
Drell-Yan:
The Missing Spin Programme
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Leptons: clean, surgical tools

SIDIS

e+e–
Drell-Yan

• Disentangle quark flavours q → measure
   as many hadron species H,h as possible

• Disentangle distribution (f) and fragmentation (D)
       functions → measure all process
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These are the only processes where 

TMD factorization is proven
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Leptons: clean, surgical tools

SIDIS

e+e–
Drell-Yan

Spin Programs
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The Missing Spin 
Program: Drell-Yan

Drell-Yan

W production

• Crucial test of TMD formalism
→ sign change of T-odd functions

• A complete spin program requires 
multiple hadron species
→ nucleon & meson beams

• Clean access to sea quarks
e.g. 
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Sea-Spin: 
The Final Frontier

• Baseline: Sign Change for T-Odd TMD(u)
→ as much u-quark dominance as possible
→ COMPASS-II π–p↑ first: approved and 
         best kinematic match to SIDIS
→ SeaQuest with beam↑ maybe next

• The Sea: Sivers & Boer-Mulders for ubar
→ π+ or p beam at COMPASS-II
→ possible fixed target: N↑ target 
          @ SeaQuest, PANDA 
→ possible collider: RHIC, NICA

• Full Programme of Spin-DY:  TMD ultimate global fit
→ many beam species ( p, pbar, d, meson ): flavor separation
→ L and T polarization: TMD separation
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Daydream Bear



The Experiments

Cherenkov
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The Experiments

“valence” x
≈ 0.25

→ match to SIDIS

low mass
Mμμ < 2.5

high √s
→ low x, 
low lumi

approved
unpolarized
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COMPASS

SIDIS and DY

The COMPASS SIDIS and DY experimental measurements have an

overlapping region.

Transverse spin physics from the Drell-Yan process in COMPASS C. Quintans – p.12

SeaQuest
w pol beam

COMPASS-II

“Valence x” → where the action is



AnDY ‐ Staging

2011

2012

2013

HCal + newly constructed BBC at IP2 to establish the 
impact of a 3rd IR operaFon and to demonstrate the 
calibraFon of HCal to get first data constraints on 
charged hadron backgrounds
HCal + EmCal + neutral/charge veto + BBC for zero‐
field data sample with Lint≈150 pb‐1 and P≈50% to 
observe di‐leptons from J/ψ, Υ, and intervening 
conFnuum.
HCal + EmCal + neutral/charge veto + BBC + split‐
dipole for data sample with Lint≈ 150 pb‐1 and P=50% 
to observe di‐leptons from J/ψ, Υ, and intervening 
conFnuum to address whether charge sign 
discriminaFon is required

Polarized proton runs at √s = 500 GeV

10
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Good Luck Bear



UNPOLARISED SINGLE-POLARISED

500KEv included in 
asymmetries

Acceptance corrections 

crucial!

1 < qT < 2 GeV/c
2 < qT < 3 GeV/c

xP xP

xP
xP

xPxP

Physics Performance Report for PANDA arXiv:0903.3905

DY @ 15 GeV/c — pp->µ+µ-X GeV

Low-Mass Mμμ < 2.5 GeV

Polarized Target:
Under Discussion

Anti-proton beam!
PAX → polarize it ...
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Low-Mass 
Mμμ < 2.5 GeV

Polarized everything! Including d!



Polarized Drell‐Yan with PHENIX?
arxive:1108.4974 (Lu, Ma, Zhu)

projecFon

13

 

Highest √s polarized → RHIC collider
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COMPASS

Radiation conditions (II)

With a radiation screen of steel, borated polyethylene (neutrons

absorption) and concrete, also on top, to avoid important skyshine.

!!With a beam intensity up to 1 " 108 "!/second, the radiation levels

are within safety limits.
Transverse spin physics from the Drell-Yan process in COMPASS C. Quintans – p.24

! !
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Which dysfunctional care bear are you?



In Search of L*       TMDs + Models give

Boer-Mulders

h!1 (x,kT)

u

Sivers

f!1T(x,kT)

π+

uv
d*undefined

but beloved
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The Leading-Twist Sivers Function: Can it Exist in DIS?

A T-odd function like f!1T must arise from
interference ... but a distribution function
is just a forward scattering amplitude,
how can it contain an interference?

q

P

2

~
q q

P P

Im

Brodsky, Hwang, & Schmidt 2002

can interfere
with

and produce
a T-odd effect!

(also need Lz != 0)

It looks like higher-twist ... but no , these are soft gluons
= “gauge links” required for color gauge invariance

Such soft-gluon reinteractions with the soft wavefunction are
final (or initial) state interactions ... and may be
process dependent ! new universality issues e.g. Drell-Yan

It looks like higher-twist ... but no, these are soft gluons: 
“gauge links” required for color gauge invariance

Such soft-gluon reinteractions with 
the soft wavefunction are

final / initial state interactions 
... and process-dependent ...

e.g. Drell-Yan: →
Sivers effect
should have

opposite sign
cf. SIDIS

T-odd TMDs → gauge links and L
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Phenomenology: Sivers Mechanism

M. Burkardt: Chromodynamic lensing

π+

u mostly over here

FSI kick

Electromagnetic coupling  ~ (J0 + J3) stronger for oncoming quarks 

!sin(φlh"φlS)#π
+

UT > 0We observe 
π!(and opposite for      )

! for φlS = 0, φlh = π/2 preferred

Model agrees!

π+

uv
d

Opposite sign to data … assuming Lu > 0 ... 

Parton energy loss considerations suggest
quenching of jets from 

“near” surface of target

➡ quarks from “far” surface should dominate

D. Sivers: Jet Shadowing

Assuming 
Lu > 0 ...



the latter correlation is stronger than the one between
transverse quark and nucleon spin.

Figure 5 shows the n ! 2 moment of the densities.
Obviously, the pattern is very similar to that in Fig. 4,
which supports our simple interpretation. The main differ-
ence is that the densities for the higher n ! 2 moment are
more peaked around the origin b? ! 0 as already observed
in [27] for the vector and axial vector GFFs.

Conclusions.—We have presented first lattice results for
the lowest two moments of transverse spin densities of
quarks in the nucleon. Because of the large and positive

contributions from the tensor GFF !BTn0 for up and for
down quarks, we find strongly distorted spin densities for
transversely polarized quarks in an unpolarized nucleon.
According to Burkardt [7], this leads to the prediction of a
sizable negative Boer-Mulders function [4] for up and
down quarks, which may be confirmed in experiments at,
e.g., Jefferson Lab and GSI Facility for Antiproton and Ion
Research [28,29].

The numerical calculations have been performed on the
Hitachi No. SR8000 at LRZ (Munich), the apeNEXT at
NIC/DESY (Zeuthen), and the BlueGene/L at NIC/FZJ
(Jülich), EPCC (Edinburgh), and KEK (by the Kanazawa
group as part of the DIK research programme). This work
was supported by DFG (Forschergruppe Gitter-Hadronen-
Phänomenologie and Emmy-Noether programme), HGF
(Contract No. VH-NG-004), and EU I3HP (Contract
No. RII3-CT-2004-506078).
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FIG. 5 (color online). Second moment (n ! 2) of transverse
spin densities. For details, see caption of Fig. 4.

 

FIG. 4 (color online). Lowest moment (n ! 1) of the densities
of unpolarized quarks in a transversely polarized nucleon (left)
and transversely polarized quarks in an unpolarized nucleon
(right) for up (upper plots) and down (lower plots) quarks. The
quark spins (inner arrows) and nucleon spins (outer arrows) are
oriented in the transverse plane as indicated.

PRL 98, 222001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
1 JUNE 2007

222001-4
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Transverse spin on the lattice

Compute quark densities in impact-parameter space via GPD formalism

Sivers Boer-MuldersLu > 0

Ld < 0

Lu // Su

Ld // Sd

Hagler et al, 
PRL98 (2007)

Expected 
picture from 

quark models 
+ lensing

nucleon coming out of page ... observe spin-dependent shifts in quark densities:

u
d

u

d



N.C.R. Makins, ECT* Trento Drell-Yan, May 21-25, 2012

A Tantalizing Picture from 
SIDIS + Lensing Models

• Transversity: h1,u > 0   h1,d < 0 
     → same as g1,u and g1,d in NR limit

• Sivers:        f1T⊥,u < 0    f1T⊥,d > 0
     → relatn to anomalous magnetic moment*
f1T⊥,q ∼ κq  where  κu ≈ +1.67   κd ≈ –2.03
 values achieve κp,n = Σq eq κq with u,d only

• Boer-Mulders: follows that h1⊥,u  and h1⊥,d < 0  ?
     → results on <cos(2Φ)>UU  suggest yes:

u d

du

   * Burkardt PRD72 (2005) 094020; 
   Barone et al PRD78 (1008) 045022;
  

u d

N.B. these 
TMDs are all 
independent

!!su ·!Sp" = +0.5 !!lu ·!Sp" = +0.5 !!su ·!lu" = 0

is it a HAPPY 
picture?
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Meson Cloud on an Envelope → It ORBITS

|p> = p + Nπ 
             + Δπ + ... 

Pions have JP = 0–  = negative parity ...
→ NEED L = 1 to get protonʼs JP = ½+

Nπ cloud:

2/3   n π+

1/3   p π0 
⊗

2/3   Lz = +1
1/3   Lz = 0

πN

Δπ cloud:

1/2   Δ++ π–

1/3   Δ+   π0 
1/6   Δ0  π+ 

⊗
1/2   Lz = –1
1/3   Lz = 0

1/6   Lz = +1

π Δ

p

d

u

   orbiting d:    Δ++ π– with  Lz (π) < 0
Dominant 
source of:

orbiting u:    n π+      with  Lz (π) > 0
Lu  > 0
Ld  < 0

Lqbar  ≠ 0
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... and Longitudinal spin on the lattice ...Thomas, 
PRL101 (2008)

lattice, expt
scale

2 Lu

2 Ju

2 Jd

2 Ld

Thomas:  cloudy bag model evolved up to Q2 of expt / lattice

→ lattice shows Lu < 0 and Ld > 0 in longitudinal case at exptʼal scales!

Evolution might explain disagreement with quark models ... 

M. Wakamatsu: The role of the orbital angular momentum in the proton spin 299
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Fig. 1. The left panel shows the results of the present semi-phenomenological extraction of the total angular momenta as well
as the orbital angular momenta of up- and down-quarks, while the right panel shows the corresponding results of Thomas [11].
In both panels, the open circle, open triangle, filled circle, and filled triangle, respectively, represent the predictions of the LHPC
lattice simulations for 2Ju, 2 Jd, 2 Lu, and 2 Ld [27].

works to exclude some range of lattice QCD predictions.
In the following, we therefore regard Bu+d

20 (0) as an un-
known constant within this bound. (Note that it is a con-
servative bound since it is actually given at the low-energy
model scale and the magnitude of Bu+d

20 (0) is a decreasing
function of the scale parameter Q2.)

The information on the quark orbital momenta can
be obtained from Ju, Jd and Js by subtracting the cor-
responding intrinsics spin contributions, !"u, !"d and
!"s. Basically, they are all empirically known quantities.
(Note that, at the leading order, any of these three are
scale independent.) Among the three combinations !"Q,
!"u!d, and !"u+d!2s, the flavor singlet one has a largest
uncertainty. For simplicity, here we use the central value
of the recent HERMES analysis, i.e. !"Q = 0.33, by ne-
glecting the error bars.

For completeness, we list below all the initial condi-
tions at Q2 = 4GeV2, which we shall use in the present
analysis:

!x"Q = 0.579, !x"u!d = 0.158, !x"s = 0.041, (3)

Bu!d
20 = 0.274, 0 # BQ

20 = Bu+d!2s
20 # $ 0.12, (4)

!"Q = 0.33, !"u!d =1.27, !"u+d!2s =0.586. (5)

(The inclusion of the strange-quark contributions to the
momentum fractions and the longitudinal quark polariza-
tion appears inconsistent with the neglect of the corre-
sponding contribution to B20. It is, however, clear that the
influence of the strange-quark components is so small that
it never a!ects the main point of the present analysis.)

After preparing all the necessary information, we now
evaluate the total angular momentum as well as the orbital
angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
short-dashed, long-dashed, and dash-dotted curves with

shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
Lu!d(Q2 % &) = $ 1

2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is

2 Lu

2 Ld
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angular momentum of any quark flavor as functions of Q2.
The answers for 2Ju, 2Jd as well as for 2Lu, 2Ld are
shown in the left panel of fig. 1, respectively by the solid,
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shaded areas. The open circle, open triangle, filled circle,
and filled triangle in the same figure represent the predic-
tions of the latest LHPC Collaboration for 2Ju, 2Jd, 2Lu,
and 2Ld. For comparison, the corresponding predictions of
Thomas’ analysis [8] are shown in the right panel. One im-
mediately notices that the di!erence between our analysis
and Thomas’ one is sizable. The most significant qualita-
tive di!erence appears in the orbital angular momenta. As
already mentioned, Thomas’ analysis shows that the or-
bital angular momenta of up- and down-quarks cross over
around the scale of 0.5GeV. In contrast, no crossover of
Lu and Ld is observed in our analysis: Ld remains to be
larger than Lu down to the scale where the gluon mo-
mentum fraction vanishes. Comparing the two panels, the
cause of this di!erence seems obvious. Thomas claims that
his results are qualitatively consistent with the empirical
information as well as the lattice QCD data at a high en-
ergy scale. (We recall that the sign of Lu!d at the high
energy scale is constrained by the asymptotic condition
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2 !"u!d, which is a necessary con-
sequence of QCD evolution [18,8].) However, the discrep-
ancy between his results and the recent lattice QCD pre-
dictions seems to be never small as is clear from the right
panel of fig. 1.

The above statement can also be deduced from a direct
comparison with the empirical information on Ju and Jd.
In fig. 2, we compare the prediction of our semi-empirical
analysis, that of Thomas’ analysis, and that of the re-
cent LHPC Collaboration, with the HERMES [29,30] and
JLab [31] determinations of Ju and Jd. One sees that,
by construction, the result of our analysis is fairly close
to that of the lattice QCD simulation. A slight di!erence
between them comes from the fact that we use the empir-
ical information (not the lattice QCD predictions) for the
momentum fractions and the longitudinal polarizations of
quarks. On the other hand, Thomas’ result considerably
deviates from the other two predictions. Although it is
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
Bu+d

20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
and Bu!d

20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD
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Fig. 3. The sensitivity of the quark orbital angular-momentum
di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].
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mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)
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proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
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given at the scale Q2 = 4GeV2, except for the quantity
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about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
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conclusion is not altered by these uncertainties. To see it,
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Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree

Compare Jaffe & Ji 
calculate explicitly in χQSM;

at quark-model scale:

Lu–d
Jaffe

Lu–d
Ji

Valence

Sea

Total

+0.147 –0.142

–0.265 –0.188

–0.115 –0.330

Negative model value 
dominated by sea quark L !

π+n
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Fig. 2. The HERMES and JLab Hall A determination of the
quark angular momentum Ju and Jd [29–31] in comparison
with our semi-empirical prediction. Also shown for comparison
are the recent lattice QCD prediction by the LHPC Collabo-
ration [27] and the result of Thomas’ analysis [11].

consistent with the HERMES data, it lies outside the er-
ror band of JLab analysis. The latter observation is mainly
related to the fact that his estimate for Jd is sizably larger
than the lattice QCD data or our estimate and his esti-
mate for Jd is smaller in magnitude than the other two.
(One must be careful about the fact, however, that the ex-
perimental extraction of Ju and Jd has a large dependence
on the theoretical assumption of the parametrization of
relevant GPDs and it should be taken as qualitative at
the present stage.)

So far, to avoid introducing inessential complexities
into our simple analysis, we did not pay enough care to
the errors of the empirical and semi-empirical information
given at the scale Q2 = 4GeV2, except for the quantity
Bu+d

20 (0) having the largest uncertainty. One may worry
about how strongly the conclusion of the present anal-
ysis depends on the ambiguities of the other quantities
prepared at Q2 = 4GeV2. Fortunately, for the isovector
quantity Lu!d ! Lu " Ld, which is of our primary con-
cern in the present paper, one can deduce that our central
conclusion is not altered by these uncertainties. To see it,
let us first recall the relation

2Lu!d =
!
#x$u!d + Bu!d

20 (0)
"
" !"u!d. (6)

Here, !"u!d = g(I=1)
A is scale independent and known

with high precision, i.e. within 0.3%. The momentum
fraction #x$u!d is also known with fairly good precision.
In fact, the di!erence between the familiar MRST2004
and CTEQ5 fits at Q2 = 4GeV2 turns out to be
within 1%. The main uncertainty then comes from the
isovector anomalous gravitomagnetic moment of the nu-
cleon Bu!d

20 (0). We recall again the predictions of the
two lattice QCD Collaborations at Q2 = 4 GeV2, i.e.
Bu!d

20 (0) = 0.274 ± 0.037 from the LHPC Collaboration
and Bu!d

20 (0) = 0.269 ± 0.020 from the QCDSF-UKQCD

!"#$

!$#%

!$#&

!$#'

!$#(

$#$

$#(

$#'

$#&

$#$ $#H "#$ "#H (#$ (#H I#$ I#H '#$

Fig. 3. The sensitivity of the quark orbital angular-momentum
di!erence 2 (Lu ! Ld) to the initial condition given at Q2 =
4 GeV2. The filled area with dark grey is obtained with the
LHPC prediction Bu!d

20 (0) = 0.274 ± 0.037 given at Q2 =
4 GeV, while the filled area with light grey is obtained by
artificially doubling the error of the LHPC prediction [27].
Also shown by the filled square is the prediction of the im-
proved cloudy bag model corresponding to the scale Q2

0 =
0.16 GeV2 [8].

Collaboration, and also the prediction of the CQSM
evolved to the same energy scale Bu!d

20 (0) % 0.289. In
the analysis so far, we have used the central value of the
LHPC prediction by simply neglecting the error bar. Now
let us take account of the error bar and see how large
this uncertainty would propagate and a!ect the value of
Lu!d at the low-energy model scale. (Note that the er-
ror estimate of the LHPC group is most conservative and
the prediction of the QCDSF-UKQCD group and that of
the CQSM are contained in the error band of this LHPC
analysis.)

The filled area with dark grey in fig. 3 show the result
of this downward evolution of 2Lu!d by starting with the
initial condition given at Q2 = 4GeV2 on account of this
error band. In consideration of the possibility of the incom-
plete nature of the present-day lattice QCD predictions
(and also small uncertainties of the other two quantities
#x$u!d and !"u!d), we have also carried out a similar
analysis in which the error bar of the LHPC prediction
is artificially doubled. The result of this latter analysis is
shown by the filled area with light grey. One can clearly
see that the quantity 2Lu!d remains negative even down
to the lower energy scale close to the unitarity-violating
bound, which appears to be very di!erent from the pre-
diction of the refined cloudy bag model shown by the filled
square in the same figure.

In any case, our semi-phenomenological analysis,
which is consistent with the empirical information as well
as the lattice QCD data for Ju and Jd at high energies,
indicates that Lu " Ld remains fairly large and negative
even at the low energy scale of nonperturbative QCD. If
this is in fact confirmed, it may as well be called “new or

Theory: Jiʼs Lu–d is rock-solid & negative

2 (Lu –Ld)
Ji definition

• <x>u–d: well known
• Δu–Δd = gA: well known
• E(2)u–d: all lattice calculatns

           and XQSM agree

Compare Jaffe & Ji 
calculate explicitly in χQSM;

at quark-model scale:

Lu–d
Jaffe

Lu–d
Ji

Valence

Sea

Total

+0.147 –0.142

–0.265 –0.188

–0.115 –0.330

Negative model value 
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FIG. 1: Comparison between HERMES [27] and preliminary COMPASS data [28] for the (a.) z and (b.) Ph! dependence of
Eq. (3) with a proton target and !+ and h+ as final state hadrons respectively. The solid line is the fit from Ref. [22]. The
dashed curve is the result of evolving to the COMPASS scale using the full TMD-evolution of Ref. [16].

was not available at that time. We note that the anal-
ysis of Ref. [22] also uses deuteron data [32] from the
COMPASS experiment, which corresponds to higher val-
ues of Q2. However, the COMPASS asymmetry [32] on
deuteron target is very small due to strong cancellations
between the up and down quark Sivers functions and thus
is not heavily a!ected by the evolution. We have verified
that the results of the Torino fits are negligibly altered
if the deuterium data are excluded and only HERMES
data [27] are used in the fit, and the main result of our
present analysis is not a!ected.

Our calculations will follow the steps of Ref. [16]. For
gK , we use the functional form gK = 1

2g2b
2
T with g2 =

0.68 GeV2 [33], which was obtained by fits performed
using Drell-Yan data. In Eq. (4), this corresponds to
using C1 = 1.123 and bmax = 0.5 GeV!1. All anomalous
dimensions and K̃ are calculated to lowest non-vanishing
order as in Refs. [14, 15].

In Fig. 1(a,b), we show the evolution using the full
TMD-factorization approach as expressed in Eq. (4),
where the evolution is due to the terms in the expo-
nential. The evolution is applied to the most recent
Torino fits [22] as a function z and Ph" , and use
hard scales corresponding to both HERMES data [27]
and recent preliminary COMPASS data [28]. The re-
sult of the evolution is compared with the data. The
x-dependent asymmetry is not ideal for the comparison
because there are strong correlations between x and Q2.
(Recall Q2 ! xys.) However, z or Ph" dependent asym-
metries are measured at almost the same hard scales,
namely "Q2#Hermes ! 2.4 GeV2 and "Q2#COMPASS ! 3.8
GeV2, so we focus on the Sivers asymmetry as a func-
tion of these variables. (For the preliminary h+ COM-
PASS data that we use, "Q2# varies between 3.63 GeV2

and 3.88 GeV2, in the range of z from 0.2 to 0.7. The
corresponding variation in our calculation is negligible

relative to the variation between the HERMES and pre-
liminary COMPASS data sets.) We observe that includ-
ing QCD evolution leads to excellent consistency between
the HERMES [27] and preliminary COMPASS data [28],
without the need for further fitting. A critical point
is that the information about the non-perturbative evo-
lution contained in gK is taken from the measurement
of a totally di!erent observable, at much higher energy
scales [33] (unpolarized Drell-Yan scattering up to Teva-
tron energies). In Fig. 1(b) we show a similar plot but
for the Ph" dependence. That the same gK successfully
describes TSSA at HERMES and COMPASS is com-
pelling evidence for the universality of gK predicted by
the TMD-factorization theorem.

In Fig. 2, we show the evolution of the full asymmetry
to higher values ofQ2. The precise quantity plotted is the
asymmetry given in Eq. (3) as a function of z, integrated
over x, y and PT . Note that, although Refs. [15, 16] re-
port a strong suppression of the unpolarized TMDs and
the Sivers function itself with increasing Q2, the TSSA is
not as heavily suppressed. Therefore, it may be expected
that the Sivers SSA remains significant at the higher Q
values of experiments planned at the Relativistic Heavy
Ion Collider (RHIC) and the EIC. Still, the QCD evolu-
tion e!ects are clearly non-negligible and should be cor-
rectly included in future extractions. Ref. [9] predicts a
roughly $ 1/

%
Q suppression for the peak of the Sivers

asymmetry as a function of transverse momentum, for
large Q2 >$ 10 GeV2. We find that, for the full asymme-
try integrated over all transverse momentum, a power-
like scaling law does not provide a good description in
the range of Q in Fig. 2. Generally, we find that the evo-
lution leads to suppression that is faster than $ 1/

%
Q,

but slower than $ 1/Q2. We caution, however, that a
completely correct treatment at large Q must include the
Y -term in Eq. (2), and it is possible that this will weaken

arXiv:1112.4423

Great Success in bridging HERMES-COMPASS! 
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FIG. 1: Comparison between HERMES [27] and preliminary COMPASS data [28] for the (a.) z and (b.) Ph! dependence of
Eq. (3) with a proton target and !+ and h+ as final state hadrons respectively. The solid line is the fit from Ref. [22]. The
dashed curve is the result of evolving to the COMPASS scale using the full TMD-evolution of Ref. [16].

was not available at that time. We note that the anal-
ysis of Ref. [22] also uses deuteron data [32] from the
COMPASS experiment, which corresponds to higher val-
ues of Q2. However, the COMPASS asymmetry [32] on
deuteron target is very small due to strong cancellations
between the up and down quark Sivers functions and thus
is not heavily a!ected by the evolution. We have verified
that the results of the Torino fits are negligibly altered
if the deuterium data are excluded and only HERMES
data [27] are used in the fit, and the main result of our
present analysis is not a!ected.

Our calculations will follow the steps of Ref. [16]. For
gK , we use the functional form gK = 1

2g2b
2
T with g2 =

0.68 GeV2 [33], which was obtained by fits performed
using Drell-Yan data. In Eq. (4), this corresponds to
using C1 = 1.123 and bmax = 0.5 GeV!1. All anomalous
dimensions and K̃ are calculated to lowest non-vanishing
order as in Refs. [14, 15].

In Fig. 1(a,b), we show the evolution using the full
TMD-factorization approach as expressed in Eq. (4),
where the evolution is due to the terms in the expo-
nential. The evolution is applied to the most recent
Torino fits [22] as a function z and Ph" , and use
hard scales corresponding to both HERMES data [27]
and recent preliminary COMPASS data [28]. The re-
sult of the evolution is compared with the data. The
x-dependent asymmetry is not ideal for the comparison
because there are strong correlations between x and Q2.
(Recall Q2 ! xys.) However, z or Ph" dependent asym-
metries are measured at almost the same hard scales,
namely "Q2#Hermes ! 2.4 GeV2 and "Q2#COMPASS ! 3.8
GeV2, so we focus on the Sivers asymmetry as a func-
tion of these variables. (For the preliminary h+ COM-
PASS data that we use, "Q2# varies between 3.63 GeV2

and 3.88 GeV2, in the range of z from 0.2 to 0.7. The
corresponding variation in our calculation is negligible

relative to the variation between the HERMES and pre-
liminary COMPASS data sets.) We observe that includ-
ing QCD evolution leads to excellent consistency between
the HERMES [27] and preliminary COMPASS data [28],
without the need for further fitting. A critical point
is that the information about the non-perturbative evo-
lution contained in gK is taken from the measurement
of a totally di!erent observable, at much higher energy
scales [33] (unpolarized Drell-Yan scattering up to Teva-
tron energies). In Fig. 1(b) we show a similar plot but
for the Ph" dependence. That the same gK successfully
describes TSSA at HERMES and COMPASS is com-
pelling evidence for the universality of gK predicted by
the TMD-factorization theorem.

In Fig. 2, we show the evolution of the full asymmetry
to higher values ofQ2. The precise quantity plotted is the
asymmetry given in Eq. (3) as a function of z, integrated
over x, y and PT . Note that, although Refs. [15, 16] re-
port a strong suppression of the unpolarized TMDs and
the Sivers function itself with increasing Q2, the TSSA is
not as heavily suppressed. Therefore, it may be expected
that the Sivers SSA remains significant at the higher Q
values of experiments planned at the Relativistic Heavy
Ion Collider (RHIC) and the EIC. Still, the QCD evolu-
tion e!ects are clearly non-negligible and should be cor-
rectly included in future extractions. Ref. [9] predicts a
roughly $ 1/

%
Q suppression for the peak of the Sivers

asymmetry as a function of transverse momentum, for
large Q2 >$ 10 GeV2. We find that, for the full asymme-
try integrated over all transverse momentum, a power-
like scaling law does not provide a good description in
the range of Q in Fig. 2. Generally, we find that the evo-
lution leads to suppression that is faster than $ 1/

%
Q,

but slower than $ 1/Q2. We caution, however, that a
completely correct treatment at large Q must include the
Y -term in Eq. (2), and it is possible that this will weaken
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New E866 data
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Limits of the Factorization Theorem

Factorization in x and z dependent parts is not exact, both from
theoretical and experimental point-of-view

! Theoretical: Reinteraction of final state quarks with the target
remnant (higher-twist e!ects)

! Experimental: Contamination of the current jet with the target jet

Mulders, AIP Conf.Proc. 588 (2001) 75-88

" E!ect minimized by choosing a lower rapidity limit (described by the
Berger Criterion) ! lower z limit for SIDIS experiments

Need factorization for universality!
Sylvester J. Joosten (HERMES, Illinois) HERMES SIDIS multiplicities EINN 2011 5 / 28

Dfav ! D!+

u = D!"
d = ...

Ddisfav ! D!"
u = D!+

d = ...

multi-D SIDIS Multiplicities Coming → <k⟂> and <p⟂>

• How well do the favored / disfavored symmetries & x-z factorizn hold?
   ... assumed in ≈ all FF global fits & PDF extractions 
   ... not exact at HERMES energies, acc to Lund MC

• Are there any such FF symmetries for Kaons?

• Does intrinsic quark <kT> vary with x? 
      ... with flavor ?    (holy grail!) 

• Can the Lund model describe fragmentation at different energies
        / different processes (SIDIS vs e+e–) without retuning ?

paper permanently 
in progress

dσ(x,z,pT)
dσ(Q2,z,pT) for π±, π0,K±, p, pbar

  COMPASS-II µ±p
    • pure LH2 target
    • higher energy
    • RICH upgrade
    • full 4D binning

compare



Belle detector
KEKB

• KEK‐B: asymmetric e+ (3.5 GeV) e‐ (8 GeV) collider:
  ‐√s = 10.58 GeV,  e+e‐Υ(4S)BB
  ‐√s = 10.52 GeV, e+e‐ qqbar (u,d,s,c) ‘conFnuum’
• ideal detector for high precision measurements:
     ‐ tracking acceptance θ [17 °;150°]: Azimuthally symmetric
     ‐ parFcle idenFficaFon (PID): dE/dx, Cherenkov, ToF, EMcal, MuID
• Available data: 

~1.8 *109 events at 10.58 GeV, 
~220 *106 events at 10.52 GeV

46

Measurements of FragmentaFon 
FuncFons in e+e‐ at Belle
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Belle experimental data, ~220M events

Preliminary Results

 Pion and Kaon MulFpliciFes

π‐

K‐

Preliminary

Preliminary

Preliminary

• Binning in z: width = 0.01; yields normalized to hadronic cross secFon
• SystemaFc uncertainFes: z ~0.6: 1% (2%) for π (K); 

  z ~0.9: 14% (50%) for π (K)

AddiFonal normalizaFon uncertainty of 1.4% not shown.

gnome
Text Box
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N.C.R. Makins, ECT* Trento Drell-Yan, May 21-25, 2012

Can we disentangle <k²⟂>, <p²⟂>?

• Global fit coming for new unpol multiD-binned xsecs from 

• SIDIS: HERMES, COMPASS, JLab

• e+e–: BELLE (impossibly large statistics)

• DY:    COMPASS-II, SeaQuest

• Can relations like phT = k⟂ - z p⟂ help? Too sloppy?

• <k²⟂> and <p²⟂> likely depend on flavor, PDF/FF, scale ...
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Is this Doable? At least for pions / light-quarks? 
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Can we disentangle <k²⟂>, <p²⟂>?

• Global fit coming for new unpol multiD-binned xsecs from 

• SIDIS: HERMES, COMPASS, JLab

• e+e–: BELLE (impossibly large statistics)

• DY:    COMPASS-II, SeaQuest

• Can relations like phT = k⟂ - z p⟂ help? Too sloppy?

• <k²⟂> and <p²⟂> likely depend on flavor, PDF/FF, scale ...

Is this Doable? At least for pions / light-quarks? 

work together, 
bears
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Trans. mom. notations
Amsterdam Torino INT Description
p k k momentum of parton in distribution function
pT k! k! parton transverse momentum in distribution function
k p p momentum of fragmenting parton
kT p! trans. momentum of fragmenting parton w.r.t. final hadron
KT p! P! trans. momentum of final hadron w.r.t. fragmenting parton
Ph! PT PhT transverse momentum of final hadron w.r.t. virtual photon
qT qT transverse momentum of final photon w.r.t. hadron-hadron axis

Source: Alessandro Bacchetta,
 Marco Radici   

Ingredients of symbology  
• k  vs p      parton from distribution vs fragmentation function
• ⟂ vs T      internal vs measurable transverse component
• a  vs A      quark vs hadron variable



4/26/2010, CERN Aram Kotzinian

Angular variables

51

Target rest frame (TF)

Collins‐Soper frame (CS)

1. Boost along beam unFl qL = 0
2. Boost along q unFl qT = 0
3. lepton θ,ϕ defined with respect to 
    lepton (μ–,e–) not anF‐lepton

1. Define ϕspin as shown

figures: Aram Kotzinian




