all, Fig. 5a reveals that the resolved photon cross sec-
tion d∆σres dominates over the direct contribution d∆σdir
in the entire range of pT relevant for Compass. At a first
glance this result is counter-intuitive and requires further
clarification since at fixed-target energies one might expect
a dominance of the direct contributions to the full photo-
production cross section. The importance of the resolved
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Fig. 5. a Direct and resolved NLO(MS) contributions and
b NLO(MS) contributions of different partonic channels a+b →
c+X to the full NLO polarized photoproduction cross section
shown in Fig. 2

photon contribution, in particular in the polarized case,
can be readily understood by a closer inspection of the
individual partonic subprocesses contributing to the full
photoproduction cross section.

Figure 5b shows that indeed both direct channels, γq
and γg scattering, exceed in magnitude any of the resolved
subprocesses. However, the two channels contribute with
different sign and therefore cancel each other to a large
extent in the sum d∆σdir. In this way numerically smaller
resolved subprocesses can become important, in particu-
lar, as they all contribute with the same sign for a positive
gluon polarization. We note that the partonic spin asym-
metry d∆σ̂/dσ̂ for the LO process γg → qq̄ is −1, such
that only positive ∆g lead to this cancellation pattern.
Nevertheless, also for a large negative gluon polarization
[“∆g = −g input” in Fig. 5b] is the resolved contribution
non-negligible. For all relevant values of pT the bulk of
the resolved contribution stems from the qg subprocess
where a quark at large momentum fraction xγ from the
photon scatters off a gluon from the nucleon [solid line in
Fig. 5b]. This is because quark densities in the photon are
sizable at large xγ [23,28] due to the pointlike contribution,
contrary to parton densities in the nucleon which rapidly
vanish as x → 1. As mentioned before, at large momen-
tum fractions ∆qγ is not sensitive to the details of how
the non-perturbative hadronic content of the photon was
modeled. We therefore conclude that photoproduction of
inclusive hadrons with Compass kinematics and statistics
will most likely not yield much information on the non-
perturbative nature of the resolved photon. On the other
hand, this finding certainly simplifies an analysis of photo-
production data with pT " 1.5 GeV in terms of ∆g despite
our ignorance of the photonic parton densities ∆fγ .
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  (2005)	
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  Soffer,	
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  J.	
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  (2004)	
  371

• Before	
  spin	
  observables	
  can	
  be	
  
extracted	
  from	
  polarized	
  cross	
  
sec(ons	
  with	
  confidence,	
  theory	
  
has	
  to	
  correctly	
  reproduce	
  
unpolarized	
  cross	
  sec(on

• Unpolarized	
  PDFs	
  are	
  much	
  be9er	
  
known

• At	
  collider	
  energies	
  (RHIC	
  p-­‐p)	
  
benchmark	
  works	
  well

• Concept	
  is	
  s(ll	
  to	
  be	
  proven	
  at	
  
fixed	
  target	
  energies

• Does	
  it	
  work	
  for	
  quasi-­‐real	
  photo-­‐
produc(on	
  in	
  lepton-­‐nucleon	
  
sca9ering?
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The	
  COMPASS	
  Experiment	
  at	
  CERN	
  SPS	
  (2004)

polarized	
  target
6LiD	
  in	
  Helium	
  bath

60	
  
m

• op(mized	
  for	
  spin	
  asymmetry	
  measurements
• no	
  dedicated	
  luminosity	
  monitor

	
  [Abbon	
  et	
  al.,	
  NIM	
  A	
  577	
  (2007),	
  455-­‐518]

160	
  GeV/c	
  μ+	
  beam
Intensity:	
  4×107	
  s-­‐1

delivered	
  in	
  4.8	
  s	
  spills	
  followed	
  by	
  12	
  s	
  break	
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Luminosity
• Selec(on	
  of	
  good	
  spills

• Flat	
  top	
  of	
  beam	
  is	
  selected	
  in	
  
each	
  spill

• Luminosity	
  is	
  determined	
  with	
  
direct	
  measurement	
  of	
  beam	
  
flux	
  on	
  target	
  in	
  each	
  spill

• Dead	
  (mes	
  due	
  to	
  trigger	
  and	
  
DAQ	
  are	
  corrected	
  in	
  each	
  spill

• Resul(ng	
  luminosity
(30%	
  of	
  2004	
  data):	
  142.4	
  pb-­‐1

• Luminosity	
  is	
  checked	
  with	
  
extrac(on	
  F2	
  from	
  our	
  data
-­‐>	
  comparison	
  with	
  literature
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ϑ

• Two	
  low-­‐Q2	
  triggers:	
  Energy	
  loss	
  of	
  muon	
  and	
  energy	
  deposit	
  in	
  HCAL

• Primary	
  vertex	
  in	
  fiducial	
  target	
  volume	
  (as	
  used	
  for	
  luminosity)

• Q2	
  <	
  0.1	
  (GeV/c)2	
  

• y	
  ∈	
  [0.2,0.8]

• Hadron	
  candidate	
  cuts:

• must	
  hit	
  hadronic	
  calorimeter	
  and	
  p	
  >	
  15	
  GeV/c

• z	
  ∈	
  [0.2,0.8]	
  	
  

• θ	
  ∈	
  [10	
  mrad,	
  120	
  mrad]

Experimental	
  cuts	
  for	
  high-­‐pT	
  hadron	
  selec(on

10
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Conclusion	
  and	
  outlook

• Measurements	
  of	
  single-­‐inclusive	
  par(cle	
  produc(on	
  cross	
  sec(ons	
  provide	
  
an	
  important	
  benchmark	
  for	
  pQCD	
  methods
(especially	
  at	
  fixed-­‐target	
  energies)

• Unpolarized	
  cross	
  sec(on	
  for	
  quasi-­‐real	
  photo-­‐produc(on
of	
  high-­‐pT	
  charged	
  hadrons	
  at	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  has	
  been	
  measured

• Less	
  nega(ve	
  hadrons	
  than	
  posi(ve	
  hadrons,	
  ra(o	
  almost	
  independent	
  of	
  pT

• Comparison	
  to	
  NLO	
  pQCD:

• Experimental	
  cross	
  sec(on	
  is	
  higher	
  than	
  pQCD	
  (	
  -­‐>	
  resumma(ons?	
  )

• pT	
  dependence	
  of	
  charge	
  ra(o	
  from	
  pQCD	
  not	
  confirmed
(-­‐>	
  fragmenta(on	
  func(on?	
  )

• Polarized	
  high-­‐pT	
  hadron	
  produc(on	
  cross	
  sec(on	
  at	
  low	
  Q2	
  has	
  poten(al
to	
  constrain	
  gluon	
  polariza(on	
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Comparison	
  of	
  real	
  data	
  and	
  MC
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