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17Old Dominion University, Norfolk, Virginia 23529
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The observation of beam spin asymmetries in two-pion production in semi-inclusive deep inelastic
scattering off an unpolarized proton target is reported for the first time. The data presented here
were taken in the fall of 2018 with the CLAS12 spectrometer using a 10.6 GeV longitudinally spin-
polarized electron beam delivered by CEBAF at JLab. The measured asymmetries provide the first
observation of a signal that can be used to extract the PDF e(x) in a collinear framework and the
helicity-dependent two-pion fragmentation function G⊥1 .
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Protons and neutrons constitute most of the visible
matter of the universe, however our understanding of how
some of their most important properties, such as mass
and spin, emerge from the strong interactions of the con-
stituent quarks and gluons is still incomplete. Therefore,
the study of the internal dynamics of the nucleon is fun-
damental to our understanding of the theory of strong
interactions and, by extension, our understanding of the
nature of matter itself.

Parton distribution functions (PDFs) encode infor-
mation about the momentum-dependent distribution of
quarks inside the proton. In the approximation of the
parton model, PDFs describe the probability of scatter-
ing off a specific parton in the nucleon. Comparably, the
non-perturbative dynamics of hadronization, the process
of the formation of hadrons out of quarks and gluons,
are described by fragmentation functions (FFs), which
can be interpreted in the parton model as the probability
that a quark forms a certain hadron. For recent reviews,
see Refs. [1–4].

In order to access PDFs and FFs, we consider the semi-
inclusive deep inelastic scattering (SIDIS) process, where
an electron scatters off a proton target at a high enough
energy such that this process can be described by the
scattering off a single parton in the target [3]. This Letter
focuses on the measurement of beam spin asymmetries
for the two-pion production process in SIDIS, written

e(`) + p(P )→ e′(`′) + π+(P1) + π−(P2) +X, (1)

where the quantities in the parentheses denote the respec-
tive four-momenta; boldface symbols will indicate the
corresponding three-momenta. Fragmentation into two
pions offers more targeted access to the nucleon structure
and allows for the observation of more complex phenom-
ena in fragmentation than in single-pion production [2].

The first measurement of two-pion beam-spin asymme-
tries sensitive to the PDF e(x) and to the dihadron FF
G⊥1 are reported.

Insights into the interaction between gluons and
the struck quark in the nucleon can be gained from
subleading-twist functions such as e(x) [5, 6]. For exam-
ple, the x2-moment of e(x) is proportional to the force
experienced by a transversely polarized quark in an unpo-
larized nucleon immediately after scattering [7, 8]. Like
the other collinear PDFs, it is dependent on the scaling
variable x, which in the parton picture corresponds to
the light-cone momentum fraction carried by the probed
quark [3, 5, 9] and can be expressed as x = Q2/(2Pµqµ).
As usual Q2 = −qµqµ denotes the scale of the process,
where q = `− `′ is the four-momentum of the exchanged
virtual photon.

A first model-dependent extraction of e(x) from single-
hadron data has been performed [10], along with an-
other extraction from preliminary two-pion data from
CLAS [11, 12]. In SIDIS single-hadron production, e(x)
can only be accessed via beam spin asymmetries with
the inclusion of the transverse momentum dependence
(TMD) of the FF. This leads to a convolution of the
PDF and FF over the TMD. Furthermore, factorization
in the TMD framework is not yet proven at subleading
twist [13]. These issues motivate the high-precision mea-
surement of two-pion beam spin asymmetries presented
here.

On the hadronization side, FFs describing two-pion
production depend on Mh, the invariant mass of the pion
pair and on z, the fraction of the fragmenting quark mo-
mentum carried by the pion pair. Dihadron FFs can be
decomposed into partial waves [14, 15], with the corre-
sponding associated Legendre polynomials depending on
the decay angle θ of the two-hadron system. This de-
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pendence is integrated over the CLAS12 acceptance in
the results shown in this Letter and the relevant mean θ
values are listed in the supplementary material.

The dihadron FF G⊥1 describes the dependence of the
two-pion production on the helicity of the fragmenting
quark. Recently, interest in the possible mechanism
behind G⊥1 led to several model calculations [16, 17].
In Ref. [17] interference between different partial waves
leads to a signal with a distinctive dependence on Mh,
with a sign change around the ρ mass. It is also inter-
esting to note that G⊥1 could be sensitive to QCD vac-
uum fluctuations [18] and thus to the strong CP problem.
No previous measurement sensitive to G⊥1 exists and the
asymmetries given here constitute the first opportunity
to study this unique FF.

The data presented in this Letter were taken with the
CLAS12 spectrometer [19] using a 10.6 GeV longitudi-
nally polarized electron beam delivered by CEBAF, inci-
dent on a liquid-hydrogen target. The beam polarization
averaged to 86.9%±2.6% and was flipped at 30 Hz to min-
imize systematic effects. This analysis uses the Forward
Detector of CLAS12, which contains a tracking subsys-
tem consisting of drift chambers in a toroidal magnetic
field and high and low-threshold Cherenkov counters to
identify the scattered electron and final state pions, re-
spectively. Additional identification is performed for elec-
trons with an electromagnetic calorimeter and for pions
by six arrays of plastic scintillation counters.

SIDIS events were selected by requiring Q2 > 1 GeV2

and the mass of the hadronic final state to be above
2 GeV. Exclusive reactions were removed with the condi-
tion on the missing mass MX > 1.5 GeV, defined as the
mass of X, the unmeasured part of the final state. Con-
tributions from events where a photon is radiated from
the incoming lepton were reduced by placing a condition
of y < 0.8, where y = Pµqµ/(P

µlµ) is the fractional en-
ergy loss of the scattered electron, and by requiring a
minimum momentum of 1.25 GeV for each pion. Finally,
contributions from the target fragmentation region were
reduced by requiring xF > 0 for each pion, where xF
denotes Feynman-x and takes a positive value if the out-
going hadron moves in the same direction as the incoming
electron, in the struck quark center-of-mass frame.

The correlations between quark and gluon fields in the
nucleon encoded in e(x), as well as the hadronization
process described by G⊥1 , are imprinted in the azimuthal
angles of the final state hadrons [14, 15, 20]. An observ-
able sensitive to these functions can thus be constructed
by analyzing beam helicity-dependent azimuthal mod-
ulations of the two-pion cross section as described be-
low. Figure 1 illustrates the two-pion three-momenta
P h = P 1 + P 2 and 2R = P 1 − P 2, where P 1 is as-
signed to the π+; the azimuthal angles φh and φR⊥ are

FIG. 1. The coordinate system used in this analysis. The
electron scattering plane is spanned by the incoming and out-
going lepton, the dihadron plane is spanned by P 1 and P 2,
containing also P h, R, and RT , and the q × P h plane con-
tains only q and P h. The azimuthal angles φh and φR⊥ are
defined within the plane transverse to q, from the electron
scattering plane to, respectively, the q × P h plane and the
dihadron plane. See text for details.

defined as

φh =
(q × l) · Ph
| (q × l) · Ph|

arccos
(q × l) · (q × Ph)

|q × l| |q × Ph|
, (2)

φR⊥ =
(q × l) ·RT

| (q × l) ·RT |
arccos

(q × l) · (q ×RT )

|q × l| |q ×RT |
, (3)

where RT is the component of R perpendicular to P h,

calculated as RT =
(
z2P

⊥
1 − z1P

⊥
2

)
/z [16].

The beam helicity-dependent part of the two-pion cross
section can be written in terms of PDFs and FFs, inte-
grating over partonic transverse momenta at subleading
twist as [14, 15, 20]

dσLU ∝ (4)

Wλe sin(φR⊥)

(
xe(x)H^

1 (z,Mh) +
1

z
f(x)G̃^(z,Mh)

)
+ . . . .

Here, the subscript LU refers to a longitudinally polar-
ized beam and an unpolarized target, λe is the electron
helicity and W is a kinematic proportionality factor ap-
propriate for the LU term and dependent on x and y,
and is interpreted as the depolarization of the exchanged
virtual photon [14, 15, 20]. The additional terms are lin-
early independent of the sin(φR⊥) term shown here and
can therefore be extracted independently. Eq. (4) omits
the sum over quark flavors.

The dihadron FF H^
1 that e(x) is multiplied by is

sensitive to the transverse polarization of the outgoing
quark and has been extracted from e+e− data [21, 22].
The second term contains the twist-3 dihadron FF G̃^,
which is significantly smaller than H^

1 in model calcu-
lations [23], but remains unmeasured. The two contri-
butions can be disentangled in a combined fit including
target spin asymmetries [12].
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FIG. 2. The measured A
sin(φR⊥)
LU asymmetry vs. x. The thin,

black bars indicate statistical uncertainties and the vertical
extent of the wide, gray bars indicates systematic uncertain-
ties. See text for further discussion.

When the dependence on transverse momenta is in-
cluded, the cross section depends on φh and the dihadron
FF G⊥1 appears, which describes the helicity dependence
of the two-pion production:

dσLU ∝ Cλe sin(φh − φR⊥)I
[
f1G

⊥
1

]
+ . . . , (5)

where C is the corresponding kinematic depolarization
factor and additional terms in the cross section are again
linearly independent from the given one. As G⊥1 is a
TMD FF, it appears in Eq. (5) in a convolution, denoted
by I, over the transverse momentum dependences of the
PDF and FF [14, 15, 24].

The individual terms can be extracted from Eqs. (4)
and (5) by forming the beam spin asymmetry ALU from
the two-pion yields N±, produced from the scattering of
an electron with helicity ±, written

ALU =
1

Pbeam

N+(φh, φR⊥)−N−(φh, φR⊥)

N+(φh, φR⊥) +N−(φh, φR⊥)
= (6)

A
sin(φh−φR⊥)
LU sin(φh − φR⊥) +A

sin(φR⊥)
LU sin(φR⊥),

and fitting for the resulting azimuthal modulation am-
plitudes. Above, Pbeam is the beam polarization. The
amplitudes in Eq. (6) were extracted from the data using
an unbinned maximum likelihood fit that includes addi-
tional modulations beyond the two listed here, from the
cross section partial waves up to ` = 2; see Ref. [15] for
details. A binned χ2-minimization fit with 8 × 8 bins
in φh and φR⊥ was also performed and is in very good
agreement with the unbinned fit with a mean reduced χ2

of 1.05. The resulting asymmetries are corrected for the
ratio of the depolarization factors W (x, y) and C(x, y) in
Eqs. (4) and (5) to the respective factor A(x, y) of the
unpolarized cross section.
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FIG. 3. The measured A
sin(φh−φR⊥ )

LU asymmetry vs. Mh. The
thin, black bars indicate statistical uncertainties and the ver-
tical extent of the wide, gray bars indicates systematic uncer-
tainties. See text for further discussion.
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FIG. 4. The measured A
sin(φh−φR⊥ )

LU asymmetry vs. P⊥h . The
data have been split into two bins of Mh above and below
0.63 GeV. Asymmetries for lower values of Mh are shown in
red squares and the blue circles show the values for higher
Mh. The thin, solid bars indicate statistical uncertainties
and the vertical extent of the wide bars indicates systematic
uncertainties. See text for further discussion.

Figure 2 shows the result for A
sin(φR⊥)
LU vs. x and in-

tegrated over the other relevant variables. A significant
signal is observed that is relatively flat throughout the
valence quark region. The PDF e(x) is confirmed to
be nonzero and its general shape can be observed be-
cause the asymmetry presented here is proportional to
e(x)H^

1 (z,Mh) and H^
1 (z,Mh) is well-constrained [12].

The function e(x) can be extracted point-by-point from
these data with further theoretical development.

In Figs. 3-5 results for A
sin(φh−φR⊥ )

LU , sensitive to G⊥1 ,
are shown vs.Mh, P⊥h and z and integrated over the other
variables. The quantity P⊥h , the transverse momentum
of the final-state pion pair with respect to q, accesses the
convolution of the TMD of the PDF and dihadron FF.
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FIG. 5. The measured A
sin(φh−φR⊥ )

LU asymmetry vs. z. The
data have been split into two bins of Mh above and below
0.63 GeV. Asymmetries for lower values of Mh are shown in
red squares and the blue circles show the values for higher
Mh. The thin, solid bars indicate statistical uncertainties
and the vertical extent of the wide bars indicates systematic
uncertainties. See text for further discussion.

In particular, a dependence on Mh with a sign change
around the ρ mass is seen. This behavior is consistent
with model calculations [17] and originates from the real
part of the interference of s and p wave dihadrons.

Inspired by the sign change in Mh, the data were fur-
ther split into events with Mh < 0.63 GeV and Mh >
0.63 GeV to investigate the dependence on z and on P⊥h .
The dependence on P⊥h is of special interest, since here
for the first time results are shown that are sensitive to
a TMD fragmentation into two pions. It is a common
assumption that the transverse momentum dependence
of the PDFs and FFs is Gaussian [3]; the data are con-
sistent with this assumption but with an indication for
different widths in the two mass regions. One interpreta-
tion is that for Mh > 0.63 GeV, vector mesons make up
a significant fraction of the hadron pairs, which changes
the transverse momentum spectrum. This interpretation
would also be relevant in single-hadron production. Fi-
nally, the dependence of the asymmetry on z, shown in
Fig. 5, is relatively flat for both Mh bins with the excep-
tion of z < 0.5 for the lower Mh bin, where the asym-
metry is smaller and may change sign at the lowest z
value.

Systematic effects on these measurements have been
studied using a Monte Carlo simulation based on the
PEPSI generator [25] and a GEANT4-based simulation
of the detector [26, 27] that was tuned to match the
CLAS12 data. The systematic uncertainties are dom-
inated by contributions from baryonic decays from the
target fragmentation region, bin migration effects, and a
scale uncertainty stemming from the uncertainty on the
beam polarization. Baryonic contributions from the tar-
get fragmentation region are dependent on z, reaching
up to 6% at the lowest z but falling steeply to about

1% at z of 0.755. Bin migration effects are only signifi-

cant for A
sin(φh−φR⊥ )

LU , which changes rapidly around the
ρ mass. In this region, systematic uncertainties from bin
migration reach up to 10% of the asymmetry. The beam
polarization scale uncertainty is 3.0%.

Several additional sources of systematic uncertainties
have been studied but found to be negligible. Contri-
butions include particle identification, radiative effects,
accidental coincidences and the photoproduction of elec-
trons that are misidentified as the scattered electron.

Eqs. (4) and (5) show the beam-spin dependent part
of the cross section, however, the asymmetries ALU are
normalized by the beam-spin independent cross section
σUU . The unknown relative strength of the partial waves
contributing to σUU , along with their non-orthogonality
within the experimental acceptance, leads to an effective
shift in the extracted asymmetries. The size of this effect
has been estimated elsewhere [28], but a precise system-
atic assignment requires a more thorough understanding
of the unpolarized fragmentation function than is cur-
rently available. The supplementary material contains
estimates of the effect on ALU based on Monte Carlo
studies, however these estimates are based on an assump-
tion of the size of the yet unknown σUU modulation am-
plitudes and are therefore not included in the presented
systematic uncertainties.

In summary, this Letter reports the first significant
beam spin asymmetries observed in two-pion production
in SIDIS. The data indicate a non-zero signal for the
azimuthal modulation sensitive to the subleading-twist
PDF e(x) and, with further theoretical development, will
enable a point-by-point extraction of this quantity. Ad-
ditionally, the first measurement sensitive to G⊥1 , the
helicity-dependent dihadron FF is reported. Figures 2–
5 show the main results, and all asymmetry measure-
ments are included in the CLAS Physics Database [29].
Future work will concentrate on a measurement of the
partial wave decomposition of σLU and σUU , which will
address the uncertainty discussed above but is also inter-
esting in its own right in order to gain further insight into
hadronization phenomena as well. The beam spin asym-
metry modulated by sin(φh), which has been a byprod-
uct of the extraction presented here, will be a topic of
future studies. It can be thought of as the equivalent to
the Collins FF for two pions [18] and, in the ρ mass re-
gion, can be used to test predictions by the Artru model
about the relative size of Collins asymmetries of vector
and scalar mesons [30].
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