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A striking prediction of QCD on the properties of the novel Transverse Momentum Dependent
(TMD) distribution functions is that the time-reversal odd Sivers and Boer-Mulders functions ex-
tracted from semi-inclusive deep-inelastic scattering (SIDIS) will undergo a sign reversal in the
Drell-Yan (DY) process. This prediction is being tested by ongoing and future experiments fo-
cussing on the Sivers functions so far. We examine the current status on the theoretical prediction
and experimental extraction of the signs of the Boer-Mulders functions from SIDIS and DY. We
show that the existing SIDIS and DY data on the Boer-Mulders functions are consistent with either
the presence or the absence of the predicted sign reversal. Prospects for future experiments capa-
ble of testing the sign-reversal of Boer-Mulders functions are presented. The above two sentences
might need to be modified, if we conclude that the existing COMPASS data on TSSA could already
determine the sign of the BM function in the DY process.

PACS numbers: 12.38.Lg,14.20.Dh,14.65.Bt,13.60.Hb

Extensive efforts have been devoted to the study of
transverse momentum dependent (TMD) parton distri-
butions in the nucleons during the last decade [1–3].
These novel TMDs are required to describe nucleon’s
structure functions when quarks possess non-zero trans-

verse momentum, k⃗T , with respect to nucleon’s mo-
mentum. Among the various TMDs, the Sivers func-
tions [4] and the Boer-Mulders (BM) functions [5] are
time-reversal-odd objects and have attracted much at-
tention both theoretically and experimentally.

The Sivers functions represent a correlation between

quark’s k⃗T and the nucleon’s transverse spin [4], while the

BM functions signify a correlation between quark’s k⃗T
and quark’s transverse spin in an unpolarized hadron [5].
Although the very existence of these time-reversal-odd
TMDs was in question at one time [6], it was later shown
that these functions can arise from initial- or final-state
interactions [7]. Such interactions are incorporated in
a natural fashion by the gauge link that is required for
a gauge-invariant definition of the TMDs [8, 9]. Mea-
surements of the semi-inclusive deep-inelastic scatter-
ing (SIDIS) at HERMES [10], COMPASS [11–13] and
JLab [14] using transversely polarized targets have shown
clear evidence for the presence of the T-odd Sivers func-
tions. These data also allow the extraction [15, 16] of the
magnitude and flavor structure of the Sivers functions.

The gauge-link operator leads to a remarkable predic-
tion [8] that the T-odd Sivers and BM functions are pro-
cess dependent, namely, they must have opposite signs
depending on whether they are involved in the space-
like SIDIS or the time-like Drell-Yan process. An ex-
perimental verification of the sign-reversal prediction of
the Sivers and BM functions would provide an important
test of QCD at the confinement scale, and represents a
significant step towards understanding the properties of
these novel TMDs. For a recent review of the Drell-Yan
process, see e.g. Ref. [17].
Several Drell-Yan experiments have been proposed to

test the predicted sign-reversal of the Sivers functions.
The COMPASS-II experiment [18], for example, will
measure π− + p Drell-Yan utilizing a transversely polar-
ized target. At RHIC, the transversely polarized proton
beams allow measurements of single-spin asymmetries in
p + p Drell-Yan [19] and W -boson production. First re-
sult on the single-spin asymmetry of W production at
RHIC energy was recently reported by the STAR Col-
laboration [20]. Two fixed-target Drell-Yan proposals
at Fermilab plan to utilize either a transversely polar-
ized proton beam [21] or a transversely polarized tar-
get [22]. The antiproton beam at the FAIR facility offers
the unique opportunity to measure p̄ + p Drell-Yan re-
action [23]. Theoretical calculations have been carried
out [16, 24, 25] to assess the feasibility of these exper-
iments to test the predicted sign-reversal of the Sivers
functions. The above paragraph needs to be updated,
since the published COMPASS result and the prelimi-
nary results from COMPASS and STAR, shown in the
DIS Conferences, should be mentioned.

While the prospect for checking the sign-reversal of the
Sivers functions has been discussed extensively in the lit-
erature, very little attention has been paid to the possi-
bility for testing the sign-reversal for the BM functions
thus far. This is probably due to the fact that the BM
functions are just starting to be extracted from existing
SIDIS data. Nevertheless, we note that there already ex-
ists some information on the characteristics of the BM
functions from the unpolarized Drell-Yan experiment. In
fact, BM functions are the first TMD functions measured
in the Drell-Yan experiments. Therefore, it is important
to understand whether or not the existing SIDIS and
Drell-Yan data on the BM functions could already test
the predicted sign-reversal of the BM functions. In this
paper we will show that the existing data neither rule out
nor confirm the predicted sign-reversal of the BM func-
tions. We will also identify some future measurements
which can provide sensitive tests for the predicted sign-
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reversal of the BM functions. the above two sentences
need to be modified according to what we find in the
analysis of the COMPASS result.

We first discuss the theoretical expectations on the
signs and quark-flavor dependence of the BM functions
for nucleons and pions. We then examine the current
status on the determination of the sign and magnitude
of the BM functions from SIDIS and Drell-Yan experi-
ments. The prospects for future experiments to test the
sign-reversal of the BM functions will then be presented.

Before addressing the issue of sign-reversal of the BM
functions, it is useful to review some general features re-
garding the signs of the BM functions. Unlike the par-
ton density distributions which are positive-definite, the
TMDs can have positive or negative signs. Using the sign
convention in Ref. [26] for the TMDs, the Sivers functions
for the u and d quarks were predicted in many theoretical
models to have opposite signs, namely, negative for u and
positive for d, in qualitative agreement with the results
obtained in SIDIS [10, 12, 13]. Need to check whether
these signs are for the u and d, or for the valence u and
valence d. Similarly, one need to check if Table I is for
uV al
N , dV al

N , or for uN and dN . For the nucleon’s BM func-
tions, calculations using the bag model [27], the quark-
spectator-diquark model [28], the large-Nc model [29],
the relativistic constituent quark model [30], as well as
lattice QCD [31], all predict negative signs for both the
u and d valence quarks in SIDIS.

The Sivers functions, signifying the correlation be-

tween hadron’s spin and quark’s k⃗T , do not exist for
spin-zero hadrons such as pions and kaons. The BM func-
tions, On the other hand, can exist for pions, since they
do not depend on hadron’s spin. Calculations for pion’s
valence-quark BM functions using the quark-spectator-
antiquark model [32] and the light-front constituent ap-
proach [33] both predict a negative sign, just like the u
and d valence-quark BM functions of the nucleons. Us-
ing the bag model, the valence BM functions for mesons
and nucleons were predicted [34] to have similar magni-
tude with the same signs. Since the nucleon’s valence-
quark BM functions are predicted to be negative, this
implies that pion’s valence-quark BM functions are also
negative. This prediction of a universal behavior of the
BM functions for pions and nucleons awaits experimental
confirmation.

For nucleon’s antiquark BM functions there exists only
one model calculation so far. It was pointed out [35] that
nucleon’s meson cloud could contribute to its sea-quark
BM functions. The meson cloud as an important source
for sea quarks in the nucleons was evidenced by the large
d̄/ū flavor asymmetry observed in DIS and Drell-Yan ex-
periments [36]. A significant fraction of nucleon’s anti-
quark sea at the x > 0.15 region comes from the meson
cloud. This suggests that pion cloud can contribute to
nucleon’s antiquark BM functions [35]. The implication
is that nucleon’s antiquark BM functions would have neg-
ative signs, just like the pion’s valence-quark BM func-
tions.

TABLE I: Theoretical predictions for the signs of
various BM functions for nucleons (N) and pions (π) in
SIDIS and Drell-Yan. Vπ signifies the valence quarks in

the pions. The parenthesis for Vπ in SIDIS is a
reminder that it could not be measured in practice.

uN dN Vπ ūN d̄N

SIDIS − − (−) − −
Drell-Yan + + + + +

Table I summarizes the theoretical expectations for the
signs of the BM functions. First, the u and d BM func-
tions of the nucleons have negative signs. Second, the
valence BM functions in the pions have the same signs as
those of the nucleons, namely, negative. Third, the an-
tiquark BM functions in the nucleons are also negative,
based on the meson-cloud model. Finally, the signs of
these BM functions will reverse and become positive for
the Drell-Yan process. In the remainder of this note, we
compare these predictions with analysis of existing data.
We then identify future experiments which are capable
of testing these predictions.
The BM functions can be extracted from the azimuthal

angular distribution of charged pions produced in unpo-
larized SIDIS [5]. At leading twist, the cos 2ϕ term is
proportional to the product of the nucleon’s BM func-
tions h⊥

1 and the Collins fragmentation functions H⊥
1 for

quarks hadronizing into charged pions. The angle ϕ refers
to the azimuthal angle of the produced pion in the lepton
scattering plane. At the low pT region, the ⟨cos 2ϕ⟩ mo-
ment has been measured by the HERMES [37, 38] and
COMPASS [39–41] collaborations. An analysis of these
⟨cos 2ϕ⟩ data for pion SIDIS was performed [42] by as-
suming the functional form for the BM functions as

h⊥q
1 (x, k2T ) = λqf

⊥q
1T (x, k2T ), (1)

where q refers to the quark flavor and h⊥q
1 and f⊥q

1T are
the BM and Sivers functions, respectively. Equation 1
assumes the same x and k2T dependences for the BM and
Sivers functions with the sign and magnitude of the pro-
portionality factor λq determined from the data. The
Sivers functions determined from a fit [15] to the polar-
ized SIDIS data together with the Collins functions from
Ref. [43] were used. The analysis yielded the best-fit
values of λu = 2.0 and λd = −1.1. Since the Sivers func-
tions for u(d) is negative (positive), these best-fit values
imply that BM functions h⊥u

1 and h⊥d
1 are both negative

in agreement with the theoretical expectation shown in
Table I.
It should be cautioned that the signs of the Collins

fragmentation functions are not determined experimen-
tally, since only the product of two Collins fragmena-
tion functions are measured in the e+e− experiments at
Belle [44] and Babar. The signs of the Collins fragmenta-
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tion functions were determined in Ref. [43] such that the
extracted u and d quark transversity distributions have
the same signs as the corresponding u and d helicity dis-
tributions (namely, positive for u quark and negative for
d quark transversity distributions). This procedure for
determining the signs of the Collins fragmentation func-
tions appears entirely reasonable, and it is re-assuring
that the signs of the extracted u and d BM functions are
in agreement with theoretical expectation.

The SIDIS data are not yet able to constrain the an-
tiquark BM functions, whose contributions are expected
to be overshadowed by their quark counterparts. In the
analysis of Ref. [42], the antiquark BM functions were
assumed to be equal in magnitude to the corresponding
Sivers functions with a negative sign, namely,

h⊥q̄
1 (x, k2T ) = −|f⊥q̄

1T (x, k2T )|. (2)

This ad-hoc assumption would add to the systematic un-
certainty for the analysis of Ref. [42]. Nevertheless, the
results on the extracted BM functions for the valence
quarks are expected to be largely insensitive to this as-
sumption.

The HERMES collaboration has reported [38] results
on the azimuthal cos 2ϕ modulations for π±, K±, and
unidentified hadrons in unpolarized e+p and e+d SIDIS.
The K± and unidentified hadron data were not included
in the earlier work [42] to extract nucleon BM functions.
These new Hermes data could lead to a more precise ex-
traction of the valence BM functions. In addition, these
data are sensitive to the sea-quark BM functions. In
particular, the cos 2ϕ moments for K− production are
observed to be large and negative [38]. Since the valence
quark content of K−, sū, is distinct from that of tar-
get nucleons, the large negative K− cos 2ϕ moments sug-
gest sizable sea-quark BM functions. An extension of the
global fit in Ref. [42] to include the new K± data would
be very valuable and could allow the extraction of the
sea-quark BM functions in SIDIS. Check if a new global
fit including the kaon SIDIS data has been performed.

In order to test the prediction of sign-reversal from
SIDIS to Drell-Yan for the BM functions, we turn next
to the extraction of the BM functions from the Drell-Yan
experiment. The BM functions can be extracted [45]
from the Drell-Yan process using either unpolarized or
singly polarized hadron-hadron collision. Up to now, only
data from unpolarized Drell-Yan experiments are avail-
able. The general expression for the unpolarized Drell-
Yan angular distribution is [46]

dσ

dΩ
∝ 1 + λ cos2 θ + µ sin 2θ cosϕ+

ν

2
sin2 θ cos 2ϕ, (3)

where θ and ϕ are the polar and azimuthal decay angle
of the l+ in the dilepton rest frame. Boer showed [45]
that the cos 2ϕ term is proportional to the convolution of
the quark and antiquark BM functions in the projectile
and target, namely,

⟨cos(2ϕ)⟩ ∼
∑
q,q̄

[h⊥q
1 (x1)h

⊥q̄
1 (x2)+h⊥q̄

1 (x1)h
⊥q
1 (x2)], (4)

where x1, x2 refer to the Bjorken-x of the projectile and
target hadrons, respectively, and the sum is over the var-
ious quark flavors. The BM functions for the quark and

antiquark are denoted as h⊥q
1 and h⊥q̄

1 .

Pronounced cos 2ϕ dependencies were observed in the
NA10 [47, 48] and E615 [49] pion-induced Drell-Yan
experiments. The coefficient ν for the cos 2ϕ term in
Eq. 3 was found to be positive with the mean value
⟨ν⟩ = 0.091±0.009 at 194 GeV/c and ⟨ν⟩ = 0.169±0.019
at 252 GeV/c over the 0 < pT < 3 GeV/c range. It is
important to note that ν was found to be positive in
all pion-induced Drell-Yan experiments. Together with
Eq. 4 and the dominance of u− ū annihilation in the π−-
nucleon Drell-Yan process, the positive sign of ν implies
two possibilities – either the signs of pion’s and nucleon’s
valence BM functions are both positive, or the signs are
both negative. Table I shows that the prediction of posi-
tive signs for the valence-quark BM functions of pion and
nucleon is consistent with the observed positive sign of
ν. However, the data are also consistent with the sce-
nario of no sign-change, in which negative signs for both
the pion and nucleon valence BM functions are expected
in the Drell-Yan process. As discussed later, additional
data are required distinguish these two possibilities.

The cos 2ϕ dependencies were also measured in the p+p
and p+d unpolarized Drell-Yan experiment [51, 52]. The
magnitude of ν was found to be significantly smaller than
that observed in the pion Drell-Yan experiment. Since
proton-induced Drell-Yan involves both the valence and
the sea quarks in the beam and target hadrons, the value
of ν now involves the convolution of valence-quark BM
function in the pion and the sea-quark BM function in
the nucleon. The small values for ν reflect the subdom-
inance of sea-quark BM functions and is consistent with
theoretical expectation [35]. The signs of ν for both p+p
and p + d Drell-Yan are found to be positive [51, 52].
From Eq. 4, the positive sign for ν suggests that nu-
cleon’s sea-quark BM function has the same sign as the
valence-quark BM function. This is consistent with the
prediction shown in Table I. However, the data could not
determine whether the signs are both positive or both
negative.

The current status regarding the signs of the BM func-
tions deduced from SIDIS and Drell-Yan experiments is
summarized in Table II. Table II needs to be generated.
A comparison between the predictions listed in Table I
and the experimental status presented in Table II shows
that the data are consistent with theoretical expectations
with no disagreement found. Unfortunately, the inability
for the unpolarized Drell-Yan data on ν alone to distin-
guish the two possible solutions on the signs of the nu-
cleon BM functions prevent the extraction of the signs of
the BM functions in Drell-Yan. In order to test the sign-
change prediction for the BM functions, the key measure-
ments would involve singly polarized Drell-Yan where a
nucleon is transversely polarized, as discussed next.

We first consider the case of pion-induced Drell-Yan
reaction on a transversely polarized proton target. Such
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a measurement is currently being pursued by the COM-
PASS experiment at CERN. The primary goal of this
experiment is to test the sign-change of the Sivers func-
tion. At the leading-twist, the Drell-Yan cross section
for pion interacting with a transversely polarized proton
target can be written as [53, 54]

dσ

dq4dΩ
∝ 1 + ST

[
D1A

sinϕS

T sinϕS

]
+ ST

[
D2A

sin(2ϕ−ϕS)
T sin(2ϕ− ϕS)

]
+ ST

[
D2A

sin(2ϕ+ϕS)
T sin(2ϕ+ ϕS)

]
, (5)

where ST is the transverse spin of the nucleon with re-
spect to the hadron plane. The hadron plane is formed by
the momentum vectors of the beam and target hadrons,
which are non-collinear in the dilepton rest frame. The
Collins-Soper frame, in which the z-axis bisects the beam
and target momentum vectors, is usually chosen as the
reference frame. The azimuthal angles ϕS and ϕ re-
fer to the target spin direction and the charged lepton
direction, respectively. The amplitudes of various az-

imuthal angular modulations are denoted as A
m(ϕS ,ϕ)
T

with m(ϕS , ϕ) specifying the form of the azimuthal an-
gular modulation. D1 and D2 are the depolarization fac-
tors, and ϕS is the azimuthal angle of the target polar-
ization vector.

Equation 5 shows that three amplitudes,

AsinϕS

T , A
sin(2ϕ−ϕS)
T , and A

sin(2ϕ+ϕS)
T , depend on the

transverse spin direction of the polarized target nucleon.

The first amplitude, AsinϕS

T , is a convolution of the
nucleon Sivers function and the pion unpolarized dis-
tribution. Since pion’s unpolarzied parton distributions

are positive-definite, the sign of AsinϕS

T directly reflects
the sign of the nucleon Sivers function, allowing a test of
the sign-change prediction for nucleon Sivers functions.

The other two amplitudes in Eq. 5, A
sin(2ϕ−ϕS)
T and

A
sin(2ϕ+ϕS)
T , are related to the convolution of the pion

Boer-Mulders function and nucleon’s transversity (h1)
and pretzelosity (h⊥

1T ) distributions, respectively. For
π−-induced Drell-Yan process on transversely polarized
proton target, such as in the COMPASS-II experiment,

u-quark dominance implies that A
sin(2ϕ−ϕS)
T is propor-

tional to the product of pion’s ū valence-quark BM
function and proton’s u-quark transversity distribution.
Since the sign of proton’s u-quark transversity distribu-
tion is found to be positive [55], a measurement of the

sign of A
sin(2ϕ−ϕS)
T in polarized π−p Drell-Yan would de-

termine the sign of pion’s valence-quark BM function.
As shown in Table II, pion’s valence quark BM function
has the same sign as proton’s u valence quark BM func-
tion in the Drell-Yan process. Therefore, once the sign of
pion’s valence-quark BM function is known, the sign of
proton’s u-quark BM function in the Drell-Yan process

can be determined. More specifically, if A
sin(2ϕ−ϕS)
T in

polarized π−p Drell-Yan is found to be positive, then the
sign of proton’s u-quark BM function in the Drell-Yan
process will be positive and the predicted sign-change
of BM function will be confirmed. In contrast, a neg-

ative A
sin(2ϕ−ϕS)
T would cast doubt on the sign-change

prediction. It is very interesting that the COMPASS pa-
per, PRL 119 (2017) 112002, already showed that the

sign for this A
sin(2ϕ−ϕS)
T is negative. (See figure 5 of this

paper). However, the coordinate system used by COM-
PASS is opposite to the usual convention (as adopted by
the STAR), namely, the z-axis is along the unpolarized
pion beam direction, rather than the direction of the po-
larizied target nucleon (in the CM frame). Therefore,
the negative sign reported by the COMPASS actually
corresponds to a postitive sign in the usual convention.
Hence, we can conclude that the preliminary results from
COMPASS supports the expectation that the BM func-
tion indeed changes sign in the DY process. This would
be a very important conclusion of this paper!

We mention in passing that the amplitude A
sin(2ϕ+ϕS)
T

in Eq. 5, though interesting, would not lead to a determi-
nation of pion’s BM function, since nucleon’s prezelocity
distribution is yet unknown.

We could also mention briefly how one could check
the sign-change of the pion’s BM function. One could
use the Sullivan process to perform SIDIS on the virtual
pion target at the EIC. This would determine the sign
of the pion’s BM function from DIS, and the sign of the
pion BM function in DY can be obtained from the pion-
induced DY at COMPASS.
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