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Abstract Multiplicities of charged hadrons produced in

deep inelastic muon scattering off a 6LiD target have been

measured as a function of the DIS variables xBj , Q2, W 2

and the final state hadron variables pT and z. The p2
T distri-
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butions are fitted with a single exponential function at low

values of p2
T to determine the dependence of 〈p2

T 〉 on xBj ,

Q2, W 2 and z. The z-dependence of 〈p2
T 〉 is shown to be a

potential tool to extract the average intrinsic transverse mo-

mentum squared of partons, 〈k2
⊥〉, as a function of xBj and

Q2 in a leading order QCD parton model.

1 Introduction

Semi-Inclusive measurements of Deep Inelastic Scattering

(SIDIS) of leptons off nucleons provide information about

the partonic structure of the nucleon and the hadronisa-

tion of partons, and hence offer a wide testing ground of

Quantum Chromodynamics (QCD). The main subject of the

present study are the transverse momentum distributions of

charged hadrons produced in the current fragmentation re-

gion in lepton-nucleon scattering off unpolarised nucleons.

The hadron transverse momentum pT is defined with re-

spect to the virtual photon direction. The following standard

notations are used: ℓ and ℓ′ for the incoming and outgoing

lepton, N for the target nucleon, h for the outgoing hadron

and X for the unobserved particles in the final state; l, l′,P ,

and p denote the 4-momenta of ℓ, ℓ′, N , and h. The gen-

eral expression for the differential SIDIS cross section de-

scribing the reaction ℓ + N → ℓ′ + h + X in the one-photon

approximation is [1, 2]:

d5σ h(xBj ,Q
2, z,p2

T , φh)

dxBj dQ2 dzdp2
T dφh

=
d4σ h(xBj ,Q

2, z,p2
T )

2π dxBj dQ2 dzdp2
T

(

1 + a1

(

xBj ,Q
2, z,p2

T

)

cosφh

+ a2

(

xBj ,Q
2, z,p2

T

)

cos 2φh

+ λa3

(

xBj ,Q
2, z,p2

T

)

sinφh

)

. (1)
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Fig. 1 Sketch showing the kinematic variables for the absorption of

a virtual photon by a parton with intrinsic transverse momentum k⊥
and the subsequent hadronisation. The transverse momentum of the

observed hadron is denoted by pT when defined with respect to the

virtual photon direction in the photon nucleon center of mass system

and by p⊥ when defined with respect to the scattered parton direction

Here, λ is the helicity of the incoming lepton and the stan-

dard SIDIS variables are used: the 4-momentum transfer

q = (l − l′), the photon virtuality Q2 = −q2, the Bjorken

scaling variable xBj = Q2/2P · q , the hadron fractional en-

ergy z = P · p/P · q and the azimuthal angle φh of the

transverse momentum of the hadron with respect to the lep-

ton scattering plane around the virtual photon direction.

After integration over φh, the cross section does not de-

pend on the initial lepton polarisation λ. The hadron mul-

tiplicity per interaction is defined as the ratio of the differ-

ential SIDIS cross section over the differential DIS cross

section d2σ DIS(xBj ,Q
2)/dxBj dQ2. Thus, the differential

hadron multiplicity, d2nh/dz dp2
T , depends on four vari-

ables, xBj ,Q
2, z,p2

T :

d2nh(xBj ,Q
2, z,p2

T )

dz dp2
T

=

d4σh(xBj ,Q2,z,p2
T )

dxBj dQ2 dz dp2
T

d2σDIS(xBj ,Q2)

dxBj dQ2

. (2)

Within a pQCD Leading Order (LO) parton model the

shape of the p2
T distributions depends on the intrinsic trans-

verse momentum k⊥ of the partons and the transverse mo-

mentum of the hadrons p⊥ acquired during parton frag-

mentation. The amount of the contributions of k⊥ and p⊥
may depend on the hadron type, parton flavour, and on kine-

matic variables such as xBj , Q2 and z. Already in the 1970s,

SIDIS was understood as a tool to access the intrinsic trans-

verse momentum of the partons (see e.g. [3] and references

therein). The connection between the intrinsic transverse

momenta of the parton k⊥ and that of the hadron p⊥ and the

measured transverse momentum pT of the produced hadron

is illustrated in Fig. 1, assuming single photon exchange and

leading order pQCD.

During the last three decades significant efforts, both in

experimental and theoretical studies of (polarised) SIDIS,

have been undertaken. Currently this process is consid-

ered to be one of the most promising to study the spin-

dependent three-dimensional structure of the nucleon and

also the hadronisation process (see, e.g. [4]). Recently, a

complete QCD treatment of transverse momentum and spin-

dependent SIDIS was presented in Ref. [5] where factorisa-

tion was derived in terms of well defined unintegrated or

Transverse Momentum Dependent parton distribution and

fragmentation functions (TMDs) with individual hard scale

evolution properties. This formalism has been applied in

Ref. [6] to obtain the Q2 evolution of unpolarised TMDs;

a mandatory information needed for a correct comparison

of data measured in experiments at different hard scales [4].

Hadron leptoproduction has been studied by many exper-

iments. Some recent examples are: JLab [7], HERMES [8]

and E665 [9]. Earlier, EMC [10] covered most of the kine-

matic range of COMPASS. However, COMPASS has col-

lected much more data in this range and the statistical errors

of the present analysis are therefore significantly smaller, al-

though only part of the available data has been used. The

results presented here are obtained from data taken during

the year 2004. More details of the analysis are described in

Ref. [11].

2 Experiment, data selection and acceptance

The COMPASS experiment is installed on the M2 beam line

of the CERN SPS [12]. Polarised 160 GeV/c muons with

an intensity of 2 × 108 μ/spill (one spill of 4.8 s length per

16.8 s) and a polarisation of 80 % are scattered off a lon-

gitudinally polarised, isoscalar target that consists of granu-

lated 6LiD immersed in liquid helium. The small admixtures

of H, 3He, and 7Li lead to an excess of neutrons of about

0.1 %. In 2004 the target consisted of two cells with op-

posite polarisation which was reversed every 8 hours. It has

been verified that summing up the data from both cells yields

a data sample with vanishing polarisation for the present

analysis. The COMPASS detector is a large acceptance two-

stage spectrometer which covers the kinematic range from

quasi-real photoproduction to DIS. Both stages are equipped

with hadron calorimeters and use absorber walls for muon

identification. Charged particles emerging from the primary

interaction vertex in the forward direction are identified as

muons if they traverse at least 30 radiation length, otherwise

they are identified as hadrons. The selection requires recon-

structed trajectories in the detectors situated upstream and

downstream of the first magnet. This ensures that the track

momentum and sign of charge are well defined by bend-

ing in the magnetic field. The COMPASS ability to separate

pions, kaons and protons with a Ring Imaging Cherenkov

detector was not used in this analysis. Muon interactions

with Q2 > 1.0 (GeV/c)2 and 0.1 < y < 0.9 are selected,

where y = ν/Eμ, and ν = Eμ − Eμ′ is the difference be-

tween the laboratory energies of the incoming and outgoing

muon μ and μ′. With the above selection, the hadronic en-

ergy squared W 2 = 2Mν + M2 − Q2 is >25 GeV/c, above
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Fig. 2 Event distribution in the 23 bins in the inclusive variables Q2

and xBj . Within each bin, the fraction of events contained is indicated

in %

the nucleon resonance region. Here, M is the nucleon mass.

The total number of inclusive events selected for this analy-

sis is 45.8 × 106, corresponding to an integrated luminosity

of 775 pb−1. The events are sampled into 23 intervals in Q2

from 1 to 10 (GeV/c)2 and xBj from 0.004 to 0.12, as shown

in Fig. 2. The ranges and average values of Q2 and xBj are

shown in the Appendix in Table 1. Each of these (xBj ,Q
2)

intervals is further subdivided into 8 intervals in z from 0.2

to 0.8. No attempt was made to further suppress diffractive

meson production, as done e.g. in Ref. [13].

In order to correct for event losses caused by the non

uniform acceptance of the COMPASS spectrometer, a full

Monte Carlo (MC) simulation has been performed. The

events were generated with LEPTO [14], passed through the

spectrometer with a GEANT [15, 16] based simulation pro-

gram and reconstructed with the reconstruction software as

the real data events.

The SIDIS acceptances A
(+,−)
SIDIS for detecting, together

with the scattered muon, a positive (h+) or negative hadrons

(h−) respectively factorise in an inclusive muon acceptance

Aincl(Q
2, y) and a positive or negative hadron acceptance

Ah(+,−)(labpT , labη). These acceptances depend on the spec-

trometer characteristics, making the use of variables defined

in the laboratory frame preferable; therefore, the transverse

momentum labpT , the polar angle labθ , and the pseudora-

pidity labη = − ln(tan
labθ

2
) of the hadron are defined with

respect to the direction of the incoming muon. The choice

of labθ is particularly convenient to exhibit the acceptance

cut due to the aperture limit of the polarised target magnet at
labθ = 70 mrad for the upstream edge of the target. The fac-

torisation of hadron and muon acceptances implies that the

differential multiplicities only depend on Ah(+,−) since Aincl

cancels, see Eq. (2). Figure 3 shows the hadron acceptances

Ah− and Ah+ used in the analysis.

The four-dimensional acceptance used in the present

analysis is integrated over the azimuthal angle of the

hadrons, i.e. does not take into account the azimuthal mod-

Fig. 3 Hadron acceptances Ah− and Ah+ determined with the Monte

Carlo simulation for Q2 > 1 (GeV/c)2 as a function of labpT and labη

for negative hadrons h− (left) and positive hadrons h+ (right). The ac-

ceptances have been smoothed in order to reduce the granularity from

the binning

ulations in the cross section [2]. The systematic effect on

the extracted 〈p2
T 〉 have been investigated and found to be

negligible.

3 Results

The differential multiplicities d2nh±/dz dp2
T in (Q2, xBj )

bins are defined in the introduction in terms of the semi-

inclusive and inclusive differential cross sections. They are

obtained as the acceptance corrected number of hadrons

Δ4Nh± in 8 × 40 (z, p2
T ) bins and 23 (ΔxBj ,ΔQ2) bins,

divided by the number Δ2Nμ of muon interactions in the

same (ΔxBj ,ΔQ2) bins:

d2nh±(z,p2
T , xBj ,Q

2)

dz dp2
T

∣

∣

∣

∣ΔxBj

ΔQ2

≈

Δ4Nh±(z,p2
T ,xBj ,Q2)

ΔzΔp2
T ΔxBj ΔQ2

Δ2Nμ(xBj ,Q2)

ΔxBj ΔQ2

. (3)

The distributions for two selected (Q2, xBj ) bins are

shown in Fig. 4 for all z intervals. The full data set, in-

cluding more p2
T bins, is available on HEPDATA [17]. As

can be seen from Eq. (3) the uncertainty of the integrated

luminosity cancels and the only contributions to systematic

uncertainties of the multiplicities come from the hadron ac-

ceptance and the assumption of factorisation of hadron and

muon acceptance. The total systematic uncertainty due to

acceptance has been estimated to be 5 % of the measured

multiplicity value [11]. Only statistical errors are shown in

the figures.

The fits are performed at values of p2
T smaller than

0.72 (GeV/c)2 to stay away from pQCD effects where the

assumption of a simple exponential distribution is known to

fail [18, 19] and at p2
T larger than 0.01 (GeV/c)2 to exclude

a region where the experimental resolution may affect the

distribution. In this range, the p2
T distributions are fitted with
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Fig. 4 The p2
T dependence of

the differential multiplicities

d2nh/dz dp2
T of positive

hadrons (left) and negative

hadrons (right) fitted by an

exponential for

1 (GeV/c)2 < Q2 < 1.5 (GeV/c)2,

0.006 < xBj < 0.008 (top) and

6 (GeV/c)2 < Q2 < 10 (GeV/c)2,

0.07 < xBj < 0.12 (bottom)

subdivided into eight z intervals,

see legend of upper pictures.

The average values 〈Q2〉 and

〈xBj 〉 for the chosen (Q2, xBj )

intervals are indicated in the

pictures. The systematic error of

5 % is not included in the errors.

The lines show the fit result in

the fitted range

0.01 (GeV/c)2 <

p2
T < 0.72 (GeV/c)2

a single exponential functions Ae−p2
T /〈p2

T 〉 to extract the in-

verse slope 〈p2
T 〉. The values of 〈p2

T 〉 for all intervals of xBj ,

Q2 and z are shown in the Appendix, in Figs. 13 and 14 and

in Tables 2 and 3. These figures and tables contain the basic

experimental information extracted from the fits of the p2
T

distributions.

In Fig. 5 the dependence of 〈p2
T 〉 on xBj is shown for a

low-z and a high-z bin and for a low- and a high-Q2 bin.

At higher z the positive hadrons clearly have higher 〈p2
T 〉

than the negative hadrons. For hadrons with lower z how-

ever, no such difference is observed in the p2
T distributions.

A similar behaviour was already reported by HERMES [8,

20] for the average p2
T , not determined by a fit but from a

standard average over the entire pT range, i.e. 〈p2
T 〉all. The

z-dependence as well as the hadron charge dependence of

the p2
T distributions will be further investigated below.

It is interesting to compare the values and W 2-depend-

ence of 〈p2
T 〉 obtained from the fit at small pT with the val-

ues and W 2-dependence of 〈p2
T 〉all. The W 2-dependence of

〈p2
T 〉, obtained from the fit in the bin 0.5 < z < 0.6 is shown

in Fig. 6, that one of 〈p2
T 〉all in Fig. 7. In addition to the data

points, Fig. 7 shows lines, which represent fits of the data

points assuming a linear function of lnW 2.

The p2
T distribution of charged hadrons with 0.5 < z <

0.6, integrated over Q2 and xBj , is shown in Fig. 8(left); this

distribution is corrected for acceptance and was used to de-

termine the correct value of 〈p2
T 〉all. This quantity is interest-

ing since the authors of Ref. [21] first suggested that 〈p2
T 〉all

should depend linearly on the μN center of mass energy

squared s, and justified their prediction using results from

three fixed target experiments: JLab, HERMES and COM-

PASS. Fig. 8(right) taken from Ref. [21] shows the 〈p2
T 〉all

dependence on s. The black dot value for COMPASS was

based on previously published data not corrected for accep-

tance. The current COMPASS value is the red point added

to Fig. 8(right). The effect is in any case small.

The current COMPASS point is also shown in a recent

paper [22], and was used to quantify the pT broadening [23]

in a model to determine the Sivers and Boer-Mulders asym-

metries at COMPASS and HERMES. The result of the

model of Ref. [22] is closer to the COMPASS data when

pT broadening is included. The authors of Ref. [21] also

note that 〈p2
T 〉all may depend linearly on W 2 rather than s.

However, the dependence shown in Fig. 7 is better repro-

duced by a linear dependence on lnW 2 as was found by

EMC [10]. The relation is not well established and, as men-

tioned in Ref. [21], the linear dependence on s for Drell-Yan

muon pair production, which inspired their SIDIS predic-

tion, could also be a linear dependence on
√

s. Contrary to

the case of 〈p2
T 〉all in Fig. 7, the W 2-dependence of 〈p2

T 〉
shown in Fig. 6 is much weaker, as expected, since 〈p2

T 〉 is

assumed to be unaffected by pQCD, as opposed to 〈p2
T 〉all .

Another interesting observable is the ratio of the multi-

plicities of positive and negative hadrons integrated over p2
T

and Q2. The hadron multiplicity ratios are shown in Fig. 9 as

a function of z for different xBj bins and compared with pre-

vious data taken by the EMC experiment [10]. COMPASS

results show clearly that the fraction of positive hadrons in-

creases with xBj (getting closer to the valence region) and

z (more related to the energy of the struck parton). This
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Fig. 5 The fit parameter 〈p2
T 〉

obtained in the range

0.01 (GeV/c)2 < p2
T

< 0.72 (GeV/c)2 (see Fig. 4) vs

xBj for two different Q2

intervals (top and bottom) and

for a low-z bin (left), and a

high-z bin (right), for positive

and negative hadrons (red filled

circles and blue open boxes).

Statistical errors on the fitted

〈p2
T 〉 values are also shown. The

average value 〈Q2〉 for each xBj

bin is indicated

Fig. 6 The fit parameter 〈p2
T 〉

obtained in the range

0.01 (GeV/c)2 < p2
T

< 0.72 (GeV/c)2 (see Fig. 4) vs

W 2 for 0.5 < z < 0.6 and for a

low (left) and a high (right) Q2

interval. Statistical errors on the

fitted 〈p2
T 〉 values are also

shown. These results have to be

compared with Fig. 7 where

〈p2
T 〉all is plotted. The average

〈Q2〉 for each W 2 bin are

indicated

behaviour is connected with the fact that the positive va-

lence quarks have a larger electric charge than the negative

ones. In the valence region, a similar linear behaviour for the

deuteron target was also observed for charged pion produc-

tion at JLab, at much smaller energies [24].

The z2-dependence of 〈p2
T 〉 is of particular interest since

it gives a way to access the intrinsic transverse momenta

k⊥ and p⊥. At leading order QCD, assuming single pho-

ton exchange and an independent fragmentation process,

the hadron muoproduction cross section can be expressed

in terms of a hard muon-parton interaction cross section

convoluted with two unintegrated (transverse momentum

dependent) non-perturbative universal functions: the par-

ton distribution function fq(xBj , k⊥) and the fragmentation

function Dh
q (z,p⊥). With the further assumption that both

fq(xBj , k⊥) and Dh
q (z,p⊥) follow a Gaussian distributions

with respect to k⊥ and p⊥, respectively, the cross section

can be written at first order in O(k⊥/Q) by [18]:

d4σμN→μ′hX

dxBj dQ2 dzdp2
T

≈
∑

q

2πα2e2
q

Q4
fq(xBj )D

h
q (z)

[

1 + (1 − y)2
]

×
1

〈p2
T 〉q

e−p2
T /〈p2

T 〉q , (4)

where fq(xBj ) and Dh
q (z) are ordinary distribution and frag-

mentation functions and all the parameters describing the

transverse momentum dependence of TMDs for a given
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Fig. 7 Average value of the

squared transverse momentum

〈p2
T 〉all over the entire pT range

for charged hadrons (h+ and h−

summed up) as a function of

W 2, for 0.5 < z < 0.6 and four

Q2 intervals, indicated in the

figures. The error on the

statistical average is also

plotted. The green lines

represent fits where a linear

function of lnW 2 was assumed

Fig. 8 (Left) COMPASS charged hadrons p2
T distribution in the range

0.5 < z < 0.6. (Right) Average 〈p2
T 〉all in the range 0.5 < z < 0.6 for

different experiments (JLab, HERMES and COMPASS) as a func-

tion of the total energy squared s (black points) an the extracted s-

dependence from Ref. [21] (green dotted line). The black dot labelled

COMPASS (Schw.) was the value used in Ref. [21], from previously

published COMPASS results not corrected for acceptance. The red

star labelled COMPASS is the current value obtained from the left plot

of this figure after applying acceptance correction

Fig. 9 Charged hadron

multiplicity ratios dnh+/dnh−

as a function of z, for various

xBj bins, measured by

EMC [10] for μd (left) and

COMPASS for μ6LiD (right)

interactions respectively



Page 8 of 15 Eur. Phys. J. C (2013) 73:2531

Fig. 10 〈p2
T 〉 vs z2 for two xBj

intervals and for different Q2.

〈p2
T 〉 becomes larger at fixed

xBj and z with increasing Q2.

The effect is more visible at

higher z2 values where the

contribution of the quark

intrinsic transverse momentum

to the hadron transverse

momentum is enhanced

quark flavour q are contained in 〈p2
T 〉q , through the relation:

〈

p2
T

〉

q
=

〈

p2
⊥
〉

q
+ z2

〈

k2
⊥
〉

q
. (5)

Here again, integration over the azimuthal angle has been

performed. In Ref. [18] it was assumed that 〈p2
⊥〉 and 〈k2

⊥〉
in Eq. (5) are constants and independent of the quark flavour

(this is not the case in a recent analysis of CLAS data [24]).

In general, they may both depend on Q2 and q , while 〈p2
⊥〉

can depend further on z and the produced hadron type, and

〈k2
⊥〉 may depend on xBj .

One of the most prominent recent achievements in the

QCD theory of TMDs is the prediction, see Ref. [6], of

broadening of the widths of quark intrinsic transverse mo-

mentum distribution and the hadron transverse momentum

distribution acquired in fragmentation with increasing Q2.

In Fig. 10 we show the z2-dependence of 〈p2
T 〉 for differ-

ent Q2 values in two different xBj intervals for positive and

negative hadrons. As one can see, at fixed xBj and z val-

ues 〈p2
T 〉 becomes larger with increasing Q2. The effect is

more visible at higher z2 values where the contribution of

the quark intrinsic transverse momentum to hadron trans-

verse momentum is enhanced, see Eq. (5). The observed Q2

dependence of 〈p2
T 〉 in our data is in qualitative agreement

with the predictions of QCD TMD evolution of Ref. [6].

The observed dependence of 〈p2
T 〉 on z2 is shown for two

(Q2, xBj ) intervals in Fig. 11. The relation between 〈p2
T 〉

and z2 is certainly not linear as in Eq. (5). A more general

ansatz for the contributions of the intrinsic transverse mo-

menta p⊥ and k⊥ to the measured hadron transverse mo-

mentum pT is

〈

p2
T (z)

〉

=
〈

p2
⊥(z)

〉

+ z2
〈

k2
⊥
〉

, (6)

where 〈p2
⊥(z)〉 is a function of z and should be taken from

other measurements. The dependence of k⊥ is still the same

as in Eq. (5), with a constant average 〈k2
⊥〉. The knowledge

of 〈p2
⊥(z)〉 could be taken from DIS event generators which

are supposed to incorporate all known properties of jet frag-

mentation. In Fig. 12 the measured values of 〈p2
T 〉 are com-

pared with those of a simulation using the event generator

LEPTO.1 Two cases were simulated in the MC: interactions

without intrinsic transverse parton momenta 〈k2
⊥〉 = 0 (open

squares) and interactions with 〈k2
⊥〉 = 0.25 (GeV/c)2 (open

crosses). For 〈k2
⊥〉 = 0.25 (GeV/c)2, the agreement between

〈p2
T 〉 from simulated events and from data (full squares) is

striking for lower values of Q2, apart from the highest z2

bins. For values of Q2 larger than 4 (GeV/c)2, the data are

significantly above the simulation. The differences between

positive and negative hadrons at larger z values are not re-

produced by the MC simulation. This comparison suggests

that a detailed tuning of the jet fragmentation parameters is

needed to extract 〈k2
⊥〉 from the data.

1For these simulations, MRST2004LO PDFs in LHAPDF 5.2.2 were

used; default LEPTO 6.5.1 and JETSET 7.4 settings, with the excep-

tion of LST(11) = 122, which includes target mass effects and the lon-

gitudinal structure function.
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Fig. 11 〈p2
T 〉 vs z2 for two

(Q2, xBj ) intervals. The

corresponding average values

〈Q2〉 (in units of (GeV/c)2 and

〈xBj 〉 are indicated in the figure.

The dotted green line

corresponds to relation (5) with

constant 〈k2
⊥〉 and 〈p2

⊥〉 from

Ref. [19]

Fig. 12 Comparison of the

measured 〈p2
T 〉 (full squares)

with a simulation using the MC

event generator LEPTO for two

bins of Q2 and xBj , for positive

(top) and negative hadrons

(bottom). Two cases were

simulated in the MC:

Interactions without intrinsic

transverse parton momenta

〈k2
⊥〉 = 0 (open squares) and

interactions with

〈k2
⊥〉 = 0.25 (GeV/c)2 (open

crosses)

4 Conclusion

The main result of this analysis is the measurement of dif-

ferential multiplicities of charged hadrons produced in un-

polarised SIDIS of muons off an isoscalar target. The ac-

ceptance corrected multiplicities in a 4-dimensional (z, p2
T ,

xBj , Q2) phase space are presented and are available in Hep-

Data [17] separately for positively and negatively charged

hadrons.

From these distributions other observables have been ex-

tracted. The average p2
T over the entire pT range, 〈p2

T 〉all,

has been provided for a comparison with other experiments

at different center of mass energy. The evolution of 〈p2
T 〉all

as function of the invariant mass W 2 has been found to fol-

low a linear dependence on lnW 2 reasonably well. The ra-

tio of positive to negative hadrons was measured with high

precision as a function of z for bins in xBj . At large xBj it

exhibits a strong rise with increasing z.

The differential distributions at low p2
T have been fitted

with an exponential in different z bins in order to obtain

〈p2
T 〉. The measured 〈p2

T 〉 shows complicated dependences

on the kinematic variables xBj , z and Q2 and on the hadron

charge. The observed Q2 dependences of 〈p2
T 〉 in our data at

fixed xBj are in qualitative agreement with the recent predic-

tions of TMD QCD evolution [6]—the broadening of trans-

verse momentum distribution in TMD DFs and FFs as the

hard scale increases. The assumptions of Ref. [18] of 〈k2
⊥〉

and 〈p2
⊥〉 being constants is not adequate to describe cor-

rectly the new and precise COMPASS data.
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A new global multidimensional analysis of multiplicities

is needed to extract 〈k2
⊥〉 and 〈p2

⊥〉. This analysis was not

performed in the past due to the lack of data. The high statis-

tics multidimensional results from COMPASS presented in

this paper will provide a starting point, while a dedicated

study of the hadron transverse momentum distribution in

e+e− annihilation, to which only p⊥ contributes, will be

another important input to this analysis.

Another possible way to access the intrinsic transverse

momentum 〈k2
⊥〉 is by tuning of the Monte Carlo generator

such that it describes the multiplicity data. Also in this case,

the already mentioned dependence of the generated k⊥ on

kinematic variables needs to be implemented in the genera-

tor.

This is the first multidimensional study of hadron multi-

plicities in unpolarised SIDIS at COMPASS. Further analy-

ses, using the COMPASS ability to identify hadrons, are un-

der way to investigate the production of charged pions and

kaons.
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Appendix

Table 1 Definition of the 23 bins of xBj and Q2 and corresponding

mean values; Q2 is in units of (GeV/c)2

Bin xmin
Bj xmax

Bj 〈xBj 〉 Q2
min Q2

max 〈Q2〉

1 0.0045 0.0060 0.0052 1.0 1.25 1.11

2 0.0060 0.0080 0.0070 1.0 1.30 1.14

3 0.0060 0.0080 0.0070 1.3 1.70 1.48

4 0.0080 0.0120 0.0099 1.0 1.50 1.22

5 0.0080 0.0120 0.0099 1.5 2.10 1.76

6 0.0120 0.0180 0.0148 1.0 1.50 1.22

7 0.0120 0.0180 0.0148 1.5 2.50 1.92

8 0.0120 0.0180 0.0150 2.5 3.50 2.90

9 0.0180 0.0250 0.0213 1.0 1.50 1.23

10 0.0180 0.0250 0.0213 1.5 2.50 1.92

11 0.0180 0.0250 0.0213 2.5 3.50 2.94

12 0.0180 0.0250 0.0216 3.5 5.00 4.07

13 0.0250 0.0350 0.0295 1.0 1.20 1.10

14 0.0250 0.0400 0.0316 1.2 1.50 1.34

15 0.0250 0.0400 0.0318 1.5 2.50 1.92

16 0.0250 0.0400 0.0319 2.5 3.50 2.95

17 0.0250 0.0400 0.0323 3.5 6.00 4.47

18 0.0400 0.0500 0.0447 1.5 2.50 1.93

19 0.0400 0.0700 0.0533 2.5 3.50 2.95

20 0.0400 0.0700 0.0536 3.5 6.00 4.57

21 0.0400 0.0700 0.0550 6.0 10.0 7.36

22 0.0700 0.1200 0.0921 3.5 6.00 4.62

23 0.0700 0.1200 0.0932 6.0 10.0 7.57
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Fig. 13 Fitted 〈p2
T 〉 vs (xBj , Q2) for all z intervals for positive

hadrons. The values are both written inside each interval and shown

as a gray scale. The same gray scale is used for all the plots. The writ-

ten values are in units of (GeV/c)2 × 1000
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Fig. 14 As Fig. 13 but for negative hadrons
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