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µ+-beam 160 GeV/c

SPS

COMPASS

230 physisists, 10 countries, 25 institutes
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SM1

SM2

RICH
Muonfilter2

Muonfilter1

ECAL2
HCAL2

ECAL1
HCAL1

Polarized

Target

I high energy muon beam (160 GeV)

I high intensity beam (2 · 108µ+/spill)

I two stages spectrometer:

; large angular acceptance (0 ≤ θlab ≤ 180mrad)

; broad kinematical range
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COMPASS target (≥ 2006):

I 3 target cells

I acceptance: 180 mrad

I target material: NH3

I dilution factor: f ' 15 %

I polarization: PT ∼ 90 %

I reversal of polarization every 4 - 5
days
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A.Bressan

on Wed.
→

transversity distribution
in polarized SIDIS
`P↑ → `′hhX Interference FF

`P↑ → `′hX Collins FF

`P↑ → `′ΛX FF of q↑ → Λ

helicity distribution
in polarized DIS
~̀ ~P → `′X

quark distribution
in unpolarized DIS
`P → `′X

∆T q(x)=q↑↑(x)−q↑↓(x)

∆q(x)

q(x)

In leading order three parton distributions are
needed to describe the structure of the nucleon:
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; azimuthal asymmetry:

Nh+h− ∝ 1± A · sinφRS · sin θ

φRS = φR + φS − π

Measuring transversity with

Two-Hadron-Interference-FF H^
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FIG. 1: Angles involved in the measurement of the transverse single-spin asymmetry in deep-inelastic production of two hadrons
in the current region.

When the target is transversely polarized, we can define the following cross section combinations 3
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where α is the fine structure constant, γ = 2Mx/Q, and M is the mass of the target. These expressions are valid
up to leading twist only. Subleading contributions are described in Ref. [28]. In particular, they give rise to a term
proportional to cosφR in dσUU and a term proportional to sinφS in dσUT . Corrections at order αS were partially
studied in Ref. [4], but further work is required.

We can define the asymmetry amplitude
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Note that we avoided simplifying the prefactors because numerator and denominator are usually integrated separately
over some of the variables.

III. FRAGMENTATION FUNCTIONS IN A SPECTATOR MODEL

We aim at describing the process q → π+π−X at invariant mass Mh . 1.3 GeV. To have an idea of the prominent
channels contributing to this process, we examined the output of the PYTHIA event generator [53] tuned for HER-
MES [54], which well reproduces the measured events at HERMES. Further details concerning the event generator’s
output will be discussed in the next section. Fig. 2 shows the number of counted dihadron pairs in bins of Mh (200
bins from 0.3 to 1.3 GeV). The total amount of events is 2667889.

A few prominent channels contribute to this process:

1. q → π+π−X1: fragmentation into an “incoherent” π+π− pair that we will call, in the following, “background”;

2. q → ρ X2 → π+π−X2: fragmentation into a ρ resonance decaying into π+π−, responsible for a peak at Mh ∼
770 MeV (14.81%);

3. q → ω X3 → π+π−X3: fragmentation into a ω resonance decaying into π+π−, responsible for a small peak at
Mh ∼ 782 MeV (0.31%);

3 The definition of the angles in Eqs. (14,15) is consistent with the so-called Trento conventions [58] and it is the origin of the minus sign
in Eq. (17) with respect to Eq. (43) of Ref. [55] (compare φR and φS in Fig. 1 with the analogue ones in Fig. 2 of Ref. [55]).
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Measured asymmetry A is a convolution of
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Data taking in 2007: May to November

81.5 · 1012 muons on tape

equally shared between transverse and longitudinal target polarization

Total statistics for transverse target polarization
(after all cuts):

Proton target (NH3) Deuteron target (6LiD)

h+h− pairs h+h− pairs

11.28 · 106 6.1 · 106

Considering: 〈f · PT 〉NH3 ' 1√
2
〈f · PT 〉6LiD

; similar statistical precision
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Splitting middle cell into two parts

; two couples of cells with

opposite polarization

; two independent values for the

asymmetries per period

Extraction: Extended Unbinned Maximum Log-Likelihood Fit:

P↑↓(φh, φS) = a · g↑↓(~A)

↑↓ = sign of target polarization

a = acceptance

g↑↓(~A) = 8 spin dependent modulations

plus cosφR and cos 2φR

LH = (
∏

j Pj) · e−µ, ’extended’ factor: µ =
∫

dφR

∫
dφS P↑↓(φh, φS)
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Separation of acceptance and spin dependent modulations:

Coupling of:

two cells (u,d)

with opposite polarization ↑↓ and

two periods (p1,p2)

with opposite target polarization:

Fix acceptances with Assumption:

Cu = a↑u
a↓u

; Cd =
a↓d
a↑d

period 1: a↑u ad
↓

period 2: a↓u a↑d
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Data quality checks:

I detector profiles

I event reconstruction

I K 0-reconstruction (invariant mass)

I distributions of kinematical variables

xbj ,Q
2, y ,W , pµ′ , φµ′

Lab
, θµ′

Lab
, phad , pThad

, z , φhadLab
, θhadLab

, φh, φS ,Zvertex
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〈W 2〉 = 92.7 〈xbj〉 = 0.043

〈Q2〉 = 3.3

DIS cuts:
I Q2 > 1 (GeV/c)2

I 0.1 < y < 0.9

I W > 5 GeV/c2
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Tests for systematic errors:

I Splitting spectrometer into sectors:

I Left / Right
I Top / Bottom

I Splitting middle cell:

two asymmetries per double period

I Check for false asymmetries:

Combination of cells with same polarization

I Comparison of 4 estimators for asymmetry extraction

1D and 2D double ratios, binned LH, unbinned LH
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UT moment defined in Eq. (18) at HERMES kinematics for a proton target: (a) as a function of Mh, (b) as a
function of z, (c) as a function of x. The different lines correspond to different models of the transversity distribution function:
dotted line from Ref. [68], dash-dotted line from Ref. [69], dashed line from Ref. [70], solid line from Ref. [35].
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UT moment defined in Eq. (18) at COMPASS kinematics for a proton target: (a) as a function of Mh, (b) as a
function of z, (c) as a function of x. The different lines correspond to different models of the transversity distribution function:
dotted line from Ref. [68], dash-dotted line from Ref. [69], dashed line from Ref. [70], solid line from Ref. [35].

from our model appears to overestimate the preliminary HERMES data [48] by about a factor 3-4. This probably
indicates that the model overestimates in general the effect of interferences. Apart from the overall normalization,
the height of the bump around Mh ≈ 0.5 GeV seems to be too big relative to the ρ peak, which is probably due to
the fact that not all the π+π− pairs in channel 4 should be considered in p wave. However, in order to make more
conclusive statements it is necessary to wait for HERMES final data. Obviously, it would be better to compare our
model with an observable where H<)

1,ot can be isolated, e.g., in e+e− annihilation at BELLE [51].
In Fig. 9 we plot the same asymmetry as before, but for the kinematics of the COMPASS experiment. We assumed

the same cuts as before and change only the value of s. The size of the Mh- and z-dependent asymmetries is smaller
than at HERMES. This is due to the sensitivity of COMPASS to lower values of x, where models predict transversity
to be small, while the unpolarized distribution functions are big. Due to the same reason, there is a much larger
difference among the models, as they differ substantially at low x. The asymmetries could be enhanced if the low-x
region is excluded from the integration.

The COMPASS collaboration has also presented preliminary data of the above asymmetry for a deuteron tar-
get [49]. We plot our prediction in Fig. 10.5 The different isospin structure of the target, combined with that of the
fragmentation functions in our model, decreases the asymmetry. The x-dependent asymmetry is less than half of that
for the proton target, while the Mh- and z-dependent asymmetries are about 10 times smaller than for the proton
target.

5 Note that the preliminary measurements of COMPASS correspond to −A
sin(φR+φS)
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conclusive statements it is necessary to wait for HERMES final data. Obviously, it would be better to compare our
model with an observable where H<)

1,ot can be isolated, e.g., in e+e− annihilation at BELLE [51].
In Fig. 9 we plot the same asymmetry as before, but for the kinematics of the COMPASS experiment. We assumed

the same cuts as before and change only the value of s. The size of the Mh- and z-dependent asymmetries is smaller
than at HERMES. This is due to the sensitivity of COMPASS to lower values of x, where models predict transversity
to be small, while the unpolarized distribution functions are big. Due to the same reason, there is a much larger
difference among the models, as they differ substantially at low x. The asymmetries could be enhanced if the low-x
region is excluded from the integration.

The COMPASS collaboration has also presented preliminary data of the above asymmetry for a deuteron tar-
get [49]. We plot our prediction in Fig. 10.5 The different isospin structure of the target, combined with that of the
fragmentation functions in our model, decreases the asymmetry. The x-dependent asymmetry is less than half of that
for the proton target, while the Mh- and z-dependent asymmetries are about 10 times smaller than for the proton
target.
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from our model appears to overestimate the preliminary HERMES data [48] by about a factor 3-4. This probably
indicates that the model overestimates in general the effect of interferences. Apart from the overall normalization,
the height of the bump around Mh ≈ 0.5 GeV seems to be too big relative to the ρ peak, which is probably due to
the fact that not all the π+π− pairs in channel 4 should be considered in p wave. However, in order to make more
conclusive statements it is necessary to wait for HERMES final data. Obviously, it would be better to compare our
model with an observable where H<)

1,ot can be isolated, e.g., in e+e− annihilation at BELLE [51].
In Fig. 9 we plot the same asymmetry as before, but for the kinematics of the COMPASS experiment. We assumed

the same cuts as before and change only the value of s. The size of the Mh- and z-dependent asymmetries is smaller
than at HERMES. This is due to the sensitivity of COMPASS to lower values of x, where models predict transversity
to be small, while the unpolarized distribution functions are big. Due to the same reason, there is a much larger
difference among the models, as they differ substantially at low x. The asymmetries could be enhanced if the low-x
region is excluded from the integration.

The COMPASS collaboration has also presented preliminary data of the above asymmetry for a deuteron tar-
get [49]. We plot our prediction in Fig. 10.5 The different isospin structure of the target, combined with that of the
fragmentation functions in our model, decreases the asymmetry. The x-dependent asymmetry is less than half of that
for the proton target, while the Mh- and z-dependent asymmetries are about 10 times smaller than for the proton
target.

5 Note that the preliminary measurements of COMPASS correspond to −A
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FIG. 10: A
sin(φR+φS)

UT moment defined in Eq. (18) at COMPASS kinematics for a deuteron target: (a) as a function of Mh,
(b) as a function of z, (c) as a function of x. The different lines correspond to different models of the transversity distribution
function: dotted line from Ref. [68], dash-dotted line from Ref. [69], dashed line from Ref. [70], solid line from Ref. [35].

VI. CONCLUSIONS

In this paper we presented a model for the process q → π+π−X at invariant mass Mh . 1.3 GeV. We used a
“spectator” model, where the sum over all possible intermediate states X is replaced by an effective on-shell state.
Using this model we calculated the fragmentation functions that can be defined at leading twist when considering
only relative s and p waves of the pion pair [55]. We obtained nonzero results for four out of five of them.

We fixed the values of the parameters of the model by comparing the unpolarized fragmentation function D1,oo

with the output of the PYTHIA event generator [53] tuned for HERMES [54]. The main characteristics of the Mh

and z shapes of D1,oo are qualitatively well described.
We made predictions for the fragmentation functions D1,ll, D1,ol, and H<)

1,ot. The first one is a pure p-wave function,
it is found to be positive, about 50% of the unpolarized fragmentation function and with peaks at the ρ mass and at
around Mh ≈ 0.5 GeV, where the ω decaying into three pions gives a large contribution.

The function D1,ol arises from the interference between s and p wave. Since in our model we assumed the s wave
to be purely real, this function turns out to be proportional to the real part of the p wave and in particular displays
a sign change at the ρ mass. The size of the function is small, in particular when integrated over the invariant mass,
due to the sign change. Our model cannot predict the overall sign of the function.

The function H<)
1,ot also arises from the interference between s and p waves, but is proportional to the imaginary

part of the p wave, i.e., it has peaks at the ρ mass and at around Mh ≈ 0.5 GeV, due to the contribution of the
ω → 3π channel. Its size is about 30% of the unpolarized fragmentation function. Our model cannot predict the
overall sign of the function.

The function H<)
1,ot is of particular interest because in two-hadron-inclusive deep inelastic scattering off transversely

polarized targets it gives rise to a single-spin asymmetry in combination with the transversity distribution function.
Therefore, it could be used as an analyzer for this so far unknown distribution function. We estimated this single-spin
asymmetry at HERMES kinematics using four different models for the transversity distribution function. We found
the asymmetry to be of the order of 10% on average. The sign of the preliminary HERMES measurements suggests
that H<)

1,ot should be negative. The measurement indicates that the asymmetry in our model is about 3-4 times
bigger than the data. This probably means that our model overestimates the effects of interferences. However, final
experimental results are needed to make more reliable comparisons.

For COMPASS kinematics, the enhanced sensitivity to the portion of phase space at very low x induces a reduction
in the spin asymmetry with respect to HERMES, which can largely differ depending on the model for transversity. For
the deuteron target, the particular isospin structure, combined with that of the fragmentation functions in our model,
induces a further reduction such that the resulting asymmetry is much smaller than for the proton, in agreement with
preliminary data of the COMPASS collaboration.
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preliminary data of the COMPASS collaboration.
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First result for asymmetry in two hadron pair production measured in
COMPASS 2007 proton transverse run:

I Measured Asymmetry:

− significantly different from zero

; Two Hadron-Interference-FF and Transversity are non zero

− in agreement with prediction

− signal stronger than measured by HERMES

I Outlook:
I Identified hadron pairs
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RT = z2P1T−z1P2T

z1+z2

cosφR = ~q×~̀
|~q×~̀| ·

~q×~RT

|~q×~RT | , sinφR = (~̀×~RT )·q̂
|q̂×~̀||q̂×~RT |

4

Ph

Ph

P2

P1

RT

S
S

φ

φ
R

two−hadron plane

scattering plane

l l’

q

FIG. 1: Angles involved in the measurement of the transverse single-spin asymmetry in deep-inelastic production of two hadrons
in the current region.

When the target is transversely polarized, we can define the following cross section combinations 3

d6σUU =
d6σ↑ + d6σ↓

2
=

∑
q

α2e2q
π yQ2

1− y + y2/2 + y2 γ2/4
1 + γ2

f q
1 (x)Dq

1,oo(z,M
2
h), (16)

d6σUT =
d6σ↑ − d6σ↓

2
= −

∑
q

α2e2q
4 y Q2

1− y − y2 γ2/4
1 + γ2

sin(φR + φS)hq
1(x)

|~R|
Mh

H<)q
1,ot(z,M

2
h), (17)

where α is the fine structure constant, γ = 2Mx/Q, and M is the mass of the target. These expressions are valid
up to leading twist only. Subleading contributions are described in Ref. [28]. In particular, they give rise to a term
proportional to cosφR in dσUU and a term proportional to sinφS in dσUT . Corrections at order αS were partially
studied in Ref. [4], but further work is required.

We can define the asymmetry amplitude

A
sin(φR+φS)
UT (x, y, z,M2

h) ≡ 1
sin(φR + φS)

d6σUT

d6σUU

= −
1−y−y2 γ2/4
x y2 (1+γ2)

1−y+y2/2+y2 γ2/4
x y2 (1+γ2)

π |~R|
4Mh

∑
q e

2
q h

q
1(x) H

<)q
1,ot(z,M

2
h)∑

q e
2
q f

q
1 (x) Dq

1,oo(z,M
2
h)
. (18)

Note that we avoided simplifying the prefactors because numerator and denominator are usually integrated separately
over some of the variables.

III. FRAGMENTATION FUNCTIONS IN A SPECTATOR MODEL

We aim at describing the process q → π+π−X at invariant mass Mh . 1.3 GeV. To have an idea of the prominent
channels contributing to this process, we examined the output of the PYTHIA event generator [53] tuned for HER-
MES [54], which well reproduces the measured events at HERMES. Further details concerning the event generator’s
output will be discussed in the next section. Fig. 2 shows the number of counted dihadron pairs in bins of Mh (200
bins from 0.3 to 1.3 GeV). The total amount of events is 2667889.

A few prominent channels contribute to this process:

1. q → π+π−X1: fragmentation into an “incoherent” π+π− pair that we will call, in the following, “background”;

2. q → ρ X2 → π+π−X2: fragmentation into a ρ resonance decaying into π+π−, responsible for a peak at Mh ∼
770 MeV (14.81%);

3. q → ω X3 → π+π−X3: fragmentation into a ω resonance decaying into π+π−, responsible for a small peak at
Mh ∼ 782 MeV (0.31%);

3 The definition of the angles in Eqs. (14,15) is consistent with the so-called Trento conventions [58] and it is the origin of the minus sign
in Eq. (17) with respect to Eq. (43) of Ref. [55] (compare φR and φS in Fig. 1 with the analogue ones in Fig. 2 of Ref. [55]).
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