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COMPASSLepton-Nucleon Scattering in pQCD
• Lepton-nucleon scattering: probe the quark and gluon (spin-)structure of the nucleon
• Theory framework to interpret the data: perturbative QCD (pQCD)
• High-pT (high transverse momentum) hadron production

• Quasi-real photoproduction (low Q2): Unpolarized cross section and double-spin 
asymmetry calculable up to NLO in pQCD (including resolved-photon processes)
[B. Jäger et al., EPJ C 44 (2005) 533]

• Applicability of NLO pQCD: Compare cross sections experiment vs. theory
                     → does NLO pQCD account for all significant contributions?
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COMPASSNLO pQCD vs. Experiment

Proton-proton scattering

• Works well at collider energies (RHIC)

• Increasing underprediction with 
decreasing center-of-mass energy

Quasi-real photoproduction

• Works well at collider energies 
(HERA)
[S. Chekanov et al., PRD 76 (2007) 072011]

• At COMPASS energies?

[C. Bourrely & J. Soffer, EPJ C 36 (2004) 371]



COMPASSGluon Polarization in the Nucleon

Once applicability of pQCD to the process is established via cross section:
• Extract double-spin asymmetry of cross section for high-pT hadrons

at low Q2

• Compare to NLO pQCD calculation of double-spin asymmetry with different input 
Δg distributions

Results of the NLO pQCD Calculation
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Not unexpectedly, at pT � 1÷2 GeV, the K-factors for

both, polarized and unpolarized cross sections rise sharply,

perhaps indicating a breakdown of the standard pQCD

framework as outlined in Sect. 2. Since, as will be demon-

strated below, this is precisely the pT-region where the

statistical accuracy of Compass would best allow one to

deduce some information about ∆g from a measurement of

the double-spin asymmetry Aπ,d
LL , one has to ensure the va-

lidity of the pQCD framework first. As already emphasized

in the Introduction, this is best achieved by a measurement

of the unpolarized cross section shown inFig. 2, where all in-

gredients, partonic cross sections, parton distributions, and

fragmentation functions are known. We note that all-order

resummations of large logarithms in the perturbative series

which appear when the initial partons have just enough

energy to produce a high-pT pion and a recoiling mass-

less “jet” may lead to a considerable enhancement of the

cross section at fixed-target energies as was recently demon-

strated for the process pp → πX [29]. Similar calculations

for the case of photoproduction are not yet available but

certainly desirable. Any residual shortfall of the resummed

theoretical prediction would then indicate the relevance of

non-perturbative contributions.

Large K-factors, as found in Fig. 2, are, however, of lim-

ited significance for unambiguously estimating the impact

of higher-order corrections in a perturbative calculation.

This is due to the large scale uncertainties associated with

the LO cross sections entering the denominator of (9). We

therefore further explore the reliability of the perturbative

approach by studying the dependence of the calculated

cross sections, (2), on the unphysical, a priori arbitrary

factorization and renormalization scales, µf , µ�
f and µr, re-

spectively. Any dependence on these scales is a remnant

of the truncation of the perturbation series at some fixed

order of αs and thus expected to diminish if higher-order

corrections are included. This is the prime motivation for

going beyond the LO approximation of pQCD. The scales

are of the order of the hard scale characterizing the pro-

cess, here, the large pT of the observed hadron, but not

further specified by theory. An estimate for the sensitivity

of the computed cross section to µf , µ�
f , and µr is usu-

ally obtained by varying them collectively in the range

pT/2 ≤ µf = µ�
f = µr ≤ 2pT. We note that in principle all

scales can be varied independently.

The shaded bands in Figs. 3a,b indicate the resulting

scale uncertainty of the unpolarized and polarized cross sec-

tions, respectively, shown in Fig. 2. In contrast to similar

studies for inclusive high-pT pion hadro- [8] and photopro-

duction [13] at collider energies, where the theoretical scale

uncertainties are substantially reduced when the NLO cor-

rections are taken into account, this barely happens here.

This is particularly true for the unpolarized cross section,

whereas the scale dependence of the polarized cross section

improves beyond the LO, but only slightly in the region

1 ≤ pT ≤ 2 GeV which mainly matters for a determination

of ∆g. Together with the large K-factors found in Fig. 2 this

underlines the delicacy of a perturbative calculation in the

low-energy range associated with fixed-target experiments

such as Compass. It is therefore particularly important

to check the applicability of pQCD methods by showing,

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

LO (× 0.01)

NLO

(a)

dσ / dpT  [pb / GeV]

LO (× 0.01)

NLO

pT [GeV]

(b)

d∆σ / dpT  [pb / GeV]

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

10 2

1 2 3

Fig. 3. Scale dependence of the LO and NLO unpolarized a
and polarized b cross sections for µd→ µ�π0X shown in Fig. 2.

All scales are varied simultaneously in the range pT/2 ≤ µr =

µf = µ�
f ≤ 2pT. Solid lines correspond to the choice where all

scales are set to pT. All LO computations have been rescaled

by a factor 0.1 to better distinguish them from the NLO results

for instance, that data taken in unpolarized collisions fall

within the uncertainty band shown in Fig. 3.

Next we consider the double-spin asymmetry Aπ,d
LL , (10),

for single-inclusive neutral pion production which will be

one of themainquantities of interest in experiment.Figure 4

shows Aπ,d
LL , calculated at NLO for the “standard” set of the

GRSV spin-dependent parton densities [24], as well as for

three other sets emerging from the GRSV analysis which

mainly differ in the assumptions about ∆g (see above). The

impact of the unknown non-perturbative parton structure

of the circularly polarized photon on Aπ,d
LL is examined by

making use of the two extreme sets also introduced at the

beginning of Sect. 3. We refrain from showing LO estimates

for the double-spin asymmetry which are of rather limited

use anyway. Due to the pronounced differences in the K-

factors for the unpolarized and polarized cross sections, see

Fig. 2, the LO results for Aπ,d
LL are considerably larger than

the NLO ones shown in Fig. 4. This is in contrast to the

frequently made assumption that NLO corrections cancel

in spin asymmetries. We note that similar observations

have been also made for hadroproduction of pions [8].

As can be seen, the actual choice of photonic parton

densities barely affects the results for the spin asymme-

try shown in Fig. 4 if the pion’s transverse momentum is

larger than about 2 GeV. This can be readily understood by

noticing that in this region the average momentum frac-

tion �xa� in (5) is larger than 0.5, i.e., one probes only

xγ-values where the photon structure is dominated by the

“pointlike” contribution independent of the details of the

unknown non-perturbative input [28]. In this pT-region a

Figure 3.3: Unpolarized (a) and polarized (b) cross sections for µd → µ�π0X in COMPASS

kinematics in LO and NLO accuracy. The colored bands indicate the scale uncertainty, varying

the scale in the range 2pT ≥ µ ≥ pT/2, and the solid lines correspond to µ = pT . The π0

fragmentation functions were taken from the KKP set [36]. The plot is taken from Ref. [3].
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Fig. 6. As in Fig. 4, but now for a “proton” target

We obtain very similar results when considering a pro-

ton target, aswill be realizedwhen theCompass experiment

switches to a NH3 target in the future. The resulting spin

asymmetry, Aπ,p
LL , is depicted in Fig. 6. To estimate the

statistical accuracy we have again assumed an integrated

luminosity of 1 fb
−1

, and all other parameters are as spec-

ified at the beginning of Sect. 3.1. The sensitivity to ∆g
and the rather weak dependence on the photon scenario for

pT � 1.5 GeV, characteristic for the large xγ-region probed

at Compass, are essentially the same as for Aπ,d
LL . We note

that the intricate interplay between direct and resolved

photon processes is quite similar to the one described in

Figs. 5a,b, but that the cancellation between the γg and

γq channels is less complete such that the resolved cross

section is somewhat less relevant here.

So far we have only considered the production of neutral

pions where fragmentation functions were shown to work

reasonably well also at rather low scales [26]. However, the

sum of charged hadrons, predominantly pions, but also

kaons and protons, is equally important experimentally as

these are often more easily identified than neutral pions.

This is also the case for Compass at the moment. In Fig. 7

we therefore present the relevant spin asymmetries Ah,d
LL

and Ah,p
LL for deuteron and proton targets, respectively, for

the reaction µd(p)→ µ�hX, where h represents the sum of

charged hadrons (pions, kaons, and protons). The results

are obtained by employing the appropriate set of fragmen-

tation functions, Dh++h−
c of [25]. Not unexpectedly, the

gross features of the spin asymmetries in charged hadron

production are the same as in neutral pion production. Due

to the larger rate for the sum of charged hadrons, the sta-

tistical precision is noticeably better than for Aπ,d
LL which

makes such a measurement potentially more interesting.

From our results for the spin asymmetries shown in

Figs. 4, 6, and 7 it is obvious that a major difficulty in

extracting the gluon polarization ∆g at fixed-target ener-

gies lies in the poor statistical accuracy at large pT-values.

This, however, is the region where perturbation theory is

expected to be more reliable and where the uncertainties

associated with the resolved photon contributions to the

cross section are much better under control. It is therefore

interesting to study whether the planned upgrade of the

Compass experimental setup, which would lead to a much
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Fig. 7. As in Figs. 4 and 6, but now for the photoproduction

of charged hadrons (see text)
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Fig. 8. Unpolarized and polarized pT-differential cross sec-

tions at NLO for the reaction µd → µ�π0X for two different

experimental setups: θmax = 180mrad (solid) and, as in Fig. 2,

θmax = 70mrad (dashed). The lower panel shows the corre-

sponding ratios of NLO and LO results (K-factor)

larger acceptance of θmax = 180 mrad and hence larger

cross sections, could help.

In Fig. 8 we compare the polarized and unpolarized

neutral pion photoproduction cross sections for the present

setup with θmax = 70 mrad and for the proposed upgrade

with θmax = 180 mrad. The gain in cross section is a factor

4 ÷ 5 depending on the pT-value considered, yielding an

improvement of the statistical accuracies for spin asym-

B. Jäger et al.: Longitudinally polarized photoproduction of inclusive hadrons at fixed-target experiments 539

ALLAπ, p '∆g = -g'

'∆g = 0'

'std. ∆g'

'∆g = g'
input

'max. γ '

'min. γ '

L = 1 / fb

pT [GeV]
-0.1

0

0.1

0.2

0.3

1 2 3 4

Fig. 6. As in Fig. 4, but now for a “proton” target

We obtain very similar results when considering a pro-

ton target, aswill be realizedwhen theCompass experiment

switches to a NH3 target in the future. The resulting spin

asymmetry, Aπ,p
LL , is depicted in Fig. 6. To estimate the

statistical accuracy we have again assumed an integrated

luminosity of 1 fb
−1

, and all other parameters are as spec-

ified at the beginning of Sect. 3.1. The sensitivity to ∆g
and the rather weak dependence on the photon scenario for

pT � 1.5 GeV, characteristic for the large xγ-region probed

at Compass, are essentially the same as for Aπ,d
LL . We note

that the intricate interplay between direct and resolved

photon processes is quite similar to the one described in

Figs. 5a,b, but that the cancellation between the γg and

γq channels is less complete such that the resolved cross

section is somewhat less relevant here.

So far we have only considered the production of neutral

pions where fragmentation functions were shown to work

reasonably well also at rather low scales [26]. However, the

sum of charged hadrons, predominantly pions, but also

kaons and protons, is equally important experimentally as

these are often more easily identified than neutral pions.

This is also the case for Compass at the moment. In Fig. 7

we therefore present the relevant spin asymmetries Ah,d
LL

and Ah,p
LL for deuteron and proton targets, respectively, for

the reaction µd(p)→ µ�hX, where h represents the sum of

charged hadrons (pions, kaons, and protons). The results

are obtained by employing the appropriate set of fragmen-

tation functions, Dh++h−
c of [25]. Not unexpectedly, the

gross features of the spin asymmetries in charged hadron

production are the same as in neutral pion production. Due

to the larger rate for the sum of charged hadrons, the sta-

tistical precision is noticeably better than for Aπ,d
LL which

makes such a measurement potentially more interesting.

From our results for the spin asymmetries shown in

Figs. 4, 6, and 7 it is obvious that a major difficulty in

extracting the gluon polarization ∆g at fixed-target ener-

gies lies in the poor statistical accuracy at large pT-values.

This, however, is the region where perturbation theory is

expected to be more reliable and where the uncertainties

associated with the resolved photon contributions to the

cross section are much better under control. It is therefore

interesting to study whether the planned upgrade of the

Compass experimental setup, which would lead to a much

0

0.1

0.2

0.3 ALLAh, d

'∆g = -g'

'∆g = 0'

'std. ∆g'

'∆g = g'
input

'max. γ '
'min. γ '

L = 1 / fb

ALLAh, p '∆g = -g'

'∆g = 0'

'std. ∆g'

'∆g = g'
input

L = 1 / fb

pT [GeV]
-0.1

0

0.1

0.2

0.3

1 2 3 4

Fig. 7. As in Figs. 4 and 6, but now for the photoproduction

of charged hadrons (see text)

0

2

1 2 3 4

dσNLO/dσLO

d∆σNLO/d∆σLO

pT [GeV]

d(∆)σ / dpT  [pb / GeV]

θmax= 180 mrad

θmax= 70 mrad

unpolarized

polarized

10
-2

10
-1

1

10

10 2

10 3

10 4

Fig. 8. Unpolarized and polarized pT-differential cross sec-

tions at NLO for the reaction µd → µ�π0X for two different

experimental setups: θmax = 180mrad (solid) and, as in Fig. 2,

θmax = 70mrad (dashed). The lower panel shows the corre-

sponding ratios of NLO and LO results (K-factor)

larger acceptance of θmax = 180 mrad and hence larger

cross sections, could help.

In Fig. 8 we compare the polarized and unpolarized

neutral pion photoproduction cross sections for the present

setup with θmax = 70 mrad and for the proposed upgrade

with θmax = 180 mrad. The gain in cross section is a factor

4 ÷ 5 depending on the pT-value considered, yielding an

improvement of the statistical accuracies for spin asym-
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In Fig. 8 we compare the polarized and unpolarized

neutral pion photoproduction cross sections for the present

setup with θmax = 70 mrad and for the proposed upgrade

with θmax = 180 mrad. The gain in cross section is a factor

4 ÷ 5 depending on the pT-value considered, yielding an

improvement of the statistical accuracies for spin asym-

Figure 3.4: ALL for the process µd → µ�h±X in COMPASS kinematics for different gluon-

polarization scenarios (see text) and minimal and maximal polarizations of the parton content

of the photon (see text), where the h± fragmentation functions were taken from the KKP set

[36]. Also shown are the projected statistical errors of the COMPASS measurement of ALL.

The plot is taken from Ref. [3].
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[B. Jäger et al., EPJ C 44 (2005) 533]



COMPASSCOMPASS Experiment at CERN SPS

polarized target
6LiD in Helium bath

60 m

• optimized for spin asymmetry measurements
• no dedicated luminosity monitor

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

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

delivered in 4.8 s spills followed by 12 s break 



COMPASSDefinition of Cross Section

• Cross section in bin:

• Ingredients:
• Integrated luminosity: 
• Number of observed hadrons in the bin: 
• Acceptance correction factors from MC:
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COMPASS

• Selection of flat tops of good 
spills

• Luminosity is determined via 
direct measurement of beam flux 
on target 

• Correction of all dead times and 
inefficiencies

• Resulting luminosity, corrected 
for DAQ dead time:
142.4 pb-1 ± 10% (syst.)

• Luminosity is checked via 
structure function F2 

→ comparison with NMC
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NMC parameterization:
[M. Arneodo et al., PLB 364 (1995) 107]



COMPASSHadron Yield

• Q2 < 0.1 (GeV/c)2,(Q2 = −q2)

• y ∈ [0.2, 0.8], (y = ν
E )

• z ∈ [0.2, 0.8], (z = Eh
ν )

• |�ph| > 15 GeV/c

• θ ∈ [10, 120]mrad, (∠(�ph, �q))
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COMPASSAcceptance Correction

 (GeV/c)
T

p
1 1.5 2 2.5 3 3.5

+
ac

ce
pt

an
ce

 fo
r h

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

COMPASS 2004

pre
lim

ina
ry

 [10,120] mrad! "

 (GeV/c)
T

p
1 1.5 2 2.5 3 3.5

-
ac

ce
pt

an
ce

 fo
r h

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

COMPASS 2004

pre
lim

ina
ry

 [10,120] mrad! "

• Software chain: PYTHIA6, GEANT3, COMPASS reconstruction
• Systematic error: 7%

• Possible background from secondary hadrons
• Multidimensional acceptance

h+ h-



COMPASS
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COMPASSCross Section
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• Underprediction by NLO pQCD for 
pT > 1.75 GeV/c by factor 3-4
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COMPASSy-Differential Cross Section - NLO pQCD
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COMPASSConclusion and Outlook

• Measurements of single-inclusive particle production cross sections provide an 
important benchmark for pQCD methods
(especially at fixed-target energies)

• Unpolarized cross section for quasi-real photo-production
of high-pT charged hadrons at                          has been measured

• Less negative hadrons than positive hadrons, ratio almost independent of pT

• Comparison to NLO pQCD:

• Cross section is underpredicted by factor 3 - 4 ( -> resummations? )

• Spectral shape described well (over full rapidity range)

• Underprediction increases clearly with decreasing photon energy

• pT dependence of charge ratio from pQCD not confirmed
(-> fragmentation functions? )

• Once applicability of pQCD can be established:
Potential to constrain gluon polarization via double-spin asymmetry of cross 
section for high-pT hadron production at low Q2

√
s = 17.4 GeV
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COMPASSCross Section in Rapidity Bins
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COMPASSCross Section in Rapidity Bins
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• Underprediction consistent over rapidity range

• Spectral shape reproduced well over rapidity range



COMPASSpQCD Calculation

• Calculation of cross section in pQCD:
3 HIGH-PT HADRON PRODUCTION IN PERTURBATIVE QCD
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(a) Direct-photon contribution.
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(b) Resolved-photon contribution.

Figure 3.1: Generic Feynman graph for the pQCD calculation of the cross section of quasi-real

photoproduction of hadrons in muon-nucleon scattering for (a) direct-photon contribution and

(b) resolved-photon contribution. To obtain the unpolarized cross sections, the unpolarized

quantities Pγl, f γa , σ̂, and f N
b have to be used. The polarized cross section is obtained by using

the polarized quantities ∆Pγl, ∆ f γa , ∆σ̂, and ∆ f N
b .

a

b

c

(a) One of the two graphs for the

photon-gluon fusion: γg→ qq̄.

a

b

c

(b) One of the two graphs for the QCD

Compton process: γq→ qg.

a

b

c

(c) One of the two graphs for the

resolved-photon process: qq→ qq.

a

b

c

(d) One of the four graphs for the

resolved-photon process: gg→ gg.

Figure 3.2: Examples of the leading-order Feynman graphs of the partonic cross sections, σ̂ab→cX ,

for high-pT scattering of Fig. 3.1.
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Fragmentation Functions6 CROSS SECTION FOR HIGH-PT HADRON PRODUCTION AT COMPASS
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Figure 6.23: Comparison of fragmentation functions from the DSS [107, 108] set (data from Ref.

[109]).

Figure 6.22c shows the comparison between the COMPASS measurement and the theory curves

of the cross section in pseudo-rapidity bins. The different spectral slopes of the cross sections in

the pseudo-rapidity bins are described well by the theory curves, and the normalization difference

between the theory curves (µ = pT ) and the experimental values is the same as in the rapidity-

integrated case.

Figures 6.22d and 6.22e present the comparison of the pQCD predictions and the measured values

of the ratio of the cross sections for the production of negatively charged hadrons over positively

charged hadrons. The pQCD calculations predict that more negatively charged hadrons than pos-

itively charged hadrons should be produced at pT values below ∼ 1.5 GeV/c and that the charge

ratio should decrease with increasing pT . This is in clear disagreement to the experimental result

that the charge ratio is less than one and constant over the probed pT range. It appears as if there

could be some unphysical input to the pQCD calculations that causes this problem. The problem

could be related to a surprising feature of the DSS fragmentation functions that would qualitatively

explain an excess of negatively charged hadrons. Figure 6.23 shows the fragmentation functions

for producing a π+ meson in the fragmentation of a u quark, and for producing a π− meson in

the fragmentation of a d quark (at the momentum scale µ = 2 GeV/c). The plot shows that the

probability for the fragmentation d → π− is about 10 − 15% higher than the probability for the

fragmentation u → π+ (independent of zc) in the DSS set, which constitutes a sizable violation of

isospin symmetry. The presented measurement of the charge ratio for high-pT hadron production

might be able to constrain such features of the fragmentation functions. The discussed feature of

the DSS fragmentation functions does not, however, explain why the charge ratio should depend

on pT .

Description of Quasi-Real Photoproduction - Q2
max Dependence

The treatment of the quasi-real photoproduction of high-pT hadrons in pQCD was explained in

detail in chapter 3. It is based on regarding the muon beam as a source of quasi-real photons whose
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