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Quark spin 
20～30%

Gluon spin 
Some estimations by global fit are 
available:

e.g.）-20% - +90% (PRL113(2014)012001)


      +30% - +50% (PRD93(2016)114024)

data mainly probe the region 0.05 ≤ x ≤ 0.2, but the more
precise 2009 results help to constrain ΔgðxÞ better down to
somewhat lower values x≃ 0.02. Here, some very limited
information on Δg is also available from scaling violations
of the DIS structure function g1 which is, of course, fully
included in our global QCD analysis. Overall, the con-
straints on ΔgðxÞ in, say, the regime 0.001 ≤ x ≤ 0.05 are
much weaker than those in the RHIC region, as can be
inferred from Fig. 1. Very little contribution to ΔG is
expected to come from x > 0.2.
Figure 5 shows our estimates for the 90% C.L. area in the

plane spanned by the truncated moments of Δg calculated
in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05 for Q2 ¼ 10 GeV2.
Results are presented both for the DSSV* and our new fit.
The symbols in Fig. 5 denote the actual values for the
best fits in the DSSV, DSSV*, and the present analyses. We
note that for our new central fit the combined integralR
1
0.001 dxΔgðx;Q2Þ accounts for over 90% of the full ΔG
at Q2 ¼ 10 GeV2. Not surprisingly, the main improvement
in our new analysis is to shrink the allowed area in the
horizontal direction, corresponding to the much better
determination of ΔgðxÞ in range 0.05 ≤ x ≤ 0.2 by the
2009 RHIC data. Evidently, the uncertainty in the smaller-x
range is still very significant, and better small-x probes
are badly needed. Data from the 2013 RHIC run at

ffiffiffi
s

p
¼

510 GeV may help here a bit. In the future, an electron-ion
collider would provide the missing information, thanks to
its large kinematic reach in x and Q2 [20].
Conclusions and outlook.—We have presented a new

global analysis of helicity parton distributions, taking into
account new and updated experimental results. In particu-
lar, we have investigated the impact of the new data on ALL

in jet and π0 production from RHIC’s 2009 run. For the first
time, we find that the jet data clearly imply a polarization of
gluons in the proton at intermediate momentum scales, in
the region of momentum fractions accessible at RHIC. This
constitutes a new ingredient to our picture of the nucleon.
While it is too early to draw any reliable conclusions on the
full gluon spin contribution to the proton spin, our analysis
clearly suggests that gluons could contribute significantly
after all. This in turn also sheds a new light on the possible
size of orbital angular momenta of quarks and gluons.
We hope that future experimental studies, as well as lattice-
QCD computations that now appear feasible [21], will
provide further information onΔgðxÞ and eventually clarify
its role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final and
additional information on the quark and antiquark helicity
distributions, in particular from final data on W boson
production at RHIC, has become available. Also, on the
theoretical side, a new study of pion and kaon fragmenta-
tion functions should precede the next global analysis of
polarized parton distributions.
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FIG. 5 (color online). 90% C.L. areas in the plane spanned by
the truncated moments of Δg computed for 0.05 ≤ x ≤ 1 and
0.001 ≤ x ≤ 0.05 at Q2 ¼ 10 GeV2. Results for DSSV, DSSV*,
and our new analysis, with the symbols corresponding to the
respective values of each central fit, are shown.
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Table 2 The values for ⟨!g/g⟩ in three xNN
g bins, and for the full xg

range. The xg range given in the third column corresponds to an interval
in which 68% of the MC events are found

xNN
g bin ⟨xg⟩ xg range ⟨!g/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 ± 0.051 ± 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

discrepancy between real and MC data is observed, does not
bias the !g/g result. Similarly, in another test it was verified
that compatible !g/g values are obtained with or without
the cut pT < 2.5 GeV/c.

6 Results

The re-evaluation of the gluon polarisation in the nucleon,
yields

⟨!g/g⟩ = 0.113 ± 0.038(stat.) ± 0.036(syst.), (7)

which is obtained at an average hard scale µ2 = ⟨Q2⟩ = 3
(GeV/c)2. In the analysis, a correction is applied to account
for the probability that the deuteron is in a D-wave state [36].
The presented value of the gluon polarisation was obtained
assuming the equality of ALP

1 (x) and AQCDC
1 (x). In the

kinematic domain of the analysis, the average value of xg,
weighted by aPGF

LL wPGF, is ⟨xg⟩ ≈ 0.10. In case !g/g can
be approximated by a linear function in the measured region
of xg, the obtained values of ⟨!g/g⟩ correspond to the value
of !g/g at this weighted average value of xg. The obtained

value of !g/g is positive in the measured xg range and almost
3σstat from zero. A similar conclusion is reached in the NLO
pQCD fits [19,20], which include recent RHIC data. The
result of the present analysis agrees well with that of the
previous one [11], which was obtained from the same data
(!g/g = 0.125 ± 0.060 ± 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
xNN

g , which correspond to three ranges in xg. These ranges
are partially overlapping due to an about 60% correlation
between xg and xNN

g , which arises during the NN training.
The result on !g/g in three bins of xNN

g are presented in
Table 2. Within experimental uncertainties, the values do
not show any significant dependence on xg. Note that the
events in the three bins of xNN

g are statistically independent.
In principle, for each xNN

g bin one could extract simultane-
ously !g/g and ALP

1 in 12 xBj bins, resulting in 36 ALP
1 and

three !g/g values. However, in order to minimise the statis-
tical uncertainties of the obtained !g/g values, for a given
xBj bin only one value of ALP

1 is extracted instead of three. As
a result of such a procedure, a correlation between the three
!g/g results may arise from the fit. Indeed, a 30% correla-
tion is found between !g/g results obtained in the first and
second xNN

g bins. The correlations of the results between the
first or second and the third xNN

g bin are found to be consistent
with zero.

A comparison of published [11] and present results is
shown in the left panel of Fig. 5. In addition to a clear reduc-
tion of the statistical uncertainties, a small shift in the aver-
age value of xg is observed, which originates from using
slightly different data selection criteria in the all-pT analysis
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Fig. 5 The new results for !g/g in three xg bins compared to results of
Ref. [11] (left panel) and world data on !g/g extracted in LO [8–10,12]
(right panel). The inner error bars represent the statistical uncertainties

and the outer ones the statistical and systematic uncertainties combined
in quadrature. The horizontal error bars represent the xg interval in
which 68% of the MC events are found

123



Polarized DY in COMPASS at CERN, G. Nukazuka (Yamagata Univ)

COMPASS Proton spin puzzle

 6

Quark spin 
20～30%

Gluon spin 
Some estimations by global fit are 
available:

e.g.）-20% - +90% (PRL113(2014)012001)


      +30% - +50% (PRD93(2016)114024)

data mainly probe the region 0.05 ≤ x ≤ 0.2, but the more
precise 2009 results help to constrain ΔgðxÞ better down to
somewhat lower values x≃ 0.02. Here, some very limited
information on Δg is also available from scaling violations
of the DIS structure function g1 which is, of course, fully
included in our global QCD analysis. Overall, the con-
straints on ΔgðxÞ in, say, the regime 0.001 ≤ x ≤ 0.05 are
much weaker than those in the RHIC region, as can be
inferred from Fig. 1. Very little contribution to ΔG is
expected to come from x > 0.2.
Figure 5 shows our estimates for the 90% C.L. area in the

plane spanned by the truncated moments of Δg calculated
in 0.05 ≤ x ≤ 1 and 0.001 ≤ x ≤ 0.05 for Q2 ¼ 10 GeV2.
Results are presented both for the DSSV* and our new fit.
The symbols in Fig. 5 denote the actual values for the
best fits in the DSSV, DSSV*, and the present analyses. We
note that for our new central fit the combined integralR
1
0.001 dxΔgðx;Q2Þ accounts for over 90% of the full ΔG
at Q2 ¼ 10 GeV2. Not surprisingly, the main improvement
in our new analysis is to shrink the allowed area in the
horizontal direction, corresponding to the much better
determination of ΔgðxÞ in range 0.05 ≤ x ≤ 0.2 by the
2009 RHIC data. Evidently, the uncertainty in the smaller-x
range is still very significant, and better small-x probes
are badly needed. Data from the 2013 RHIC run at
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510 GeV may help here a bit. In the future, an electron-ion
collider would provide the missing information, thanks to
its large kinematic reach in x and Q2 [20].
Conclusions and outlook.—We have presented a new

global analysis of helicity parton distributions, taking into
account new and updated experimental results. In particu-
lar, we have investigated the impact of the new data on ALL

in jet and π0 production from RHIC’s 2009 run. For the first
time, we find that the jet data clearly imply a polarization of
gluons in the proton at intermediate momentum scales, in
the region of momentum fractions accessible at RHIC. This
constitutes a new ingredient to our picture of the nucleon.
While it is too early to draw any reliable conclusions on the
full gluon spin contribution to the proton spin, our analysis
clearly suggests that gluons could contribute significantly
after all. This in turn also sheds a new light on the possible
size of orbital angular momenta of quarks and gluons.
We hope that future experimental studies, as well as lattice-
QCD computations that now appear feasible [21], will
provide further information onΔgðxÞ and eventually clarify
its role for the proton spin. We plan to present a full new
global analysis with details on all polarized parton dis-
tributions once the 2009 RHIC data have become final and
additional information on the quark and antiquark helicity
distributions, in particular from final data on W boson
production at RHIC, has become available. Also, on the
theoretical side, a new study of pion and kaon fragmenta-
tion functions should precede the next global analysis of
polarized parton distributions.
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FIG. 5 (color online). 90% C.L. areas in the plane spanned by
the truncated moments of Δg computed for 0.05 ≤ x ≤ 1 and
0.001 ≤ x ≤ 0.05 at Q2 ¼ 10 GeV2. Results for DSSV, DSSV*,
and our new analysis, with the symbols corresponding to the
respective values of each central fit, are shown.
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Table 2 The values for ⟨!g/g⟩ in three xNN
g bins, and for the full xg

range. The xg range given in the third column corresponds to an interval
in which 68% of the MC events are found

xNN
g bin ⟨xg⟩ xg range ⟨!g/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 ± 0.051 ± 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

discrepancy between real and MC data is observed, does not
bias the !g/g result. Similarly, in another test it was verified
that compatible !g/g values are obtained with or without
the cut pT < 2.5 GeV/c.

6 Results

The re-evaluation of the gluon polarisation in the nucleon,
yields

⟨!g/g⟩ = 0.113 ± 0.038(stat.) ± 0.036(syst.), (7)

which is obtained at an average hard scale µ2 = ⟨Q2⟩ = 3
(GeV/c)2. In the analysis, a correction is applied to account
for the probability that the deuteron is in a D-wave state [36].
The presented value of the gluon polarisation was obtained
assuming the equality of ALP

1 (x) and AQCDC
1 (x). In the

kinematic domain of the analysis, the average value of xg,
weighted by aPGF

LL wPGF, is ⟨xg⟩ ≈ 0.10. In case !g/g can
be approximated by a linear function in the measured region
of xg, the obtained values of ⟨!g/g⟩ correspond to the value
of !g/g at this weighted average value of xg. The obtained

value of !g/g is positive in the measured xg range and almost
3σstat from zero. A similar conclusion is reached in the NLO
pQCD fits [19,20], which include recent RHIC data. The
result of the present analysis agrees well with that of the
previous one [11], which was obtained from the same data
(!g/g = 0.125 ± 0.060 ± 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
xNN

g , which correspond to three ranges in xg. These ranges
are partially overlapping due to an about 60% correlation
between xg and xNN

g , which arises during the NN training.
The result on !g/g in three bins of xNN

g are presented in
Table 2. Within experimental uncertainties, the values do
not show any significant dependence on xg. Note that the
events in the three bins of xNN

g are statistically independent.
In principle, for each xNN

g bin one could extract simultane-
ously !g/g and ALP

1 in 12 xBj bins, resulting in 36 ALP
1 and

three !g/g values. However, in order to minimise the statis-
tical uncertainties of the obtained !g/g values, for a given
xBj bin only one value of ALP

1 is extracted instead of three. As
a result of such a procedure, a correlation between the three
!g/g results may arise from the fit. Indeed, a 30% correla-
tion is found between !g/g results obtained in the first and
second xNN

g bins. The correlations of the results between the
first or second and the third xNN

g bin are found to be consistent
with zero.

A comparison of published [11] and present results is
shown in the left panel of Fig. 5. In addition to a clear reduc-
tion of the statistical uncertainties, a small shift in the aver-
age value of xg is observed, which originates from using
slightly different data selection criteria in the all-pT analysis

gx
-210 -110

g
/g

 
∆

-0.4

-0.2

0

0.2

0.4

0.6
, 2002-062>1 (GeV/c)2, Q

T
COMPASS, all-p

, 2002-062>1 (GeV/c)2, Q
T

COMPASS, high-p

gx
-210 -110

g
/g

 
∆

-0.4

-0.2

0

0.2

0.4

0.6
, 2002-062>1 (GeV/c)2, Q

T
COMPASS, all-p

, 2002-032<1 (GeV/c)2, Q
T

COMPASS, high-p

COMPASS, Open Charm, 2002-07
2>1 (GeV/c)2, Q

T
SMC, high-p

2, all Q
T

HERMES, high-p

Fig. 5 The new results for !g/g in three xg bins compared to results of
Ref. [11] (left panel) and world data on !g/g extracted in LO [8–10,12]
(right panel). The inner error bars represent the statistical uncertainties

and the outer ones the statistical and systematic uncertainties combined
in quadrature. The horizontal error bars represent the xg interval in
which 68% of the MC events are found
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At leading twist, nucleon structure is described 8 
transverse momentum dependent PDFs

• Colinear PDFs:


f1 (x) number density, g1(x) helicity, h1(x) transversity


• TMD PDF: depend on x and modulus |kT| 
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At leading twist, nucleon structure is described 8 
transverse momentum dependent PDFs

• Colinear PDFs:


f1 (x) number density, g1(x) helicity, h1(x) transversity


• TMD PDF: 

depend on x and modulus |kT| 


Sivers function :

Correlation between transv. spin of the nucleon ST and kT 

If the value is 0, it suggests that there is no orbital angular 
momentum of the parton.
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COMPASS Sivers and Boer-Mulders functions

Confirmation of the sign change is a crucial test of QCD TMD framework!!

SIDIS

that in the final stateDY


QCD gluon gauge link in the initial state

Sivers and Boer-Mulders funcs. are expected to be naïve time reversal odd 
(PLB536(2002)43)

→ Sign measured via DY and SIDIS should be opposite!
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f?1T,DY =� f?1T,SIDIS

h?1,DY =�h?1,SIDIS
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LHC

SPS

COMPASS COmmonMuonProtonApparatus for 

Structure and Spectroscopy

• More than 200 physicists + students

• Hadron structure and spectroscopy

• The first physics data taking in 2002

• The final physics data taking in 2021

COMPASS
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COMPASS

Year Physics Beam (GeV/c) Target

02 - 04 SIDIS μ±，160 6LiD， long. & trans.
06 SIDIS μ+，160 6LiD， long.

07 SIDIS μ+，160 NH3， long. & trans.

08 - 09 Hadron Spectroscopy

10 SIDIS μ+，160 NH3， trans.

11 SIDIS μ+，200 NH3， long.

12 DVCS pilot run μ±，160 Liquid H2

14 DY pilot run π-，190 NH3

15 DY π-，190 NH3， trans.

16 - 17 DVCS μ±，160 Liquid H2

18 DY π-，190 NH3， trans.
19-20 CERN Long Shutdown 2

21 SIDIS μ+，160 6LiD， trans.

Typical setup

Beam

Target

Spectrometer

Beam：Polarized μ，hadron

Target：Polarized p or d, Liq. H2，Ni, Pb, W, …

Spectrometer

• About 350 tracking planes

• ECAL & HCAL

• RICH

• μ wall

Muon beam runs are covered by A. Bressan’s talk.
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COMPASS

Muon beam runs are covered by A. Bressan’s talk.

History of COMPASS data taking
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COMPASS

Year Physics Beam (GeV/c) Target

02 - 04 SIDIS μ±，160 6LiD， long. & trans.
06 SIDIS μ+，160 6LiD， long.

07 SIDIS μ+，160 NH3， long. & trans.

08 - 09 Hadron Spectroscopy

10 SIDIS μ+，160 NH3， trans.

11 SIDIS μ+，200 NH3， long.

12 DVCS pilot run μ±，160 Liquid H2

14 DY pilot run π-，190 NH3

15 DY π-，190 NH3， trans.
16 - 17 DVCS μ±，160 Liquid H2

18 DY π-，190 NH3， trans.

19-20 CERN Long Shutdown 2
21 SIDIS μ+，160 6LiD， trans.

Typical setup

Beam

Target

Spectrometer

Beam：Polarized μ，hadron

Target：Polarized p or d, Liq. H2，Ni, Pb, W, …

Spectrometer

• About 350 tracking planes

• ECAL & HCAL

• RICH

• μ wall

Half of data had already 
been analyzed.

Analysis results were already published 
from PRL119 (2017) 112002
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COMPASS Polarized DY experiment at COMPASS
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in solid NH3

190 GeV/c

γ*

p↑

µ+

µ-

π -

X

X

u

u̅u̅   d

u 
u    d

⟨xπ⟩ ∼ 0.5
⟨xN⟩ ∼ 0.17

xπ(N) =
q2

2Pπ(N) ⋅ q
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COMPASS Polarized DY experiment at COMPASS
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Dominant acceptance of COMPASS spectrometer is valence regions 
→ DY by u(p) u(̅π-) is dominant.

in solid NH3

190 GeV/c

γ*

p↑

µ+

µ-

π -

X

X

u

u̅u̅   d

u 
u    d

⟨xπ⟩ ∼ 0.5
⟨xN⟩ ∼ 0.17

xπ(N) =
q2

2Pπ(N) ⋅ q
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dx π
N
/d
x

2 d

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

πx
0 0.2 0.4 0.6 0.8 1

Nx

0

0.2

0.4

0.6

0.8

1
preliminaryCOMPASS 

Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < 

xπ(N) =
q2

2Pπ(N) ⋅ q
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COMPASS Asymmetries
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x

y

z
θCS

φCS

Pπ,CSPN, CS

l

l

µ+

µ-

Collins-Soper frame

x

z

y

φS
q

qT

Pπ,TR target

ST

Target rest frame�̂U = (F 1
U + F 2

U)(1 + A1
U cos2 ✓CS)

F = 4
q
(P⇡ · PN)2 � M2

⇡M
2
N : Hadron flux

: survives after integration over φCS

: AsymmetryAW (fCS,fS)
U,T =

FW (fCS,fS)
U,T

F1
U +F2

U
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AW (fCS,fS)
U,T =

FW (fCS,fS)
U,T

F1
U +F2

U
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: Structure function

In the case of unpol. beam and trans. pol. target (twist-2):

Asin�S

T sin�S

dσ

d4qdΩ
=

α2
em

Fq2
σ̂U

[(
1 + D[sin2 θ]A

cos 2φ
U cos 2φ

)
+ |ST |

{
AsinφS

T sinφS + D[sin2 θ]

(
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dσ
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=
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[(
1 + D[sin2 θ]A

cos 2φ
U cos 2φ

)
+ |ST |

{
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T sinφS + D[sin2 θ]

(
Asin(2φ+φS)

T sin(2φ + φS) + Asin(2φ−φS)
T sin(2φ − φS)

)}]

1

}
PRD79(2009)034005
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In the case of unpol. beam and trans. pol. target (twist-2):
d�

dq4d⌦
=
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µ

µ

Key equipments

• Hadron beam(97% is π-, rest is K-, p̅ ),  

190 GeV/c

• Transversely polarized proton 

target (NH3)

• Hadron absorber

• Beam PID

Beam

p�+ p" ! µ++µ�+X
<latexit sha1_base64="hO3JW/yDdyVgokw4PD3SXLNBDC0="></latexit>

Setup

Magnet

Polarized

Target

Hadron

Absorber

Magnet

Muon wall

Large angle spectrometer

30 - 180 mrad

Small angle spectrometer

18 - 30 mrad

Muon wall
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Setup, the targets
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310×
preliminaryCOMPASS 

Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < 

Tungsten beam dump (W)：L=120 cm, D=9 cm 

Al target                            ：L=7 cm, D= 9.4 cm

PT (NH3)                  ：L=55cm, D=4 cm, 2 cells 
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preliminaryCOMPASS 

Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < 

installed inside 
the cell

installed outside the cell

Microwave 
stoppers

{
Beam

4 
cm

20 cm 55 cm55 cm

Jaakko Koivuniemi September 16 2015

NA58 COMPASS polarised target 8

Polarizable NH3 
by DNP method.

Tungsten beam dump (W)：L=120 cm, D=9 cm 

Al target                            ：L=7 cm, D= 9.4 cm

PT (NH3)                  ：L=55cm, D=4 cm, 2 cells 
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310×
preliminaryCOMPASS 

Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < 

Max Average
Positive Negative Positive Negative

2015
Upstream 0.83 -0.86 0.74 -0.71

Downstream 0.79 -0.78 0.69 -0.67

2018
Upstream 0.82 -0.87 0.76 -0.68

Downstream 0.82 -0.81 0.72 -0.70

Tungsten beam dump (W)：L=120 cm, D=9 cm 

Al target                            ：L=7 cm, D= 9.4 cm

PT (NH3)                  ：L=55cm, D=4 cm, 2 cells 
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COMPASS Contents
• Introduction 
- Proton spin puzzle  
- Nucleon structure 
- Sign change of Sivers and Boer-Mulders functions 
- COMPASS collaboration 

• Polarized Drell-Yan (DY) at COMPASS 
- Polarized DY process 
- Setup, Spectrometer 
- Polarized target 

• Analysis 
- Selection of DY events 
- Kinematic distributions from 2015 data 
- Transverse spin asymmetries

 21
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COMPASS
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Analysis, Selection of DY events
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J/ψ

ψ’ □ Dimuon events from 2015 data 

up-

stream

down-

stream

PT

Al
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4

310×
preliminaryCOMPASS 

Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < Tungsten


beam 
dump

To reduce background as mush as possible, 
we need to select an appropriate invariant 
mass region.
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COMPASS

)2 (GeV/cµµM
4 6 8 10

)2
co

un
ts

 / 
(0

.0
4 

G
eV

/c

10

210

310

410

510
 data3COMPASS 2015 NH

Comb. background
 (MC)ψJ/

' (MC)ψ
Open-charm (MC)
Drell-Yan (MC)
Total MC + Comb. background

 23

J/ψ

ψ’ □ Dimuon events from 2015 data 

— Simulation


• DY, J/ψ, ψ’, Open-Charm were simulated.

• Analysis were done in the same way as in 

real data.

• Combinatorial background (gray dashed) 

was estimated by like-sign method from 
real data.

up-
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down-
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Drell-Yan 2018 data (~50%)
) < 8.5 2c/(GeV/µµM4.3 < Tungsten


beam 
dump

Analysis, Selection of DY events
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COMPASS
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J/ψ

ψ’

DY dominant 
~97%

□ Dimuon events from 2015 data 

— Simulation


• DY, J/ψ, ψ’, Open-Charm were simulated.

• Analysis were done in the same way as in 

real data.

• Combinatorial background (gray dashed) 

was estimated by like-sign method from 
real data.


The background to DY is only 3% in the 
dimuon mass range 4.3-8.5 GeV/c2 
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Drell-Yan 2018 data (~50%)
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Analysis, Selection of DY events
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COMPASS
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Analysis, Kinematics from 2015 Data
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⟨xπ⟩ = 0.50

⟨xN⟩ = 0.17

⟨qT⟩ = 1.2 GeV/c⟨xF⟩ = 0.33

⟨Mμμ⟩ = 5.3 GeV/c2
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COMPASS Asymmetry, 2015 & half of 2018
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COMPASS Asymmetry, 2015 & half of 2018
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COMPASS Asymmetry, 2015 & half of 2018
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
evolution. Based on these fits of one-dimensional data, various 
TMD-evolution models predict different sizes for the DY Sivers TSA 
in the high mass range, with values between 0.04 to 0.15 [24–27]. 
Better constraints on Q 2-evolution models of TMDs can be ex-
pected only from data that are simultaneously differential in x and 
Q 2, as the data presented in this Letter.

In Fig. 6 , Sivers TSAs are shown for different Q 2-ranges in bins 
of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
ible with one another. Moving towards larger values of z and pT , 
the two TSAs start to differ.

Fig. 6 shows different levels of agreement between our two-
dimensional data and the predictions that are based on earlier fits 

Fig. 5. The Q 2-dependence of the Sivers asymmetry for positive and negative 
hadrons in five selected bins of x. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. The solid (dashed) 
curves represent the calculations based on TMD (DGLAP) evolution for the Sivers 
TSAs [25,34]. Error bars represent statistical uncertainties. Systematic uncertainties 
are shown as bands at the bottom.

of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.

z>0.1

PLB770(2017)138, COMPASS
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NB. Sign change of Sivers should give the same sign of asymmetry 
due to different definition of asymmetries in DY and SIDIS.
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
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Q 2, as the data presented in this Letter.
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of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
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the two TSAs start to differ.
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of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.
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Fig. 4. Sivers asymmetry for z > 0.1 in the four Q 2-ranges as a function of x, z and 
pT , for positive and negative hadrons. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. Error bars represent 
statistical uncertainties. Systematic uncertainties are shown as bands at the bottom.

performed with a linear decreasing function or a constant does not 
yield a statistically significant conclusion, although there may be a 
slight preference to the former dependence for positive hadrons. 
For negative hadrons no clear trend is observed.

In contrast to the DGLAP evolution framework, the present TMD 
evolution schemes predict a strong Q 2-dependence both for po-
larised and unpolarised TMD PDFs at a given x in fixed-target 
kinematics. Still, due to partial cancellation of evolution effects in 
numerator and denominator of the asymmetry, the Sivers TSAs 
themselves may exhibit only a weak Q 2-dependence. Available 
descriptions of the Sivers TSAs, which are based on parametrisa-
tions of the unpolarised and polarised TMDs, are driven mostly 
by the one-dimensional data at low x and low Q 2 from HER-
MES and COMPASS, so that present phenomenological studies of 
Q 2-evolution are based on fits using the results of two separate 
experiments. Present models predict for increasing Q 2 a slight 
increase of the Sivers TSAs for DGLAP and a decrease for TMD 
evolution. Based on these fits of one-dimensional data, various 
TMD-evolution models predict different sizes for the DY Sivers TSA 
in the high mass range, with values between 0.04 to 0.15 [24–27]. 
Better constraints on Q 2-evolution models of TMDs can be ex-
pected only from data that are simultaneously differential in x and 
Q 2, as the data presented in this Letter.

In Fig. 6 , Sivers TSAs are shown for different Q 2-ranges in bins 
of z and pT . Note that the average x-values in different Q 2-ranges 
are increasing with Q 2, as can be seen from Fig. 1. Particularly 
interesting in Fig. 6 is the comparison of the Sivers TSAs for pos-
itive and negative hadrons at low z and low pT (top row). Here, 
they have small statistical uncertainties and appear to be compat-
ible with one another. Moving towards larger values of z and pT , 
the two TSAs start to differ.

Fig. 6 shows different levels of agreement between our two-
dimensional data and the predictions that are based on earlier fits 

Fig. 5. The Q 2-dependence of the Sivers asymmetry for positive and negative 
hadrons in five selected bins of x. The abscissa positions of the points for nega-
tive hadrons are slightly shifted to the right for better visibility. The solid (dashed) 
curves represent the calculations based on TMD (DGLAP) evolution for the Sivers 
TSAs [25,34]. Error bars represent statistical uncertainties. Systematic uncertainties 
are shown as bands at the bottom.

of one-dimensional data [19,20]. At low values of z and pT , pre-
dictions and data agree within uncertainties. In particular, there 
is agreement in the region 0.1 < z < 0.2 (top row, left panel), al-
though the corresponding parametrisations were based on a fit to 
HERMES data in the range z > 0.2 and W >

√
10 GeV/c2 [11] and 

COMPASS data in the range z > 0.2 and W > 5 GeV/c2 [13,29]. This 
suggests that at COMPASS kinematics factorisation appears to hold 
already in the range of low-z and W >

√
10 GeV/c2. At higher val-

ues of z and pT , clear discrepancies are observed. In particular, at 
highest z DGLAP curve for positive hadrons exhibits an apparent 
artefact at about Q 2 ≈ 10 (GeV/c)2. It can be expected that new 
fits including the two-dimensional Sivers TSAs presented in this 
Letter will better constrain the models.
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COMPASS Summary
• The contribution of quarks’ OAM to the nucleon spin is almost unknown.  

Study of TMDs helps to understand partons’ OAM.

• COMPASS measured polarized DY process in 2015 and 2018.


• Beam: π- with 190 GeV/c

• Target: Transversely polarized protons in solid NH3

• Final 2015 sample: about 35000 dimuon events in the mass range from 4.3 to 8.5 GeV/c2.  

Results were published in PRL119 (2017) 112002

• Half of data taken in 2018 was already analyzed.


• All transverse spin dependent asymmetries were extracted.

• ATsinφS: Sivers(N)⨂NumberDensity(π), 0.060 ± 0.057(stat.) ± 0.040 (sys.) from 2015 data suggests 

the sign change in comparison to the SIDIS asymmetry from COMPASS.

• ATsin(2φCS+φS): Pretzelosity(N)⨂BM(π), consistent with 0 within errors.

• ATsin(2φCS-φS): Transversity(N)⨂BM(π), showing negative trend as theorists obtained.
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