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Abstract

A re-evaluation of the gluon polarisation Ag/g in the nucleon is presented, which is based on the
measurement of the longitudinal double-spin asymmetry using semi-inclusive events with photon
virtuality Q%> > 1 (GeV/c)?. The data were obtained by the COMPASS experiment at CERN using
a 160 GeV/c polarised muon beam scattering off a polarised °LiD target. The gluon polarisation is
evaluated for three intervals of the nucleon momentum fraction carried by gluons, xg, covering the
range 0.04 <x; <0.28 . A novel method covering the full range in hadron transverse momentum
pr and a neural network approach are used. The values obtained at leading order in pQCD do not
show any significant dependence on x,. Averaged over the three intervals, the result is (Ag/g) =
0.113 £ 0.038 415 ) £ 0.036y1) at (xg) ~ 0.10 and a hard scale of u* = (Q?) = 3(GeV/c)?. The
obtained result suggests that the gluon polarisation is positive in the measured xg range.

(to be submitted to Phys. Lett. B)



The COMPASS Collaboration

C. Adolph@, M. Aghasyanm, R. Akhunzyanovﬂ, M.G. Alexee\m, G.D. Alexeevﬂ, A. Amorosﬁ@,

V. Andrieux22, N.V. Anfimov&, V. Anosov® W. Augustyniakm, A. Austregesilom, C.D.R. Azevedd®
B. Badelekm, F. Balestra@@, J. BarthEl, R. Beck@, Y. Bedfem, J. BernhardEE, K. Bickem,

E. R. Bielerfl!, R. Birsé?9, J. Bisplinghoff®, M. Bodlak™, M. Boei22, P. Bordald2®, F. Bradamante2220]
C. Braun@, A. Bressan@@, M. Biichelém, W.-C. Changm, M. Chiossdmf—gl, I Choi, S.-U. Chungm@,
A. CicuttiiZZ28, M.L. Crespm, Q. CuriefZ, S. Dalla Torré®, S.S. Dasguptam, S. Dasguptm,
O.Yu. Denisovm, L. Dhardz', S.V. Donskovm, N. Doshita@, V. Duicm, W. Diinnweber®,

M. Dziewieckjlzﬂ, A. Efremovﬂ, PD. Eversheim@, W. EyrichE', M. Faesslef®@, A. Ferrerom, M. FingeIDE,
M. Finger jr., H. Fischelm, C. Francom, N. du Fresne von Hoheneschelm, JM. Friedrichlm,

V. Frolov®lll E. Fucheym, F. Gautheron®, O.P. Gavrichtchouk®, S. GerassimovI®Z, F. Giordand®2,

L. Gnesm, M. Gorzellikm, S. Grabmijllellm, A. GrassdE@, M. Grosse Perdekamﬂm, B. Grubelm,

T. Grussenmeyem, A. Guskmﬂ, F. Haa@, D. Hahneﬂ, D. von Harrachm], R. HashimotoE,

F.H. Heinsiusjm, R. Heitzm, F. Herrmann'm, F. Hinterbergelﬂ], N. Horikawa'm@, N. d’Hosem,

C.-Y. Hsiehm, S. Hubexm, S. Ishimotoml@, A. IvanO\JZQ, Yu. Ivanshinﬂ, T. Iwata@, R.J ahn@, V. Jarym,
R. Joosten@], P. Jérgm, E. KabuBE, B. Ketzerm,G.V. Khaustovm, Yu.A. Khokhlovmuﬂﬂ Yu. Kisselevﬂ,
F. KleinEl, K. Klimaszewskﬂzﬂ, J.H. Koivuniemﬂ, V.N. Kolosovm, K. Kondoﬁ, K. Kdnigsmannm,

I. KonoroW™™7, V.F. KonstantinovZl, A.M. KotzinianZ2, 0.M. Kouznetsov®, M. KriimerZ,

P. Kremselm, F. KrinneIE, Z.V. Kroumchteinﬁ, Y. Kulinichm, F. Kunnem, K. Kurekm], R.P. Kurjatam,
A.A. Lednev, A. Lehmann®, M. Levillain?Z, S. Levoratd®, J. LichtenstadtZ®, R. Longo‘zl@,

A. Maggiord®, A. Magnon?2, N. Makin$®®, N. MakkdZ28, G K. Mallofl, C. Marchand?Z,

B. Marianskl, A. Martin®29, J. Marze®3, J. MatouseK®, H. Matsud2®¥, T. Matsudd™3,

G.V. Meshcheryakovﬁ, W. Meyelm, T. Michigamfﬂ, Yu. V. Mikhailovml, M. Mikhasenkoa], Y. MiyachilE,
P Montuengam, A. Nagaytse\ﬂ, F. Nerlingm], D. Neyretm, V.I. Nikolaenkd?L J. Novymm-l,

W.-D. Nowakl® G. Nukazukd®¥, A.S. Nunes2 A.G. Olshevsky®, I. Orlov, M. Ostrick™,

D. Panzierm, B. Parsamyarp—gl@, S. Paulm, J.-C. Pengm, F. Pereiram, M. Peéekw, D.V. Peshekhonovm,
S. Platchkov22, J. Pochodzalld®, V.A. Polyakovm, J. PretZ2 M. Quaresma‘m, C. Quintansm',

S. Ramo@, C. Regali, G. Reicherzm, C. Riedl, M. Roskot@, N.S. Rossiyskayaﬂ,

D.I Ryabchikovm@, A. Rybnikovﬂ, A. Rychterm, R. Salad® V.D. Samoylenkoml, A. SandacZT,

C. Santo@, S. Sarkalm, LA. Savinﬂ, T. Sawad42d G. Sbrizzam, P. Schiavom, K. Schmidm,

H. Schmieder® K. Schénnin, S. Schopferetm, E. Sedei?, A. Selyunin'ﬂ, O.Yu. Shevchenkd®",

L. Silvd®, L. SinhdZ, S. Sirt®, M. Slunecka®, J. Smolik&, F. Sozzi9, A. Srnkd®, M. Stolarskil?,

M. SuldZ H. SuzukP¥, A. Szabelskl T. Szameitatl%l, P. SznajderL, S. Takekawa232,

M. Tasevskym, S. Tessaro‘m, F. Tessarottom, F. Thibaudm, F. Tosellom, V. Tskhaym, S. Uhllm,

1. Velosom, M. Viriuém, J. Vondram, T. Weisrock@, M. Wilfertm], J. ter Wolbeeklm{l K. Zarembam,

P. Zavadd8, M. Zavertyaevl® E. Zemlyanichkind®, M. Ziembicki®2 and A. Zink2

! University of Eastern Piedmont, 15100 Alessandria, Italy

2 University of Aveiro, Department of Physics, 3810-193 Aveiro, Portugal

3 Universitit Bochum, Institut fiir Experimentalphysik, 44780 Bochum, German

4 Universitit Bonn, Helmholtz-Institut fiir Strahlen- und Kernphysik, 53115 Bonn, GermanyIEI
5 Universitit Bonn, Physikalisches Institut, 53115 Bonn, German

© Institute of Scientific Instruments, AS CR, 61264 Brno, Czech Republid®

7 Matrivani Institute of Experimental Research & Education, Calcutta-700 030, India®
8 Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russid®

9 Universitit Erlangen—Niirnberg, Physikalisches Institut, 91054 Erlangen, GermanyJIEI
10 Universitit Freiburg, Physikalisches Institut, 79104 Freiburg, Germanym
' CERN, 1211 Geneva 23, Switzerland
12 Technical University in Liberec, 46117 Liberec, Czech Republicl



13 LIP, 1000-149 Lisbon, PortugalP

14 Universitit Mainz, Institut fiir Kernphysik, 55099 Mainz, Germanyﬂa

15 University of Miyazaki, Miyazaki 889-2192, Japan

16 Tebedev Physical Institute, 119991 Moscow, Russia

17 Technische Universitit Miinchen, Physik Department, 85748 Garching, Germanym

18 Nagoya University, 464 Nagoya, Japand

19 Charles University in Prague, Faculty of Mathematics and Physics, 18000 Prague, Czech Republid™

20 Czech Technical University in Prague, 16636 Prague, Czech Republic™

21 State Scientific Center Institute for High Energy Physics of National Research Center ‘Kurchatov
Institute’, 142281 Protvino, Russia

22 CEA IRFU/SPhN Saclay, 91191 Gif-sur-Yvette, Francel

23 Academia Sinica, Institute of Physics, Taipei, 11529 Taiwan

24 Tel Aviv University, School of Physics and Astronomy, 69978 Tel Aviv, Israell

25 University of Trieste, Department of Physics, 34127 Trieste, Italy

26 Trieste Section of INFN, 34127 Trieste, Italy

27 Abdus Salam ICTP, 34151 Trieste, Italy

28 University of Turin, Department of Physics, 10125 Turin, Italy

29 Torino Section of INFN, 10125 Turin, Italy

30 University of Illinois at Urbana-Champaign, Department of Physics, Urbana, IL 61801-3080,
US.A.

31 National Centre for Nuclear Research, 00-681 Warsaw, Poland®

32 University of Warsaw, Faculty of Physics, 02-093 Warsaw, Poland®

33 Warsaw University of Technology, Institute of Radioelectronics, 00-665 Warsaw, Poland®

3 Yamagata University, Yamagata, 992-8510 Japand

*Deceased
2 Also at Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal
b Also at Department of Physics, Pusan National University, Busan 609-735, Republic of Korea and
at Physics Department, Brookhaven National Laboratory, Upton, NY 11973, U.S.A.
¢ Supported by the DFG cluster of excellence ‘Origin and Structure of the Universe’ (Www.universe-
cluster.de)
4 Also at Chubu University, Kasugai, Aichi, 487-8501 Japand
¢ Also at KEK, 1-1 Oho, Tsukuba, Ibaraki, 305-0801 Japan
f Also at Moscow Institute of Physics and Technology, Moscow Region, 141700, Russia
& Supported by Presidential grant NSh - 999.2014.2
" Present address: RWTH Aachen University, ITI. Physikalisches Institut, 52056 Aachen, Germany
! Present address: Uppsala University, Box 516, SE-75120 Uppsala, Sweden
i Supported by the DFG Research Training Group Programme 1102 “Physics at Hadron Accelera-
tors”
K Supported by the German Bundesministerium fiir Bildung und Forschung
I'Supported by EU FP7 (HadronPhysics3, Grant Agreement number 283286)
™ Supported by Czech Republic MEYS Grant LG13031
" Supported by SAIL (CSR), Govt. of India
° Supported by CERN-RFBR Grant 12-02-91500
P Supported by the Portuguese FCT - Fundagéo para a Ciéncia e Tecnologia, COMPETE and QREN,
Grants CERN/FP 109323/2009, 116376/2010, 123600/2011 and CERN/FIS-NUC/0017/2015
49 Supported by the MEXT and the JSPS under the Grants No.18002006, N0.20540299 and No.18540281;
Daiko Foundation and Yamada Foundation
" Supported by the Israel Academy of Sciences and Humanities
$ Supported by the Polish NCN Grant DEC-2011/01/M/ST2/02350



1 Introduction

The experimental observation by EMC []1] that quarks helicity constitutes only a small fraction of the
nucleon spin was the starting point of new developments in spin physics, for a review see e.g. Ref. 2| In
order to investigate the origin of the nucleon spin, it is essential to determine the nucleon spin fraction
carried by gluon helicity, Ag. Information about this quantity can be obtained indirectly from scaling
violations in the spin-dependent structure function g; (see Refs. |3H6| and references therein) or from a
direct measurement of the gluon polarisation in polarised lepton-nucleon or proton-proton interactions
(see Refs.[7H17). The value of Ag obtained from scaling violations is poorly constrained as its accuracy
is limited by the kinematic range, in which the structure function g; is measured. On the other hand,
the most recent fits performed in the context of perturbative Quantum Chromodynamics (pQCD) at next-
to-leading order (NLO) in the strong coupling constant [18}|19], which include proton-proton data from
RHIC, suggest that the gluon polarisation is positive in the measured range of the nucleon momentum
fraction carried by gluons, 0.05 < x; < 0.20 .

In deep inelastic scattering (DIS), the leading-order virtual-photon absorption process (LP) does not
provide direct access to the gluon distribution since the virtual-photon does not couple to the gluon.
Therefore, higher order processes have to be studied, i.e. QCD Compton scattering (QCDC) and Photon-
Gluon Fusion (PGF), where only the latter is sensitive to the gluon helicity distribution. The diagrams
for these two processes are shown in Fig. [I] together with that of the leading-order photon absorption
process.

a) b) c)

Fig. 1: Feynman diagrams for a) the leading-order process (LP), b) gluon radiation (QCDC), and c) photon—gluon
fusion (PGF).

In the leading-order process, the hadron transverse momentum pt with respect to the virtual-photon
direction (in the frame where nucleon momentum is parallel to this direction) originates from the intrinsic
transverse momentum kt of the struck quark in the nucleon [20] and its fragmentation, which both lead to
a small transverse component. On the contrary, the QCDC and PGF hard processes can provide hadrons
with high transverse momentum. Therefore, tagging events with hadrons of large transverse momentum
pr enhances the contribution of higher-order processes. However, although in the high-pt sample the
PGF contribution is enriched, in order to determine Ag/g the contributions from LP and QCDC have to
be subtracted [21]]. A different approach is used here, i.e. a simultaneous extraction of Ag/g and the LP
and QCDC asymmetries using data that cover the full range in pr. This “all-pt method” takes advantage
of the different pr dependences of the three processes to disentangle their contribution to the measured
asymmetry. Furthermore, this approach reduces systematic uncertainties with respect to the one used
previously [10]. In this Letter we re-analyse the semi-inclusive deep inelastic scattering (SIDIS) data
from COMPASS [10], applying the new all-pt method.
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2 Experimental set-up and data sample

The COMPASS experiment is a fixed-target setup at the CERN SPS M2 beam line. For the present
measurement, longitudinally polarised positive muons were scattered off a large polarised solid-state
LiD target. The data used in this analysis were collected during four years: 2002 to 2004 and 2006. A
detailed description of the experiment can be found elsewhere [22]. A major upgrade of the COMPASS
spectrometer was performed in 2005. For this analysis, the most relevant improvement was a new target
magnet that extended the angular acceptance from 70 mrad to £180 mrad.

The average muon momentum was 160 GeV/c and the average beam polarisation was (F,) = —0.80 &
0.04. The target material consisted of °LiD beads in a bath of *He-*He and was contained in two target
cells in 2002-2004 and in three cells in 2006. The achieved target polarisation P; was about +0.50 with
a relative uncertainty of 5%. Neighbouring target cells were polarised in opposite directions. In order
to cancel acceptance effects and to reduce systematic uncertainties, the direction of the polarisation was
reversed three times per day in 2002-2004 and once per day in 2006. The fact that not all nucleons in
the target material are polarisable is taken into account in the so-called effective dilution factor f. It is
given by the ratio of the total cross section for muons on polarisable deuterons to the one on all nuclei
taking into account their relative abundance in the target material. Its value includes a correction factor
p= G(} 4 /0" [23]] accounting for radiative events on unpolarised deuterons and a correction factor for the
relative polarisation of deuterons bound in ®Li compared to free deuterons. The dilution factor depends
on the Bjorken scaling variable xg; and on the energy fraction y carried by the exchanged virtual-photon;
the average value for this analysis is about 0.37 with a relative uncertainty of 5%.

The data used for this analysis is selected by requiring an event to have an interaction vertex located
in the target fiducial volume. An incoming and a scattered muon must be associated to this vertex.
Moreover, the extrapolation of the incoming muon track has to traverse fully all the target cells to expose
them to the same beam flux. In order to select DIS events, the photon virtuality is required to be Q° >
1 (GeV/c)?. Events with y < 0.1 or y > 0.9 are rejected because the former are more sensitive to time
instabilities of the spectrometer, while the latter are strongly affected by radiative effects. With these
y limits, the squared invariant mass of the hadronic system, W2, is larger than 5 (GeV/c)?. For the
SIDIS analysis applied here, at least one charged hadron has to be associated to the vertex together with
incoming and scattered muons. The hadron with the highest pt has to fulfil the requirement 0.05 GeV/c
< pr < 2.5 GeV/c. The lower limit excludes electrons from 7y conversion; the upper limit is discussed in
section ] Events with exactly two oppositely charged hadrons and with the sum z; + z> of their energy
fraction (relative to the virtual-photon energy) above 0.95 are removed to suppress diffractive processes
(mainly p° production).

Compared to the previous analysis [10], there are two major differences in the selected data. Firstly,
at least one hadron instead of two hadrons is required in the final state. Secondly, the pt range for the
hadron leading in pr is extended to 0.05 GeV/c < pt < 2.5 GeV/c, while previously the lower limit was
0.7 GeV/c. After all cuts, about 116 million events remain for the present analysis.

3 Determination of Ag/g

The predicted number of events NP*(xg;) can be calculated from the SIDIS cross sections of LP, QCDC,
and PGF using the experimental acceptance a, the number of scattering centres in the target n, the inte-
grated beam flux &, and the unpolarised cross section oy as

A
NP (xp;j) = andoy (1 + (fP,Paiy" Rpcr ?g (xg)) + (fPPary Rup AT (xgj) )+
(1)
(fRPa " Rocpe AYPC (XC)>> :



Here, the PGF part contains the gluon contribution to the nucleon spin, Ag/g. The two symbols AIfP
and A?CDC denote the same asymmetr the distinction is only kept to emphasise the fact that in the
new method there are two estimators of the same quantity. This fact will be used in some systematic
studies presented in section[5] In Eq. (I), the predicted number of events depends only on on the Bjorken
scaling variable xp;, as other variables are integrated over the experimental kinematic domain. The label
i € {LP,QCDC,PGF} refers to the processes presented in Fig. [1|and xpp = xg;j, xqcpe = xc, XpGE = Xg.
For a given xg;j, the corresponding nucleon momentum fractions carried by quarks in the QCDC process
xc and by the gluons x, in the PGF process are in general larger and depend on the kinematics of the
event. The relative contribution of the process i is denoted by R;. The corresponding analysing power
aLL is given by the asymmetry of the partonic cross section [24]]. It is proportional to the depolarisation
factor D, which is the fraction of the muon polarisation transferred to the virtual-photon (for LP aLL =
D). Equation (I) is valid at LO in QCD assuming spin-independent fragmentation. A possible spin
dependence of the fragmentation process as discussed in Ref. 25| can be neglected in the COMPASS
kinematic region. Equation (I) can be written in a more concise form as

NP'®(xgj) = <1+Z<ﬁl Xi ) )

Here, a = an®oy, f; = fRPal; R; and (B;A’(x;)) denotes the average of B:Al(x;) over the experimental
kinematic domain. For simplicity the x; dependence of 3; is omitted.

The data were taken simultaneously for the upstream () and downstream (d) target cells, in which the
material was polarised longitudinally in opposite directions. For 2006 the label u refers to the two outer
cells and d to the central cell. The directions of the polarisation are periodically reversed, yielding the
event counts (,, N;) before and (N, Ny) after a reversal. For a stable apparatus it is expected that
oy, /0y = oy /oy The data sample was divided into 40 periods, over which the apparatus was indeed
found to be stable. The analysis is performed independently in each of the periods. The final result is
obtained as the weighted average of the 40 results.

The evaluation of Ag/g using the set of equations obtained from Eq. for the various target cells
and polarisations is possible only if the contributions from background processes (LP, QCDC) can be
computed and subtracted. The process fractions R;, the momentum fractions xc, x,, and the analysing
powers aSLC De aEEF are determined using Monte Carlo (MC) simulations. In a previous paper [10], the
asymmetry ALP was evaluated from the inclusive lepton—nucleon asymmetry AlrlCl In this analysis, A%P

is extracted s1mu1taneously with Ag/g from the same data.

The method applied here was introduced in Ref. 26/ and already used for a gluon polarisation determina-
tion from open charm events [11]. In order to extract simultaneously the signal Ag/g and the background
asymmetries A%P and A?CDC, the event yields are considered separately for the three processes i. More-
over, since Ag/g, ALY, and A?CDC are known to be x; dependent, the analysis is performed in bins of the
corresponding x; variable indexed by m. For each configuration k = u, d, «’, d’ we calculate weighted
‘predicted’ and ‘observed” event yields, .4;” and .4,°%, respectively. Using the weight w = fR,arLR,
the observed weighted yield of events for the process i in the m" bin of x; is given by summing the
corresponding weights w; ,:

Nk
Aobs — Z EmiWin =Y EmifaPonaiy oRin - 3)

im,k
n=1 n=1

The sum runs over the number of events Ny observed for configuration &, and &, ; is equal to 1 if the given

! They are also equivalent to A%O (x) from Ref. |10} see Eq. (1) ibid.
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event x; belongs to its m” bin, and zero otherwise. The target polarisation is not included in the weight

because its value changes with time. Since one knows only the probabilities R; that the event originated

: : ; ; obs obs
from a particular partonic process, each event contributes to all three event yields ,/I{,GFW,( , JI{)CDCM ,

and %‘f,bf/ - The correlation between these events yields is taken into account by the covariance matrix
m’
N
COVijpy k = Lntt Emi€n, jWinW -

The predicted weighted yields of events of each type, JI{nfr,f is approximated by

A (wzzwj,,,»w,m <Af<x,->>m,) | @

j om

where oy, is the weighted value of o (Quw,, /Odw,;, = Gt sy, /O ;) and

N,
Znil 8m,i8m’,jﬁj,nwi7n

Ny
Zn:l Em,iWin

<Bjm/ >Wim ~

S))

Here, the additional assumption (B;A’(x;)) ~ (B;}(A’(x;)) was used. Knowing the number of ob-
served and predicted events as well as the covariance matrix, the standard definition of x? is used,
X% = (NP5 — AP o=l (A0S — _4Pre) where A °PS and AP are vectors with the components
7% and A;P'F, respectively. The values of Ag/g, AY* and AR’ are obtained from the minimisation
of 2 by the MINUIT programme [27]]. The HESSE method from the same package is used to calculate
the uncertainties. In the present analysis we use 12 bins in xg;j, 6 in xc and in 1 or 3 bins in x,. In the
COMPASS kinematic region xc < 0.06 so that the same binning can be used for xc as for the six highest
bins in xg;. In order to further constrain Ag/g, one can eliminate several parameters from the fit by using
the relation ALP (x) = A%PC(x).

The sample of low-prt events is almost entirely dominated by the LP process. It thus provides to the
applied ¥ minimisation enough lever-arm for a separation between the LP and PGF processes, allowing
the simultaneous extraction of their asymmetries. As a result, a significant reduction of both statistical
and systematic uncertainties is achieved when comparing to Ref. |10,

The presented method of the extraction of Ag/g is model dependent. Model-independent quantities that
can be used in future NLO analyses of Ag/g, are longitudinal double-spin asymmetries with a hadron
in the final state, A}LIL. They were extracted in bins of xgj and pt of the hadron leading in pt and are
available in [28]]. Observe, that these asymmetries are not used directly in the all-pt method presented
in this Letter.

4 Monte Carlo Simulation and Neural Network Training

The LEPTO event generator [[29] (version 6.5) is used to generate the MC using the unpolarised cross
sections of the three processes involved. The generated events are processed by the detector simulation
programme COMGEANT (based on GEANT3) and reconstructed in the same way as real events by
the reconstruction programme CORAL. The same data selection is then applied to real and Monte Carlo
events. In Ref.30/it was found that simulations with the two hadron-shower models available in GEANT3
(GHEISHA and FLUKA) give inconsistent results in the high-pt region. Therefore, it was decided to
skip in the analysis those events, for which the hadron leading in pt has pt > 2.5 GeV/c.

The best description of the data in terms of data-to-MC ratios for various variables is obtained when using
LEPTO with the parton shower mechanism switched on, the fragmentation function tuning as described
in Ref/10, and the PDF set of MSTWO08LO3q from Ref. 31| together with the F;, function option from
LEPTO. A correction for radiative effects as described in Ref. [23|is applied. In Fig.[2] data and MC are



8 . — data 2006 (1 week)|
Em 3 ® LEPTONC
10°
104_
10°k
of
il il N 1l 1 1 PR R T T NS S R S R U T SR R N TR R S S | 1
Qs
= ‘ 4 sl
~ 9| ° 09§ 0000,
(§ 1 ..W 00000%00000000, 0, | ®000000000000000 ‘.M.ﬁ** _...u-u-ou.- (1] ...o o oo’
0.5F
0 e T p o 0 05 10 1 20 50 T00 0 05 1
Xg; Q? [(GeV/c)] y p, [GeV/c] p, [GeVic] z

Fig. 2: Comparison of kinematic distributions from data and MC simulations (top panels) and their ratio (bottom
panels) for the lepton variables: xg;, QZ, y and for pr, pL and z of the hadron leading in pr, normalised to the
number of events.

compared for the lepton variables, xp;, 02, y and for pt, pr and z of the hadron leading in pr. The Monte
Carlo simulation describes the data reasonably well over the full phase space. The largest discrepancy is
observed for low pr values, where the LP is dominant. Therefore, this region has limited impact on the
extracted Ag/g value. The best description of the data in terms of data-to-MC ratios was the reason to
select the presented MC sample for the extraction of the final Ag/g value.

For a given set of input parameters, a neural network (NN) is trained to output the corresponding expec-
tation value for fractions R;, x; and analysing powers a} ; . The input parameter space is defined by XBjs
Q? and by py, pr of the hadron leading in pt. The same type of neural network from Ref. 32/is used as
in Ref. |10l In the case that a clear distinction between the ‘true’ MC value and its NN parametrisation
is needed, for the latter one the superscript ‘NN’ will be added to the symbol denoting this variable, e.g.
ng. An example of the quality of the NN parametrisation is given in the top panels of Fig. |3l It shows
‘true’ probabilities for LP, QCDC and PGF events as a function of pt and the NN probabilities obtained
for the same MC data. While the LP probability falls with increasing pt, QCDC and PGF rise with
comparable strength. Another NN quality test is presented in the bottom panels of Fig. [3] where MC
samples are selected in bins of the R; values returned by the NN, which corresponds to the probability
that the given event is of type i. Using the true MC information, it is possible to verify the generated
fraction of processes i in the selected samples. A very good correlation is visible between NN output and
the true MC composition.

5 Systematic Studies

With respect to the analysis method used in Ref. |10, two contributions to the systematic uncertainty are
eliminated, i.e. the one related to the xc approximatiorﬂ and the one related to the parametrisation of
Ailnﬁl. The other major contributions to the systematic uncertainty are re-evaluated in the current analysis.
These are the limit on experimental false asymmetries, Og,se, the uncertainty related to the usage of MC
in the analysis, Omc, the impact of using a NN on the results, Ony, and the uncertainty that is obtained
by combining those of beam and target polarisations and of the dilution factor, which is denoted as Oppy.
All these contributions to the systematic uncertainty are given in Table [1| for the Ag/g results obtained
in the full xg range and for those obtained in three bins of ng. The systematic uncertainty of the Ag/g
result, Oy , is calculated as quadratic sum of the contributions Sfase, Omc, Onn, and Oppy.

The false asymmetries are related to the stability of the spectrometer. The contribution of Jgyse = 0.029

2j.e. xc = xc in Eq. (3) of [10].
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Fig. 3: Top panels: Values of Ry p, Rocpe, Rpgr obtained from MC and NN as a function of pt. Bottom panels:
MC probabilities in bins of NN probabilities.

Table 1: Summary of contributions to the systematic uncertainty.

syst. unc. full x, range ngN <0.10 0.10< ngN <0.15 ng\IN >0.15
Oalse 0.029 0.039 0.022 0.014
OmMC 0.017 0.017 0.041 0.044
ONN 0.007 0.007 0.007 0.018
Oppf 0.010 0.008 0.013 0.013
Osyst. 0.036 0.044 0.049 0.051

is somewhat larger than that obtained in the previous analysis [10]], where it was additionally assumed
that false asymmetries are independent of pr EI

Although the present analysis depends on the MC model used, the uncertainty Syic is found to be small.
It is evaluated by exploring the parameter space of the model using eight different MC simulations.
These eight simulations differ by the tuning of the fragmentation functions (COMPASS High-pr, [[10] or
LEPTO default), and by using or not using of the parton shower (PS) mechanism, which also modifies
the cut-off schemes used to prevent divergences in the LEPTO cross-section calculation [29]. Also,
different PDF sets are used (MSTWOSL or CTEQSL [33]]), the longitudinal structure function ¥, from
LEPTO is used or not used and alternatively FLUKA or GEISHA is used for the simulation of secondary
interactions. Two observations are made when inspecting Fig. The first one is that for the eight
different MC simulations the resulting values of Ag/g are very similar; the root mean square (RMS) of
the eight values, which is taken to represent dy;c, amounts to only 0.017. The second observation is that
the eight statistical uncertainties vary by up to a factor of two.

The explanation for the second observation is that in a good approximation the statistical uncertainty of
Ag/g is proportional to 1/Rpgr. As in the eight different MC simulation the values of Rpgr can vary
by up to a factor two, large fluctuations of statistical uncertainties of Ag/g are observed in Fig. 4, The
observation of a small RMS value can be understood by the following consideration. Assuming that

3This assumption, when used in the current analysis, would lead to a much lower value of 8gse than previously. This is
due to the simultaneous extraction of Ag/g and AL*, which are both affected by the same spectrometer instabilities, thereby
eliminating relative contributions to Jgyjse-



Eq. (1) in Ref. |10 is re-written for the one-hadron case, and that the left-hand side of the equation is
cancelled by the second term on the right-hand side, Ag/g is approximated as

N P“Rocpe ,1p N

Ag/g ~ QEEFRPGF A (< > ~ 014) : (6)
The value of AP at (xc) = 0.14 is ~ 0.087, while the value of (a2"Rocpc)/(aFSFRegr) is ~ 1.5,
giving Ag/g ~ 0.13. This value is not very different from the result of the full analysis presented in
section |6, which justifies the usage of Eq. @ for the explanation of the small RMS. The values of aPGF
and aQ °Cin Eq. are quite stable with respect to the MC simulation used. As aPGF depends mostly
on Q2 and v, which as inclusive variables are not affected by switching parton showers on or off nor by
different fragmentation tunes, it is very similar in all eight MC simulations. A similar consideration is
valid for anDC, which depends mostly on y. The ratio Rocpe/Rpgr is known more precisely than e.g.
the ratio Ry p/Rpgr or Rpgr itself. One reason here is that both QCDC and PGF are treated in NLO, so
that the strong coupling constant cancels in the cross section ratio. In addition, the hadron pt in both
processes is dominated by the partonic cross section calculable in LO pQCD and not by the fragmentation

process, for which the parameters were tuned.

The usage of NN method leads to a systematic uncertainty oy = 0.007. The systematic uncertainty
Opps, Which is proportional to the extracted value of Ag/g in the all-pr method, is evaluated to be 0.010 .
The systematic uncertainties due to radiative corrections, due to the resolved-photon contribution, and
due to remaining contributions from diffractive processes are estimated to be small and can hence be
safely neglected.

In the present analysis method, A]fP and A?CDC are two estimators of the same quantity. This fact allows
to perform additional consistency checks of the MC model used in the analysis, which were not possible
in the analysis method used in Ref. [10. The validity of the assumption ALP(x) = A?CDC (x) can be
verified by performing a standard y? test. A possible failure of a y? test may indicate the use of incorrect
R; and/or d | values in the analysis. This could happen if the MC tuning used in the analysis is wrong,
or e.g. higher order corrections are substantial. This compatibility check was performed for all eight
MC samples, giving a y? value between 3.9 and 13.1 for 6 degrees of freedom. For the MC simulation
used to obtain the quoted Ag/g value, y*> = 8.1 was found, which means that values of AQCD C and ALP
are compatible. Furthermore, one can also directly change the values of e.g. aLL RQCDC obtained from
NN, and by checking the compatibility of the two A values verify the consistency of data and MC model.

In the simplest test we have added a multiplicative factor Ngcpc to the MC value of aLL RQCDC and
calculated the x2 value of the compatibility test as a function of Nocpc. As seen in the right panel of
Fig. 4] the minimum value of y? is obtained for Nqcpce ~ 1, which supports the validity of the MC model.

The present analysis method assumes that A}* and Ag/g are independent of pr. We have verified that
using different minimum pr cuts between 0.05 GeV/c and 1 GeV/c for data selection the extracted
values of ALY and Ag/g are compatible within statistical uncertainties with the final results, when taking
into account correlations of the data samples.

6 Results
The re-evaluation of the gluon polarisation in the nucleon yields
(Ag/g) = 0.11340.038 (551) £ 0.0365yq ) @)

which is obtained at average hard scale u?> = (Q?) = 3 (GeV/c)?. In the analysis, a correction is applied
to account for the probability that the deuteron is in a D-wave state [34]]. In the kinematic domain of
the analysis, the average value of x,, weighted by af ol wpgr, is (xg) ~ 0.10. In the case that Ag/g
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Fig. 4: Left panel: Extracted values of Ag/g and their statistical uncertainties for eight different MC simulations.
A digit ‘1’ at a certain position in the 5-digit code shown on the ordinate means that the corresponding simulation
parameter was used differently as compared to the code 00000 simulation that was used for the extraction of the
final Ag/g results. The meaning of the digits is as follows (from left to right): 1% choice of the fragmentation
functions tuning; ond usage of PS mechanism (here 0 means ON); 3" choice of PDF; 4" usage of F, function
from LEPTO (here 0 means ON); and 5" choice of a program to simulate secondary interactions. Right panel:
The results of the x2 scan of NQcpc, see text for details.

can be approximated by a linear function in the measured region of x,, the obtained results of (Ag/g)
corresponds to a value of Ag/g at this weighted average value of x,. The obtained value of Ag/g is
positive in the measured xg range and almost 3Oy, from zero. A similar conclusion is reached in the NLO
pQCD fits [18[19], which include recent RHIC data. The present result agrees well with the previous
one [10] that was obtained from the same data (Ag/g = 0.12540.060 4 0.065) . This comparison shows
that the re-analysis using the new all-pt method leads to a reduction of the statistical and systematic
uncertainty by a factor of 1.6 and 1.8, respectively.

The gluon polarisation is also determined in three bins of ng , which correspond to three ranges in
xg. These ranges are partially overlapping due to an about 60% correlation between x, and N, which
arises during the NN training. The result on Ag/g in three bins of ngN are presented in Table [2| Within
experimental uncertainties, the values do not show any significant dependence on x,. Note that the
events in the three bins of xI;N are statistically independent. In principle, for each ngN bin one could
extract simultaneously Ag/g and A}P in 12 xg; bins, resulting in 36 A%P and three Ag/g values. However,
in order to minimise statistical uncertainties of the obtained Ag/g values, for a given xg; bin only one
value of A%P is extracted instead of three. As a result of such a procedure, a correlation between the three
Ag/g results may arise from the fit. Indeed, a 30% correlation is found between Ag/g results obtained
in the first and second ng bins. The correlations of the results between the first or second and the third
ng\IN bin are found to be consistent with zero.

A comparison of the published [10] and present results is shown in the left panel of Fig.[5] In addition
to a clear reduction of the statistical uncertainties, a small shift in the average value of x, is observed,
which originates from using slightly different data selection criteria in the all-pr analysis and also from
differences between the two methods. In the right panel of Fig. [5] the new results are compared with
the world results on Ag/g extracted in LO analyses [7-9,/11], and good agreement is observed. The new
COMPASS results have the smallest combined statistical and systematic uncertainty.

The left panel of Fig. [6] shows the present results, which are obtained at LO, in comparison to the most
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Table 2: The values for (Ag/g) in three xy ™ bins, and for the full x, range.

Xp bin  (xg) xg range (RMS) (Ag/g)
0-0.10 0.08 0.04-0.13 0.087+0.050+£0.044
0.10-0.15 0.12 0.07-0.21 0.149£0.0514+0.049
0.15-1 0.19 0.13-0.28 0.154+0.122+0.051
0—-1 0.10 0.05-0.20 0.113+0.038£0.036
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Fig. 5: The new results for Ag/g in three x, bins compared to results of Ref. 10| (left panel) and world data on
Ag/g extracted in LO [7-9}/11] (right panel). The inner error bars describe the statistical uncertainties, and the
outer ones describe the statistical and systematic uncertainties combined in quadrature. The horizontal error bars
describe x, range (RMS).
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Fig. 6: Left panel: Comparison of the new LO results with the newest COMPASS NLO QCD fit [35]. Otherwise
as in Fig.|5| Right panel: Extracted values of AII“S (xgj) and Aiffgl from [5}36]. Here, only statistical uncertainties
are shown.

recent COMPASS NLO Ag/g parametrisation [35]. The present results support solutions with positive
AG value for the fit. Note that this comparison does not account for the difference between LO and NLO.

For completeness, in the right panel of Fig. @ the extracted values of A%ﬂ (xgj) are shown as full points.
They are consistent with zero at low xg; and rise at higher xg;. The LP measured in this analysis is the
major contributor to the inclusive asymmetry Ai]‘jfjl, and the values of A]ffl and Ailfgl shows very similar
trends, as expected. The values of Aifgl for xgj < 0.3 are from Ref. 36 while those for xg; > 0.3 are from
Ref. 3l
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7 Conclusions

The re-evaluation of the gluon polarisation in the nucleon yields at LO in pQCD (Ag/g) = 0.113 +
0.038 (5a.) = 0.0364y ) for a weighted average of (x) ~ 0.10 and an average hard scale of 3 (GeV/c)>.
This result is compatible with and supersedes our previous result [[10] obtained from the same 0*>1
(GeV/c)? data. It favours a positive gluon polarisation in the measured xg range. The new ‘all-pt method’
employed in the present analysis leads to a reduction of both the statistical and systematic uncertainties
on the gluon polarisation. This is due to the cancellation of some uncertainties in the simultaneous
determination of Ag/g and AT.
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