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Abstract

The COMPASS Collaboration has recently published an article “Multiplicities of positive and neg-
ative pions, kaons, and unidentified hadrons from deep-inelastic scattering of muons off a liquid
hydrogen target”, Phys. Rev. D 112 (2025) 012002. In contrast to earlier COMPASS publications on
similar topics, the aforementioned article features an enhanced treatment of QED radiative correc-
tions, employing the DJANGOH Monte Carlo generator. This methodological improvement led to
corrections that are up to 12% larger in the low-x, high-z region compared to the previously applied
ones. To ensure consistent treatment of COMPASS data sets obtained using both isoscalar and pro-
ton targets, this paper presents an updated set of isoscalar multiplicities based on DJANGOH-derived
radiative corrections. The present results supersede those published in Phys. Lett. B 764 (2017) 1
and Phys. Lett. B 767 (2017) 133.
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1 Introduction

The semi-inclusive measurement of hadron production in deep-inelastic lepton–nucleon scattering (SIDIS),
l + N → l′ + h + X, is an important method for studying the structure and formation of hadrons, widely
used in theoretical and phenomenological studies to extract fragmentation functions. They describe the
transition from quarks to observable hadrons. To reduce systematic uncertainties, experimental analy-
ses often focus on the ratio of the semi-inclusive hadron production cross-section to the inclusive DIS
cross-section, l + N → l′ + X. This ratio is referred to as multiplicity, see e.g. Eq. (1) in Ref. [1].

The COMPASS Collaboration has measured multiplicities of unidentified hadrons, pions and kaons using
both isoscalar [1, 2] and proton [3] targets. Radiative corrections must be applied to both the hadron
production and inclusive DIS measurements to convert the observed cross-sections to the one-photon
exchange cross-sections, rc = σ1γ/σobserved. The correction to the inclusive DIS cross-section rcDIS is
well established, see Refs. [4, 5]. The correction to the hadron production cross-section (i.e. SIDIS)
rchad is more involved. The results published in Refs. [1, 2] were obtained correcting the measured
multiplicities by the factor RC = rchad/rcDIS, which directly quantifies the impact of QED radiative
correction effects on the multiplicities.

In Ref. [1] radiative corrections were estimated using the program TERAD, which is designed to com-
pute inclusive DIS cross-sections [4, 5]. To estimate rchad, elastic and quasi-elastic contributions were
subtracted from the observed cross-section. This method resulted in changes to the multiplicities of less
than 2% in the low-x, middle-y region. Recognising that this was only an approximate method, COM-
PASS explicitly published the bin-by-bin values of the applied corrections, rcDIS and rchad, allowing
future re-evaluations with improved methods. In Ref. [2], which focused on kaon multiplicities, addi-
tional concerns were raised regarding the reliability of rchad. As a result, a more conservative approach
was adopted: the applied rchad was taken as the average of the TERAD-based hadron- and the inclusive
corrections. The associated uncertainty was increased accordingly, ensuring that it was always larger
than half the difference between the TERAD-based hadron- and inclusive correction values.

To improve the reliability of hadron radiative corrections, the COMPASS Collaboration used dedicated
Monte Carlo generators, in which also hadronic final states are simulated. At the time of the earlier pub-
lications, we attempted to use the program RADGEN [6]. Unfortunately, this tool failed to consistently
reproduce COMPASS data, which ultimately led to the continued reliance on TERAD-based estimates
in Refs. [1, 2].

In recent years, however, the DJANGOH Monte Carlo generator (DJANGOH-MC) [7, 8] has been suc-
cessfully verified, i.e. COMPASS achieved a satisfactory description of SIDIS data, which is demon-
strated in Ref. [3]. This finally enabled the application of a more robust and theoretically consistent
method for calculating radiative corrections. The values of RC obtained from DJANGOH-MC differ
significantly from those previously used, which is particularly important for data in Ref. [1]. In view
of this, the COMPASS Collaboration has prepared the present addendum to update multiplicity results
obtained using the isoscalar target and published in Refs. [1, 2].

2 Radiative corrections

The radiative correction factors RCDJANGOH, derived using DJANGOH-MC, were obtained using the two-
step procedure described in Ref. [3], in which rcDIS is taken from TERAD and rchad from DJANGOH.
In order to maintain consistency with the results reported in Ref. [3], we present values of RCDJANGOH
rather than rchad. These values are presented in a three-dimensional binning of Bjorken variable x, lepton
energy fraction carried by the virtual-photon y and the fraction of the virtual-photon energy that is carried
by the final-state hadron z. A comparison between RCDJANGOH and the previously used correction factor
RCTERAD for pions [1] and the bin 0.02 < x < 0.03, 0.2 < y < 0.3, as a function of z, is presented in the
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left panel of Fig. 1. Sizeable differences are observed.

The right panel of Fig. 1 shows an analogous comparison for kaon multiplicities published in Ref. [2].
Here, the differences are smaller, primarily due to the conservative correction strategy employed for
kaons, as described above. Nevertheless, the z-dependence of RCDJANGOH remains evident and was not
accounted for in the original analysis.
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Fig. 1: Left panel: comparison of RC factors for positive pions in a selected (x,y) bin as a function of z using
DJANGOH-MC (red circles) and TERAD from Ref. [1] (black circles), right panel: comparison of RC factors for
positive kaons in a selected (x,y) bin as a function of z using DJANGOH-MC (red squares) and based on TERAD
from Ref. [2] (black squares).

In the left panel of Fig. 2, we compare RCDJANGOH for different hadron species and electric charges;
only small differences are visible here. In the right panel of Fig. 2, a comparison of RCDJANGOH between
isoscalar and proton targets for positively charged kaons is shown; again, differences are small.
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Fig. 2: Left panel: the values of RCDJANGOH for π± and K± in a selected (x,y) bin as a function of z (for clarity
staggered horizontally), right panel: the values of RCDJANGOH obtained for proton and isoscalar targets in a selected
(x,y) bin as a function of z.

3 New multiplicity results

To obtain new isoscalar multiplicities, radiative corrections are removed from the previous results [1, 2]
and the new RCDJANGOH are employed
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dMnew

dz
=

dMprevious

dz
×
(

rcDIS

rchad

)
TERAD

×RCDJANGOH. (1)

The statistical uncertainties are treated in the same way as the multiplicity values themselves, while
the systematic uncertainties are kept unchanged. As an illustrative example, in the kinematic region of
0.02 < x < 0.03, 0.2 < y < 0.3 and 0.30 < z < 0.35 the published multiplicity for positively charged
pions is: dMprevious/dz = 0.9427± 0.0134stat.± 0.0472syst.. The originally applied radiative correction
factors are: rchad = 0.9210 and rcDIS = 0.9173, while RCDJANGOH = 1.0637. Applying these correction
factors yields dMnew/dz = 0.9987± 0.0142stat. ± 0.0472syst.. Note that in some bins in the corners of
the kinematic region of the data published in Refs. [1, 2] no RCDJANGOH is obtained, thus these bins are
omitted in the new tables.

In Figs. 3 and 4 we present the ratio (dMnew/dz)/(dMprevious/dz)− 1 for positive pions and kaons in

bins of (x,y) as a function of z. This ratio is denoted as dM{π+, K+}
ratio−1 /dz in Figs. 3 and 4. The largest

differences are present for low x, high y and high z and amount up to 12%. As explained earlier, due to
a different approach to RC in the publications [1] and [2], the multiplicity changes for kaons are smaller
than those for pions. Since multiplicities themselves decrease steeply with increasing z, these differences
are not easily visible in typical plots such as Figs. 3÷8 of Ref. [1]. Consequently, we chose to omit these
figures in the present paper, as they do not lead to any new conclusions. The new multiplicity results as
well as RCDJANGOH are made available on the HEPData repository [9]. These new results supersede the
previous ones from Refs. [1, 2].
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Fig. 3: Values of dMπ+

ratio−1/dz as a function of z for nine bins of x and five bins of y (for clarity staggered vertically
by α).

4 Summary

In this Addendum, we present updated multiplicity values for an isoscalar target, published in Phys.
Lett. B 764 (2017) 1 and Phys. Lett. B 767 (2017) 133. They are recalculated using radiative corrections
obtained with the DJANGOH Monte Carlo generator. These radiative corrections lead to changes in
the multiplicity values of up to 12%. The present multiplicities supersede the previous ones. Using
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Fig. 4: Values of dMK+

ratio−1/dz as a function of z for nine bins of x and five bins of y (for clarity staggered vertically
by α).

them enables a consistent treatment of COMPASS isoscalar target multiplicity results with the proton
multiplicities, recently published in Phys. Rev. D 112 (2025) 012002.
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