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๏ Briefly: what happens in the final state? 

๏ FFs: relevant observables and some results. 

๏ Nuclear data. 

๏ Describing the nuclear data. 

๏ Unresolved issues. 

๏ What can the EIC do for the FFs? 

๏ Summary.
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Let us consider a parton coming out of a hard interaction.
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Why do jets happen?
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At some point of this chain we have hadronisation. 
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If we’re not too picky 

about which hadron was 

produced, we can just add 

particles that are close and 

call that a jet.
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Classes of Jet Algorithms
Iterative cone algorithms: jet 
defined as energy flow 
within a cone of radius R in 
(y,ϕ) or (η,ϕ) space:

Sequential recombination 
algorithms: 

Define distance measure dij 
Calculate dij for all pairs of 
particles, combine particles 
with minimum dij below cut
Stop if minimum dij above cut
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First Comparison “By Eye”
Different jet algorithms → different results
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What if we want to know e.g. about the pions produced? or 

kaons? or any other particle? 



230 e + e - Annihilation and QeD

derivation of the as/w correction until Section 11.7, where it will emerge as a
by-product of the study of the three-jet events e - e + -> qqg.

11.2 Fragmentation Functions and Their Scaling Properties

So far, we have not faced the problem of how the quarks turn into the hadrons
that hit the detector. It was sufficient to state that the quarks must fragment into
hadrons with unit probability. This gives (11.4). For more detailed calculations,
this problem cannot be sidestepped.
In the center-of-mass frame, the produced quark and antiquark separate with

equal and opposite 'momentum and materialize into two back-to-back jets of
hadrons which have momenta roughly collinear with the original q and q
directions. The hadrons may be misaligned by a momentum transverse to the q or
q direction by an amount not exceeding about 300 MeV.
In Chapter 1, we visualized jet formation as hadron bremsstrahlung once the q

and q separate by a distance of around 1 fm. Then, as becomes large, and strong
color forces pull on the separating q and q. The potential energy becomes so large
that one or more qq pairs are created (see Fig. 1.14). Eventually, all the energy is
degraded into two jets of hadrons moving more or less in the direction of the q.
and q.
To describe the fragmentation of quarks into hadrons, we use an analogous

formalism to that introduced in Chapter 9 to describe the quarks inside hadrons.
Figure 11.4 shows the observation of a hadron h, whose energy is measured to be
E h • The corresponding differential cross section can be written as

(11.8 )

e'

Fig. 11.4 A hadron h observed with a fraction
z of the quark's energy; z = 2Eh/Q.
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It is a non-perturbative process, so we introduce the 

parton to hadron fragmentation function (FF)
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∑
h

∫
1

0
z Dh

q(z) dz = 1

∑
q

∫
1

zmin
[Dh

q(z) + Dh
q̄(z)] dz = nh

conservation of momentum

average multiplicity of hadron h

FFs are similar to PDFs. They:

๏ are universal and non-perturbative (we can’t 

compute them in pQCD). 

๏ obey evolution equations (time-like DGLAP). 

 

๏ obey sum rules

∂
∂ ln(Q2) (

Dh
q

Dh
g) = (

Pqq Pqg

Pgq Pgg) ⊗ (
Dh

q

Dh
g)
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But there is a key difference. While normally we work with 

proton PDFs, we regularly need many more FFs:

Dh
i

h = π±,0,  K±,  p(p̄),  n(n̄) , η  . . .

i = u,  ū,  d,  d̄,  s,  s̄,  c,  c̄,  b,  b̄,  g

- 18 lq baryons 

- 18 lq anti-baryons 

- 16 lq mesons
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- 18 lq anti-baryons 

- 16 lq mesons

๏ Most particles decay before reaching the detectors, so 

FFs are know only for  the lightest ones: .π±,0,  K±,  p(p̄)

๏ To get the FFs, all we have to do is simply make a 

global fit. 
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๏ We can also exploit some symmetries .Dh
i = Dh̄

ī



Relevant observables 



11.1 e - e + Annihilation into Hadrons: e - e + --+ qq 227

e'

(al (b)

Fig.11.1 Virtual photon probes prepared in (a) deep inelastic scattering, and
(b) the head-on collision of electron and positron beams each of energy Eo.
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Fig. 11.2 Some experimental possibilities resulting from e + e annihilation.

The basic process: single inclusive annihilation (SIA): 

l+ + l− → h + h̄

 11/60



11.1 e - e + Annihilation into Hadrons: e - e + --+ qq 227

e'

(al (b)

Fig.11.1 Virtual photon probes prepared in (a) deep inelastic scattering, and
(b) the head-on collision of electron and positron beams each of energy Eo.
e

(a) (b)

e'

(c)

T, L,

i, C,.

e'

(d)

b, t, Q,.

b, ca, ..

(el (I)

Fig. 11.2 Some experimental possibilities resulting from e + e annihilation.

๏ Very clean, no PDFs needed. 

๏ Many experiments at both high and low c.m. energies 

(e.g. ALEPH, DELPHI, OPAL and L3 @LEP, Belle@KEKB). 

๏ Symmetric: we obtain .Dh
i + Dh

ī
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The basic process: single inclusive annihilation (SIA): 

l+ + l− → h + h̄



Functional form proposed: Dh
i (z, Q0) = Ni zα (1 − z)β P(z)
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For  it is 

enough to fix:
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Figure 4: The input fragmentation functions Dπ+

i as given in Table 1 at their respective
input scales.

from the perturbatively unstable very low z region, as we will discuss in more detail in

Section 6.2.

We have also evolved our
∑

h± fit to a c.m.s. energy of
√
s = 161 GeV and compared

the evolution to measurements by OPAL [54] in Fig. 6. The agreement is convincing albeit

not too surprising because scaling violations from MZ → 161 GeV are rather moderate.

In Figs. 7 and 8 we compare our fitted fragmentation functions to a previous NLO fit by

Binnewies, Kniehl and Kramer (BKK) [5]. These authors confirm QCD scaling violations

within a wider range of data, albeit not with the flavour information of Ref. [21] on the

individual π± and K± spectra. Instead, the flavour separation in [5] was done by fitting

to the flavour tagged ALEPH [17]
∑

h± data and assuming dσΣh±

= dσ(π+K)± + f where

f is a small residual from (anti-)protons as measured in [55]. Besides discrepancies in the

barely constrained Dh
g , our procedure of decoupled fits to

∑

h±, π± and K± data yields

quite different results for the individual flavour fragmentation functions into π± and K±.

Note that the differences of our fit to BKK decrease stepwise the more flavour-inclusive

sums of FFs are considered. For the ‘democratic’ FF D(π+K)±

u+d+s+c+b the difference shrinks

to at most 4% within 0.1 < z < 0.8. In any case, the light flavour (uds) structure is, at

18

PRD 62, 054001

10
-2

1

10 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

10
-2

1

10 2

10
-2

1

10 2

10
-2

1

10 2

1/
σ

to
t d
σ

/d
z

inclusive

ALEPH
s = MZ

2

uds enriched

c enriched

b enriched

longitudinal

z

10
-4

10
-2

1

10 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Figure 1: ALEPH [17]

∑

h± inclusive particle spectra, measured at the Z0 pole, and the
corresponding fit results. Details to the individual data samples and curves are given in
the text. The ‘longitudinal’ set has not been included in the fit.
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Large c.m. energy, 

annihilation to Z boson 

included in the calculation

Functional form proposed: Dh
i (z, Q0) = Ni zα (1 − z)β P(z)
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Q2 = 100 GeV2

this fit / BKK
Dπ±
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Figure 7: Ratios of the individual fragmentation functions obtained from this NLO fit to
their analogues in Ref. [5].

one-particle-inclusive final state measurements in e+e− annihilation because it enters the

cross section in Eqs. (5), (6) only in subleading order O(α1
s) and where the leading part

is factorized into the evolution (9) where Dh
g mixes with the quark singlet fragmenta-

tion function
∑

q D
h
q . Therefore, keeping the vagueness of this comparison in mind we

use the 3-jet data of Ref. [57] to compare our fitted DΣh±

g (z, µ2) with, i.e. we compare

DΣh±

g

(

z = xE , µ2 =
〈

Ejet
g

〉2 ! (40GeV)2
)

with the measured 1
Ntot

∆N
∆xE

in Eq. (28) for the

time being, with the caveat that this cannot give us more than an idea of the compati-

bility of our NLO gluon FF with 3-jet measurements. For illustration we also include the

gluon fragmentation function of [5] [using the approximation (26)] and an independent

experimental LO determination from DELPHI [58] in our comparison. Hence, the dis-

crepancy between the data [57] and the LO QCD fit to an independent measurement [58]

estimates the accuracy to which the 3-jet data [57] can be identified with a QCD gluonic

fragmentation function. From Fig. 9 we judge that the result seems promising and that

a refinement of the theoretical framework would probably contribute to removing the

existing ambiguities in the gluon fragmentation function.

Similar theoretical limitations as outlined above for 3-jet measurements also prevent

21

Differences between 

FF extractions tend 

to be quite large for 

all the z range.
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Figure 8: Same as Fig. 7 but for the fragmentation functions into charged Kaons K±.

at present a detailed pQCD analysis of leading particle effects [50] in e+e− annihilations

which are based experimentally on phase space restrictions which do not fully match a

one-particle inclusive QCD framework. Qualitatively, the results of the leading particle

measurements in [50] are accounted for by Eq. (20).

6.2 Perturbative Stability and Energy Sum Rule

The full NLO framework of Section 2 is expected to yield more reliable and less scale-

sensitive results compared to a LO truncation of the perturbation series where the known

O(αs) terms of the coefficient functions (6) are neglected as well as the β1 contribution

to the running of αs and where the omission of the P (1)
ij parts of the splitting functions

reduces the evolution (9) to summing only the most dominantly leading logs (αs/2π lnQ2)n

for all n. Still, an accompanying LO fit is - besides future effective LO applications -

valuable as a test of the perturbative LO↔NLO stability which is a delicate requirement

for perturbative (QCD) approaches to strong interaction phenomena - especially if the

perturbative QCD dynamics is supposed to set in at the rather low input scale in (11)

taken from [1]. For infrared unsafe quantities - such as the one-particle-inclusive spectra

22

And it keeps 

getting worse with 

rarer hadrons.

 13/60

PRD 62, 054001

PRD 62, 054001



To further complicate our lives we can do Semi-Inclusive 

DIS (SIDIS):
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11.2 Fragmentation Functions and Their Scaling Properties 233

independent of Q. Such a scaling result is not a complete surprise, because we
have relied on the scaling parton model to derive (11.12), see Fig. 11.4.
Figure 11.5 shows (lja)(da/dz) as a function of z for different values of Q2.

The scaling is not perfect. Gluon emission from the q or q will introduce log Q2
scaling violations in (11.13). Their qualitative trend is the same as in electropro-
duction, that is, 'J"(z, Q2) will increase at small z with increasing values of Q2 but
decrease for z near 1. The large violations of scaling for z ;$ 0.2, seen in Fig. 11.5,
are not exclusively due to gluon emission, however, and are the subject of the next
section.

EXERCISE 11.2 The fragmentation functions D(z) describe properties
of partons and are therefore the same, no matter how the partons are
produced. Consider the inclusive leptoproduction cross section a(ep -> hX)
and show that

L,e; fq ( x) D;(z)
q

where fq(x) are the proton structure .functions of Chapter 9, see Fig. 11.6.
The sum runs over the quarks and anhquarks that can be a parent of h.

EXERCISE 11.3 Using charge conjugation and isospin invariance, show
that

P=E:::::i
fq 1xl

Fig. 11.6 Deep inelastic leptoproduction of hadron
h; ep --+ hX.

To further complicate our lives we can do Semi-Inclusive 

DIS (SIDIS):

 14/60
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=
4
9
 [ fu Dπ+

u   +  fū Dπ+
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ū

π− = ūd
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1. The hadron can come from either the current 

fragmentation (FFs, ) or the target fragmentation 

(Fracture Functions, ) region.

Dh
i

Mh
i

Volume 323, number 2 PHYSICS LETTERS B 10 March 1994 

Using factorlzation of colhnear singularities, the single hadron distr ibution can be written in the form 

d__a (e+e_ h+X )= ~,a(e+e_ q,~,)Dh(z ,Q) (5) 
dz 

and can be used to determine from the data the perturbatlvely uncalculable fragmentation function D h (z, Q) 
Thus, in this case, even processes with no initial  hadron provide Important  non-perturbattve informat ion 

Turnmg now to semi-inclusive deep inelastic lepton hadron scattering, the process l+A--.l'+ h +H+ X, ac- 
cording to our previous discussion, will receive contr ibut ions in two well separated kinematical regions for h as 
long as the hadron ts hard enough Thus we write 

a(l+A~l '+h+ H+ X) = a¢ . . . .  t + atar~et =a(l+A--,l'+ (h+ H') + X) + a(l+A-~l'+ H+ (h+ X') ) (6) 

The two terms appearing in eq. (6) are illustrated m Fig 3 For the first term no knowledge other than the 
one on fragmentat ion functions D is needed Such contr ibut ion has been widely discussed in the ltterature (see, 
e.g, [ 8 ] for a clear review) 

We shall instead concentrate on the second term represented in Fig 3b claiming that its description does 
require a new non-perturbat lve (but  measurable)  quanti ty,  a fragmentation-structure or "fracture" functton via 

l - - z  

(7) 
0 

We have described in Section 1 the virtues of fracture functions. More properties will be given in Section 3 
For the momen t  we simply stress that, the full target fragmentat ion is described in terms of the single function 
M without resorting, as it is usually done, to a separation between the contr tbut lon of the active parton and that 
of the spectators Such a separation looks actually very artificial, both experimentally (a neat kinematical  sepa- 
ration of the two contr ibut ions being tmpossible) and theoretically (the separation involves an arbitrary scale) 

We finally remark that, like for structure functions, once M is measured m deep inelastic scattering no extra 
input  is needed in order to compute analogous quanti t ies in had ron -had ron  colhslons We find for mstance 

a (A + B~ h + XA + Xs + H)  = ac . . . .  t "~- O'target 4 "~- O'target B ,  ( 8 ) 

where 

O'target A 

1--2  

f dx_~, f dXJM,Ah(Z, X,, Q) F~(xj, Q)a~.ra(t+J--.H), 
X t d X j  

0 

(9) 

while O'curren t will be given just  in terms of structure and fragmentation functions 
We are also to compute, via M, a particular contr ibut ion to the two particle inclusive hard cross-section, 

1 ~ l '  

H 
H' 

I x 

A A , 

(a) (b) 

Fig 3 The separation between current (a) and target (b) frag- 
mentation as given by the two terms m Eq (6) (b) represents 
also Eq (7) 

204 

There are two down aspects for SIDIS:
 16/60

Dh
i



1. The hadron can come from either the current 

fragmentation (FFs, ) or the target fragmentation 

(Fracture Functions, ) region.

Dh
i

Mh
i

Volume 323, number 2 PHYSICS LETTERS B 10 March 1994 

Using factorlzation of colhnear singularities, the single hadron distr ibution can be written in the form 

d__a (e+e_ h+X )= ~,a(e+e_ q,~,)Dh(z ,Q) (5) 
dz 

and can be used to determine from the data the perturbatlvely uncalculable fragmentation function D h (z, Q) 
Thus, in this case, even processes with no initial  hadron provide Important  non-perturbattve informat ion 

Turnmg now to semi-inclusive deep inelastic lepton hadron scattering, the process l+A--.l'+ h +H+ X, ac- 
cording to our previous discussion, will receive contr ibut ions in two well separated kinematical regions for h as 
long as the hadron ts hard enough Thus we write 

a(l+A~l '+h+ H+ X) = a¢ . . . .  t + atar~et =a(l+A--,l'+ (h+ H') + X) + a(l+A-~l'+ H+ (h+ X') ) (6) 

The two terms appearing in eq. (6) are illustrated m Fig 3 For the first term no knowledge other than the 
one on fragmentat ion functions D is needed Such contr ibut ion has been widely discussed in the ltterature (see, 
e.g, [ 8 ] for a clear review) 

We shall instead concentrate on the second term represented in Fig 3b claiming that its description does 
require a new non-perturbat lve (but  measurable)  quanti ty,  a fragmentation-structure or "fracture" functton via 

l - - z  

(7) 
0 

We have described in Section 1 the virtues of fracture functions. More properties will be given in Section 3 
For the momen t  we simply stress that, the full target fragmentat ion is described in terms of the single function 
M without resorting, as it is usually done, to a separation between the contr tbut lon of the active parton and that 
of the spectators Such a separation looks actually very artificial, both experimentally (a neat kinematical  sepa- 
ration of the two contr ibut ions being tmpossible) and theoretically (the separation involves an arbitrary scale) 

We finally remark that, like for structure functions, once M is measured m deep inelastic scattering no extra 
input  is needed in order to compute analogous quanti t ies in had ron -had ron  colhslons We find for mstance 

a (A + B~ h + XA + Xs + H)  = ac . . . .  t "~- O'target 4 "~- O'target B ,  ( 8 ) 

where 

O'target A 

1--2  

f dx_~, f dXJM,Ah(Z, X,, Q) F~(xj, Q)a~.ra(t+J--.H), 
X t d X j  

0 

(9) 

while O'curren t will be given just  in terms of structure and fragmentation functions 
We are also to compute, via M, a particular contr ibut ion to the two particle inclusive hard cross-section, 

1 ~ l '  

H 
H' 

I x 

A A , 

(a) (b) 

Fig 3 The separation between current (a) and target (b) frag- 
mentation as given by the two terms m Eq (6) (b) represents 
also Eq (7) 

204 

Volume 323, number 2 PHYSICS LETTERS B 10 March 1994 

Using factorlzation of colhnear singularities, the single hadron distr ibution can be written in the form 

d__a (e+e_ h+X )= ~,a(e+e_ q,~,)Dh(z ,Q) (5) 
dz 

and can be used to determine from the data the perturbatlvely uncalculable fragmentation function D h (z, Q) 
Thus, in this case, even processes with no initial  hadron provide Important  non-perturbattve informat ion 

Turnmg now to semi-inclusive deep inelastic lepton hadron scattering, the process l+A--.l'+ h +H+ X, ac- 
cording to our previous discussion, will receive contr ibut ions in two well separated kinematical regions for h as 
long as the hadron ts hard enough Thus we write 

a(l+A~l '+h+ H+ X) = a¢ . . . .  t + atar~et =a(l+A--,l'+ (h+ H') + X) + a(l+A-~l'+ H+ (h+ X') ) (6) 

The two terms appearing in eq. (6) are illustrated m Fig 3 For the first term no knowledge other than the 
one on fragmentat ion functions D is needed Such contr ibut ion has been widely discussed in the ltterature (see, 
e.g, [ 8 ] for a clear review) 

We shall instead concentrate on the second term represented in Fig 3b claiming that its description does 
require a new non-perturbat lve (but  measurable)  quanti ty,  a fragmentation-structure or "fracture" functton via 

l - - z  

(7) 
0 

We have described in Section 1 the virtues of fracture functions. More properties will be given in Section 3 
For the momen t  we simply stress that, the full target fragmentat ion is described in terms of the single function 
M without resorting, as it is usually done, to a separation between the contr tbut lon of the active parton and that 
of the spectators Such a separation looks actually very artificial, both experimentally (a neat kinematical  sepa- 
ration of the two contr ibut ions being tmpossible) and theoretically (the separation involves an arbitrary scale) 

We finally remark that, like for structure functions, once M is measured m deep inelastic scattering no extra 
input  is needed in order to compute analogous quanti t ies in had ron -had ron  colhslons We find for mstance 

a (A + B~ h + XA + Xs + H)  = ac . . . .  t "~- O'target 4 "~- O'target B ,  ( 8 ) 

where 

O'target A 

1--2  

f dx_~, f dXJM,Ah(Z, X,, Q) F~(xj, Q)a~.ra(t+J--.H), 
X t d X j  

0 

(9) 

while O'curren t will be given just  in terms of structure and fragmentation functions 
We are also to compute, via M, a particular contr ibut ion to the two particle inclusive hard cross-section, 

1 ~ l '  

H 
H' 

I x 

A A , 

(a) (b) 

Fig 3 The separation between current (a) and target (b) frag- 
mentation as given by the two terms m Eq (6) (b) represents 
also Eq (7) 

204 

There are two down aspects for SIDIS:
 16/60

Dh
i

Mh
i



 16/60

2. Like SIA, SIDIS gives direct access to the gluon FF at NLO 

(and higher) making it harder to extract from data.
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Fig. 11.13 Various observable processes which contain y (or gluon)-quark Compton
scattering, or the crossed reaction, as a parton subprocess; f and D denote structure and
fragmentation functions, respectively.

process (d), or by giving it a large Q2 by detecting a lepton pair in the final state
with a large invariant mass, process (e).
Figure 11.13 shows only one parton diagram for each process. To the same

order of as, other diagrams have to be computed to obtain a result which can be
compared with experiment. For instance, in process (c), another possibility is
quark-quark scattering via gluon exchange, whereby quarks in the beam scatter
at large angles off target quarks producing two quark jets in the final state with
large transverse momentum (see also Exercise 11.7).
There are many applications of perturbative QCD. Reviews are given, for

example, by Field (1979), Ellis and Sachrajda (1979), Reya (1981), Altarelli
(1982), Collins and Martin (1982), and Pennington (1983). The phenomenological
evidence is that the theory can successfully confront experiment in all such
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To better extract the gluon, we use Single Inclusive 

Hadron (SIH) production in p+p collisions.
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d3 ̂σij→k

dp3
⊗ fi ⊗ fj ⊗ Dh

k

The cross-sections falls quickly several orders of 

magnitude, so the normalisation is quite a problem.
NPB 883, 615

To better extract the gluon, we use Single Inclusive 

Hadron (SIH) production in p+p collisions.
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NLO FFs from SIA, SIDIS and SIH
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FIG. 5: “(data-theory)/theory” comparison of the DSS and
our best fit to the π± SIDIS multiplicities from COMPASS
along with various uncertainty estimates (shaded bands).

5, respectively. In the fit of the SIA data we have again
introduced scale factors κ (as indicated in the plot) for
the different c.m.s. energies of the experiments in the
range

√
s = 10.52 GeV to MZ . Note that all available

fits describe the SIA data equally well.
The present fit includes the final π+ and π− SIDIS

multiplicities from COMPASS, which are superior both
in number and precision to the preliminary set used in
[8]. Our analysis includes data forQ2 ≥ 1.5GeV2 and ne-
glects deuteron nuclear corrections [32] throughout. The
quality of the fit is illustrated in Fig. 5 in terms of a
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FIG. 6: The obtained individual FFs for π+ at scale Q =
10GeV along with uncertainty estimates at 68% C.L. com-
pared to previous analyses by DSS [4, 8]. The panels on the
right-hand-side show the corresponding relative uncertainties.

TABLE I: Data sets, normalizations Ni as defined in Eq. (6)
of [8], and the partial and total χ2 values obtained in the fit.

experiment data Ni #data χ2

type in fit
Tpc [35] 29 GeV incl. 1.038 17 22.0

uds, c, b tag 1.038 27 16.6
Tasso [36] 34 GeV incl. 1.038 11 28.4

44 GeV incl. 1.038 7 20.8
Sld [37] 91.2 GeV incl. 0.977 28 19.5

uds, c, b tag 0.977 51 39.2
Aleph [38] 91.2 GeV incl. 1.012 22 44.5
Delphi [39] 91.2 GeV incl. 1.000 17 23.0

uds, b tag 1.000 34 33.8
Opal [40] 91.2 GeV incl. 1.000 21 31.5

u, d, s, c, b tag 0.793 25 62.1
BaBar [10] 10.54 GeV incl. 1.060 45 142.4
Belle [9] 10.52 GeV incl. 1.067 78 60.2
SIA data (sum) 378 544.1
Hermes [33] π+,π− (p-Q2) 0.984 56 54.3

π+,π− (d-Q2) 0.988 56 46.5
π+,π− (p-x) 1.007 56 159.5
π+,π− (d-x) 1.009 56 189.5

Compass [11] π+,π− (d-z) 1.004 510 302.1
SIDIS data (sum) 734 751.9
Brahms [41] 0.20 TeV π+,π− 1.313 26 13.5
Star [16–19] 0.20 TeV π0 1.190 12 8.2

0.20 TeV π0 0.921 7 4.0
0.20 TeV π+,π− 1.029 26 37.3
0.20 TeV π+,π− 1.158 34 73.8

Phenix [20, 21] 0.20 TeV π0 1.177 22 13.8
0.51 TeV π0 1.178 27 32.9

Alice [12–15] 0.90 TeV π0 1.012 7 52.0
2.76 TeV π0 1.002 24 17.4
2.76 TeV π± 0.959 38 15.6

7 TeV π0 1.016 25 30.6
7 TeV π± 0.976 32 23.9
8 TeV π0, 1.048 36 34.5

13 TeV π± 0.981 32 56.2
PP data (sum) 348 413.7

TOTAL: 1460 1709.7

“(data-theory)/theory” comparison for each kinematic
bin along with estimates for the relevant relative uncer-
tainties of the fit (shaded bands). The data prefer a scale
factor κ = 1.872, while the corresponding Hermes data
[33] (not shown [34]) are best reproduced with κ = 1.402.
Figure 6 compares the shape of the newly obtained

FFs for the different flavors to previous extractions by
DSS and shows their absolute and relative uncertain-
ties (shaded bands). None of the distributions is dra-
matically different than previous extractions, except in
regions where they are still poorly constrained by data,
but the remaining uncertainties are significantly reduced,
especially for the gluon FF.
Finally, Table I summarizes the data sets used in our

NLO global analysis, the computed normalization shifts
Ni as defined in Eq. (6) of Ref. [8], and the χ2-values.
Discussion and conclusions.— We have shown that the
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NNLO FFs from SIA and (approximate) SIDIS
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independent of Q. Such a scaling result is not a complete surprise, because we
have relied on the scaling parton model to derive (11.12), see Fig. 11.4.
Figure 11.5 shows (lja)(da/dz) as a function of z for different values of Q2.

The scaling is not perfect. Gluon emission from the q or q will introduce log Q2
scaling violations in (11.13). Their qualitative trend is the same as in electropro-
duction, that is, 'J"(z, Q2) will increase at small z with increasing values of Q2 but
decrease for z near 1. The large violations of scaling for z ;$ 0.2, seen in Fig. 11.5,
are not exclusively due to gluon emission, however, and are the subject of the next
section.

EXERCISE 11.2 The fragmentation functions D(z) describe properties
of partons and are therefore the same, no matter how the partons are
produced. Consider the inclusive leptoproduction cross section a(ep -> hX)
and show that

L,e; fq ( x) D;(z)
q

where fq(x) are the proton structure .functions of Chapter 9, see Fig. 11.6.
The sum runs over the quarks and anhquarks that can be a parent of h.

EXERCISE 11.3 Using charge conjugation and isospin invariance, show
that

P=E:::::i
fq 1xl

Fig. 11.6 Deep inelastic leptoproduction of hadron
h; ep --+ hX.

A

 25/60

With nuclei there is no such a thing as a clean process. 

The simplest thing we can do is SIDIS off nuclei: 

.l±+A → h + X
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Lab./Exp. Ref. Year Nuclei Beam Ebeam (GeV)

SLAC PRL 40, 1624 1978 D, Be, C, Cu, Sn e 20.5

BEBC NPB 198, 365 1982 D, Ne (anti-)ν 200

EMC Z.Phys.C 52, 1 1991 D, C, Cu, Sn µ 100, 120, 200, 280

E665 PRD 50, 1836 1994 D, Xe µ 490

HERMES NPB 780, 1 2007 D, He, N, Ne, Kr, Xe e 27.6

CLAS PRC 105, 015201 2022 C, Fe, Pb e 5.014

Minerνa 2209.07852 
[hep-ex] 2022 CH, C, H2O, Fe, Pb ν 6
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Fig. 2. C o m p a ris o n  o f ZR d is trib u tio n s  fo r u e ve n ts  in th e  p re s e n t Ne /H2  e xp e rim e n t a n d  a  H2 e xp e rim e n t 
[1], fo r e ve n ts  in th e  c o m m o n  kin e m a tic  re g ion : 4 < 0 2 <  16 Ge V2; 5 < W <  8 G e V a n d  0.1 < x < 0 .3 : 

(a ) fo r a ll pos itive  h a d ro n s ; (b) fo r a ll n e g a tive  h a d ro n s .  

va ria b le  to  c o m p a re  e xp e rim e n ts  h a s  th e  a d va n ta g e  th a t it is  in d e p e n d e n t  o f e n e rg y 
c o rre c tio n s .  No  s ta tis tic a lly s ign ifica n t d iffe re n c e  b e twe e n  th e  e xp e rim e n ts  is  
a p p a re n t  fo r z x~>0 .1 .  Th e  d iffe re n c e  fo r n e g a tive  tra c ks  with  z R < 0 . 1  c a n  b e  
e xp la in e d  b y ta rg e t fra g m e n ta t io n  wh ic h  is  d iffe re n t in  th e  two  e xp e rim e n ts .  It  
s h o u ld  b e  n o te d  th a t th e  a g re e m e n t  is  in  s h a p e  a n d  m a g n itu d e ,  s h o win g  th a t th e  
a ve ra g e  c h a rg e d  m u ltip lic ity is  a ls o  th e  s a m e  in th e  two  e xp e rim e n ts .  Th is  is  a n  
in te re s tin g  o b s e rva tio n  in d ic a tin g  th a t,  a t le a s t in  th e  W ra n g e  c o n s id e /'e d  h e re ,  
n e u trin o  in te ra c tio n s  with  a  n u c le o n  b o u n d  in a  n u c le u s  a re  e s s e n tia lly th e  s a m e  
a s  o n  a  fre e  n u c le o n ,  a n d  th a t s e c o n d a ry in te ra c tio n s  in th e  n e o n  n u c le u s  d o  n o t 
d is to rt th e  e n e rg y d is trib u tio n  o f c h a rg e d  h a d ro n s .  

Ho we ve r ,  th e  u s e  o f Ne /H2  p e rm its  a  m o re  a c c u ra te  d e te rm in a tio n  o f th e  h a d ro n  
e n e rg y,  a n d  th e re fo re  o f z d is trib u tio n s ,  th a n  in th e  ca s e  o f a  ligh t liqu id . Th o u g h  
u n o b s e rve d  n e u tra l p a rtic le s  c a n  in  p rin c ip le  b e  a llo we d  fo r o n  a n  e ve n t-b y-e ve n t  
ba s is  u s ing  P T b a la n c e ,  th is  c o rre c tio n  in c re a s in g ly u n d e re s t im a te s  th e  to ta l h a d ro n  
e n e rg y a s  th e  c o rre c tio n  b e c o m e s  la rge r.  Th is  m a y b e  s e e n  fro m  th e  fa c t th a t 
t re a tm e n t  o f th e  n e o n  d a ta  a s  fo r a  h yd ro g e n  e xp e rim e n t,  i.e . re m o va l o f m e a s u re d  
n e u tra ls  a n d  c o n s e q u e n t u s e  o f a  la rg e r e n e rg y c o rre c tio n ,  yie ld s  z d is trib u tio n s  
lying  a b o ve  th o s e  o b ta in e d  wh e n  th e  m e a s u re d  n e u tra ls  a re  in c lu d e d  (fig. 3). Th e  
c o n s is te n c y with  th e  n o m in a l b e a m  e n e rg y is  a ls o  s p o ile d  a s  is  s e e n  fro m  fig. lb .  
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trated in Fig. 2. Since we found no strong s varia-
tion we include data from all s bins (I—31 GeV').
We observe that the attenuation increases as A
increases and decreases as z, decreases. The
A. dependence of A„can be fitted with the expres-
sion'

R„=expI-P(AV' —2'h)]

(2)

Both expressions are normalized so that A~ is
automatically 1 for deuterium. Figure 3 shows n
and P as a function of z, . From Ref. 2 we ob-
tain the experimental result that the contribution
to o. [Eq. (2)] for the electron scattering process
is less than 0.02 in absolute value. Note that in
the z, &0.2 region there is no dependence on

There is also little dependence on the had-
ron's charge which is reasonable since the great
majority of high-z, particles are mesons. In
the z, &0.2 region P, and hence the attenuation,
decrease; and the attenuation is smallest for

chg q2'{GeV/c) ~

~4
+ &1.0

positive hadrons. There is no significant Q de-
pendence at any z,
At low momenta we can measure the proton to

positive-meson ratio, r~„, in our data using time-
of-flight techniques. We show this ratio in Table
I. The average momentum of these protons is
1.3 GeV/c. This momentum is too high to ascribe
the source of such protons to evaporation from
an excited nucleus; it must indicate that more
than one nucleon from the nucleus was involved
in the total collision process and that the effect
increases with A. This result is similar to that
of Yeager et al. ' measured on neon.
For comparison we note that a simple classical,

geometric calculation of hadron attenuation in a
nucleus, based on the assumptions of no photon
shadowing (i.e., the events originate homogene-
ously distributed in a sphere) and a 30-mb total
hadronic cross section, yields a P of 0.32. If we
use only the absorptive part of the r-nucleon
cross section (-20 mb) we obtain P=0.22; this
is close to our measurement. Our result agrees
qualitatively with those models' which predict
attenuation but not with those which do not. ' In
any case, it seems clear that there is some sec-
ondary interaction of the forward hadrons, lead-
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FIG. 2. The gross behavior of our data as a function
of zc ~ and A. Since rapidity has been used as a vari-
able by other authors, we also indicate an average
rapidity, y, scale based on an average transverse
momentum, P~, equal to 0.8 GeV/c.
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FIG. 3. %e plot the fitted values of P and o. in Eqs.
(1) and (2) as a function of z, ~ in (a) and (b), respec-
tively.
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5 Re s ults  

Th e  d is t r ib u t io n s  in  z a n d  p  9 a n d  th e  a z im u th a l a s ym - 
m e t ry  o f th e  c h a rg e d  h a d ro n s  in  th e  fo rwa rd  h e m is p h e re  
h a ve  b e e n  in ve s t ig a te d  to  s e a rc h  fo r  n u c le a r  e ffe c ts  in  th e  
h a d r o n  je ts .  Th e  ra t io  o f th e  n u m b e rs  o f p o s it ive ly  a n d  
n e g a t ive ly  c h a rg e d  h a d ro n s  fro m  n u c le a r  ta rg e ts  h a ve  
b e e n  c o m p a r e d  to  th o s e  fro m  d e u te r iu m  a n d  th e s e  a llo w 
lim its  to  b e  s e t o n  a n y e xc e s s  c o n t r ib u t io n  o f s e a  q u a rks  
in  th e  n u c le u s .  

5.1 z  h dis tributions  o f charged hadrons  

Th e  z d is t r ib u t io n  o f c h a rg e d  h a d ro n s  n o rm a lis e d  to  th e  
n u m b e r  o f s c a t te re d  m u o n s  a n d  in te g ra te d  o ve r  th e  m u o n  
va r ia b le s  with in  th e  c u ts  g ive n  in  Ta b le  2, is  s h o wn  in  
F ig .  3 s e p a ra te ly  fo r  c o p p e r  a n d  d e u te r iu m .  F ig u re  4 
s h o ws  th e  ra t io  o f th e  d iffe re n t ia l m u lt ip lic ity  d is t r ib u -  
t io n s  rcu  (zh) a s  a  fu n c t io n  o fz  h fo r c o p p e r  a n d  d e u te r iu m ,  
wh e re  

, dN ] / ( ,  , 
rc ~(Z h )=(N u  dz h lc u l\ N u  dZh / D 2  

ID 

+," 

=L 
z i 

1 0  - - ~  

o 

10 -1 _ 

i 
0.2 

[ I I 

< v > = 6 0  G e V  _ 
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Fig. 3. Diffe re ntia l ha dron  multip lic ity: 1 IN#. d N h/dZh a s  a  func- 
tion o f z h for Cu a nd D 2. The  s ta tis tica l e rrors  a re  o f a  s imila r s ize  
to  the  s ymbols ; the  s ys te ma tic e rrors  a re  not s hown 
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Fig. 4a , b. Ra tio  o f z dis tributions  o f nucle a r ta rge ts  re la tive  to  D 2. 
The  re s ults  on C u /D 2 s hown in b a re  obta ine d from the  high s ta - 
tis tics  run with the  e xte nde d ta rge t. The  e rrors  for multiplic ity ra tios  
s hown in the  following figure s  a lwa ys  include  the  e rror due  to  the  
unce rta inty in the  corre ction for e le ctron conta mina tion  (s e e  te xt) 

to g e th e r  with  th e  ra t io s  m e a s u re d  u s in g  th e  c a rb o n  a n d  
th e  tin  ta rg e ts .  

F o r  th e  la rg e  n u c le i (C u ,  S n ) o n e  o b s e rve s  a  s m a ll b u t  
d is t in c t  re d u c t io n  o f th e  fa s t h a d r o n  p ro d u c t io n  c o m - 
p a re d  to  th a t  o n  d e u te r iu m ,  wh e re a s  fo r  c a rb o n  th e  ra t io  
a t  h ig h e r  z  h is  c o m p a t ib le  with  u n ity  with in  th e  la rg e r  
s ta t is t ic a l u n c e rta in t ie s .  Th e  h ig h  s ta tis t ic s  e xp e r im e n t  
with  C u  a n d  D 2 re ve a ls  th a t  th e re  is  n o  s ig n ific a n t  va ri-  
a t io n  o f th e  ra t io  fo r  z h > 0 .2 . F o r  s m a lle r  z h th e  ra t io  
te n d s  to  ris e  to  a  va lu e  g re a te r  th a n  u n ity.  A s im ila r  t re n d  
c a n  a ls o  b e  s e e n  fo r  S n . Th e  a ve ra g e d  m u lt ip lic ity  ra t io s  
fo r  z  h > 0 .2  d e fin e d  a s : 

R A d z /d N h ~  d N h \  = d z  h - - |  (5 .2 ) 
dz h / A dzh /D2 

a re  g ive n  in  Ta b le  5. Th e  o b s e rve d  d e p le t io n  o f h a d ro n s  
is  s ig n ific a n t ly m o re  p r o n o u n c e d  fo r  h e a vy n u c le i th a n  
fo r lig h te r  o n e s .  

Th e  h ig h e r  s ta t is t ic s  o f th e  C u  a n d  O 2 d a t a  a llo w fu r- 
th e r s tu d ie s  o f th e  d e p e n d e n c e  o f R c u  o n  th e  m u o n  
va r ia b le s .  In  F ig .  5 th e  ra t io  R c u  is  p lo t t e d  ve rs u s  v in  
th e  ra n g e  fro m  10 to  230  G e V.  Th e  ra t io s  s h o w a  g ra d u a l 
d e c re a s e  wit]~ d e c re a s in g  v b e lo w v =< 60 G e V,  wh e re a s  
th e y s lo wly a p p r o a c h  u n ity  fo r  h ig h e r  v.  It  s h o u ld  b e  
n o te d ,  th a t  th e  d e p le t io n  o f th e  fa s t  h a d r o n  m u lt ip lic ity  
in  c o p p e r ,  e ve n  in  th e  lo we s t  v-b in ,  is  o n ly  ~ 1 0 % .  

O u r  d a ta ,  t a ke n  a t  two  b e a m  e n e rg ie s ,  a llo w th e  d e - 
p e n d e n c e  o f R c u  o n  th e  m u o n  va r ia b le s  to  b e  in ve s t ig a te d .  

Ta ble  5. Ra tio  o f pa rtia l inte gra ls  R A o f 
diffe re ntia l e ne rgy dis tributions  o f cha rge d 
ha drons  inte gra te d ove r Q2, v a nd x within 
the  cuts  give n in Ta ble  1 C/D2 

Cu/D2 
(Tgt. s e t up I) 
Cu/D2 
(Tgt. s e t up II) 
S n/D2 

<v> <x> <Q2> RA 
[Ge V] [Ge V2/c 21 

Error 

s ta t. sys t. 

52 0.14 10.2 
62 0.13 12.3 

62 0.14 10.6 

62 ,0.13 11.8 

1.018 4- 0.034 4- 0.005 
0.952 +0.015 +0.010 

0.946 + 0.008 + 0.005 

0.917 _+0.026 4-0.01 
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and the values of the parameters are included on the
plots. The reduced yz's (y per degree of freedom) from
the fits are shown on the plots as g2/NDF. This model
for a fit is simplistic, since it must fail at very low z,
where the distributions diverge like 1jz [23(b)], and also
at high z, where the distributions must vanish due to the
kinematic limit. Nevertheless, in the central-z region, the
model fits reasonably well. We should note that since the
distributions are basically exponential, the fit is heavily
weighted by the lowest couple of points included in the
fit, and hence the parameters of the fit depend heavily
upon the choice of the minimum value of z included in
the fit.
There are several ways of comparing the distributions

to ascertain whether they could belong to different par-
ent distributions. The simplest is to follow the model of
the exponential parent distribution and to compare the
parameters of the fits of the corresponding data distri-
butions along with the errors on those parameters. The
parameters of the data distributions &om both targets
and both kinematic ranges are all within one a of each
other.
The next simplest comparison is to take the ratios of

the data distributions. These are plotted in Figs. 7(e)
and 7(f). The ratios indicate that these distributions are
consistent between the two targets, for both regions of
kinematics. In fact, the distributions are consistent for
the two kinematic regions for a single target. In Fig. 8
we have plotted the ratios of the z distributions for the
low-kinematic region over the high-kinematic region; the
ratio for the xenon target is plotted in Fig. 8(a), and
the ratio for the deuterium target is plotted in Fig. 8(b).
These ratios are both consistent with unity, within our
statistical and systematic error of 14%. This indicates
that the hadron distributions are not dependent strongly
upon the kinematics of the initial scattering and justifies
considering the factorization approximation, even across
these disparate kinematic ranges; we only needed it to
hold within each kinematic range separately.
More sophisticated approaches can yield more precise

exclusions of parent distribution similarity. One common
approach is to integrate over a range of z, yielding a par-
tial multiplicity, and to take the ratio of these quantities.
We define this integration R, pl, as
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FIG. 7. z distributions: Xe and Dq. These plots show the z

distributions from xenon and deuterium and the ratios of the
distributions. The distributions on the left are &om events
in the low kinematic region: Kinj, while those on the right
are &om events in the high kinematic region: Kinq. The data
have been corrected for acceptance but not for target length
sects; they are tabulated in Tables XIX and XXX.

FIG. 8. Ratio of kinematic regions. These plots show the
ratios of the z distributions for the low kinematic region over
the high kinematic region, for the xenon target in (a} and for
the deuterium target in (b). The data from these plots are
tabulated in Table XXXI.
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Fig. 3. Values of Rh
A for negatively charged hadrons as a function of ν, z, and Q2.

The data as a function of ν are shown for ν > 4 GeV and those as a function of z
for z > 0.1. Error bars as in Fig. 2.

particles. Because protons are already present in a nucleus, an appreciable
fraction of them may not come from hadronization. This is reflected in the
very large difference in production of p and p on deuterium, see Table 3.
Furthermore, as discussed in section 2, in final-state interactions they generally
are not absorbed, but give rise to more nucleons (both protons and neutrons),
thus possibly even increasing Rh

A at lower z.

Antiprotons feature a rather strong attenuation, which might be attributed to
the relatively large pN cross section.

16

Also h+
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11

Figure 2. (color online) Multiplicity ratios of ⇡+ as a function of z for various intervals of ⌫ (in different rows) and Q2 (different
marker colors). The left, middle, and right panels correspond to C, Fe, and Pb, respectively. The error bars represent the
quadrature sum of systematic and statistical uncertainties.

that were extracted from HERMES data.
The z dependence of the multiplicity ratio for ⇡+ and

⇡� are equal within uncertainties for most of the kine-
matic region for the C and Fe targets but show differ-
ences of about of 10% for the Pb target data. The rel-
ative difference between ⇡+ and ⇡� can be attributed
to the large neutron-proton asymmetry, and is qualita-
tively consistent with the expectations from the GiBUU

model and nuclear fragmentation functions. These data
will help constrain the flavour dependence of cold-nuclear-
matter effects. When included in global QCD fits, the
high-accuracy results for both ⇡+ and ⇡� will constrain
the effective, medium-modified fragmentation functions
and its flavour as well as atomic-mass dependence. Our
data will also help refine the final-state interactions model
in GiBUU, which is also relevant for neutrino-oscillation
experiments.

The multiplicity ratio as a function of pion transverse
momentum shows a weak dependence for small p2T values

and an enhancement at large p2T . The data for ⇡+ and ⇡�

show the same qualitative features. This enhancement is
largest at small z (where Rh reaches up to about six), but
it strongly decreases with z until around z = 0.7, where
it begins increasing as z approaches unity.

The enhancement at large z is well described by the
GiBUU model, but the model predicts a smaller enhance-
ment at lower z than observed in the data, indicating
a missing piece in the theoretical description at high p2T
and low to moderate z, which reflects a rare production of
hadrons with large polar angle with respect to the struck-
quark direction. Such production might be associated
with the response of the nucleus to the interaction with
the struck quark.

Future higher-luminosity 11-GeV measurements with
the CLAS12 detector will measure the multiplicity ratio of
heavier mesons and baryons over an extended kinematic
range. The combination of the present result with CLAS,
and the future experiments from CLAS12 (proposed in
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that were extracted from HERMES data.
The z dependence of the multiplicity ratio for ⇡+ and

⇡� are equal within uncertainties for most of the kine-
matic region for the C and Fe targets but show differ-
ences of about of 10% for the Pb target data. The rel-
ative difference between ⇡+ and ⇡� can be attributed
to the large neutron-proton asymmetry, and is qualita-
tively consistent with the expectations from the GiBUU

model and nuclear fragmentation functions. These data
will help constrain the flavour dependence of cold-nuclear-
matter effects. When included in global QCD fits, the
high-accuracy results for both ⇡+ and ⇡� will constrain
the effective, medium-modified fragmentation functions
and its flavour as well as atomic-mass dependence. Our
data will also help refine the final-state interactions model
in GiBUU, which is also relevant for neutrino-oscillation
experiments.

The multiplicity ratio as a function of pion transverse
momentum shows a weak dependence for small p2T values

and an enhancement at large p2T . The data for ⇡+ and ⇡�

show the same qualitative features. This enhancement is
largest at small z (where Rh reaches up to about six), but
it strongly decreases with z until around z = 0.7, where
it begins increasing as z approaches unity.

The enhancement at large z is well described by the
GiBUU model, but the model predicts a smaller enhance-
ment at lower z than observed in the data, indicating
a missing piece in the theoretical description at high p2T
and low to moderate z, which reflects a rare production of
hadrons with large polar angle with respect to the struck-
quark direction. Such production might be associated
with the response of the nucleus to the interaction with
the struck quark.

Future higher-luminosity 11-GeV measurements with
the CLAS12 detector will measure the multiplicity ratio of
heavier mesons and baryons over an extended kinematic
range. The combination of the present result with CLAS,
and the future experiments from CLAS12 (proposed in
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We can up our game with observables in :d + Au
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FIG. 7: (color online) Ratio of mid-rapidity spectra for π− to
π+ in d+Au, p+p and central Au+Au collisions. The error
bars show statistical uncertainties only.
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FIG. 8: (color online) Ratio of mid-rapidity spectra for K− to
K+ in d+Au, p+p and central Au+Au collisions. The error
bars show statistical uncertainties only.

from simulation using the Glauber model as input, as
described in section IIA. Nevt

dA is the number of d+Au
events in the relevant centrality class.
Figure 10 shows RdA for pions, kaons and protons for

minimum bias d+Au collisions. We observe a nuclear en-
hancement in the production of hadrons with pT ≥ 1.5 -
2 GeV/c in d+Au collisions, compared to that in p+p.
As was already suggested when comparing the enhance-
ment for inclusive charged hadrons with that of neutral
pions [33], there is a species dependence in the Cronin
effect. The Cronin effect for charged pions is small, as
was observed for neutral pions. The nuclear enhancement
for protons and antiprotons is considerably larger. The
kaon measurement has a more limited kinematic range,
but the RdA is in agreement with that of the pions at
comparable pT .
Figure 11 shows RdA for pions, kaons and protons in
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/pp
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FIG. 9: (color online) Ratio of mid-rapidity spectra for an-
tiprotons to protons in d+Au, p+p and central Au+Au col-
lisions [7]. The error bars show statistical uncertainties only.

 (GeV/c)Tp
0 1 2 3 4

dA
u

R

0

1

2

3
Minimum Bias

-π++π
-+K+K

pp+

FIG. 10: (color online) Nuclear modification factor RdA for
pions, kaons and protons in d+Au collisions for minimum
bias events. The error bars represent the statistical errors.
The box around 1.0 shows uncertainties in the p+p absolute
cross section and in the calculation of Ncoll. For the proton
and antiproton RdA, the ∼10% systematic uncertainty is also
presented as boxes around the points. The systematic uncer-
tainty on the pion and kaon RdA is similar but not shown in
the picture for clarity.

the four d+Au centrality bins. Peripheral d+Au colli-
sions (〈Ncoll〉 = 3.1± 0.3) do not show any modification
of high momentum hadron production, compared to that
in p+p collisions. At pT ≤ 1 GeV/c, the nuclear mod-
ification factor falls below 1.0. This is to be expected
as soft particle production scales with the number of
participating nucleons, not with the number of binary
nucleon-nucleon collisions. More central collisions show
increasing nuclear enhancement in both high pT pion and
proton production.

The bands in Fig. 11 show a calculation of the Cronin
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Fig. 2. Midrapidity (|y| < 0.5) transverse momentum spectra for charged pions,
proton and anti-proton in p+p and d+Au collisions for various event centrality
classes. Minimum bias distributions are fit to Levy functions which are shown as
dashed curves.

hyperon (Λ and Σ) decays away from the primary vertex can be reconstructed
as primordial protons at a slightly higher pT than their true value, but with
worse momentum resolution. This results in an uncertainty of the inclusive
proton yield of ∼ 2% at pT = 3 GeV/c and ∼ 10% at pT = 10 GeV/c. For
proton and anti-proton yields at high pT an additional systematic error arises
from the uncertainties in the determination of the efficiencies, α and β, under
a specific dE/dx selection for integration. This is due to the uncertainties
in the mean dE/dx positions for protons and kaons. The total systematic
uncertainty in obtaining the proton and anti-proton yields for pT > 2.5 GeV/c
increases with pT from 12% to 23% (at pT = 10 GeV/c) in both p+p and d+Au
collisions. The errors shown in the figures are statistical, and the systematic
errors are plotted as shaded bands. In addition, there are overall normalization
uncertainties from trigger and luminosity in p+p and d+Au collisions of 14%
and 10%, respectively [11]. These errors are not shown.

Figure 2 shows the invariant yields of charged pions, protons and anti-protons
for the pT range of 0.3 < pT < 10 GeV/c in minimum bias p+p collisions
and for various centrality classes in d+Au collisions. The yields span over
eight orders of magnitude. The minimum bias distributions are fit with a
Levy distribution [22] of the form d2N

2πpT dpT dy = B
(1+(mT−m0)/nT )n , where mT =

√

p2T +m2
0 and m0 is the mass of the hadron. The Levy distribution essentially

takes a power-law form at higher pT and has an exponential form at low pT.
For the p and p̄ spectra, fit with a power-law function gives a worse χ2/ndf
compared to the fit with the Levy function. For d+Au collisions the χ2/ndf for
the power-law fit to p(p̄) spectra is 68.55/20(86.77/20) and the corresponding
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Fig. 3. Nuclear modification factors, RdAu, for charged pions π+ + π− and p+p̄
at |y| < 0.5 in minimum bias and 0-20% central d+Au collisions. For comparison
results on inclusive charged hadrons (STAR) from Ref. [11] at |η| < 0.5 are shown
by dashed curves. The first two shaded bands around 1 correspond to the error due
to uncertainties in estimating the number of binary collisions in minimum bias and
0-20% central d+Au collisions respectively. The last shaded band is the normaliza-
tion uncertainty from trigger and luminosity in p+p and d+Au collisions.

value for the fit with the Levy function is 21.19/20(26.4/20).

3 Nuclear modification factor

The nuclear modification factor (RdAu) can be used to study the effects of cold
nuclear matter on particle production. It is defined as a ratio of the invariant
yields of the produced particles in d+Au collisions to those in p+p collisions
scaled by the underlying number of nucleon-nucleon binary collisions.

RdAu(pT) =
d2NdAu/dydpT

〈Nbin〉/σinel·
pp d2σpp/dydpT

, (1)

where 〈Nbin〉 is the average number of binary nucleon-nucleon (NN) collisions
per event, and 〈Nbin〉/σinel

pp is the nuclear overlap function TA(b) [11,12]. The
value of σinel

pp is taken to be 42 mb.

The left panel of Fig. 3 shows RdAu values for charged pions ((π++π−)/2) in
minimum bias and 0-20% central collisions at |y| < 0.5. The RdAu for 0-20%
central collisions are higher than RdAu for minimum bias collisions. The result
RdAu > 1 indicates a slight enhancement of high pT charged pion yields in
d+Au collisions compared to binary collision scaled charged pion yields in
p+p collisions within the measured (y, pT) range. The right panel of Fig. 3
shows the RdAu of baryons (p+p̄) for the minimum bias collisions at |y| < 0.5.
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Pion, kaon, and (anti)proton production in p–Pb collisions ALICE Collaboration
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Fig. 7: (Color online.) Transverse momentum spectra of charged pions (left), kaons (middle), and (anti)protons
(right) measured in p–Pb collisions at

p
sNN = 5.02 TeV. Statistical and systematic uncertainties are plotted as ver-

tical error bars and boxes, respectively. The spectra (measured for NSD events and for different V0A multiplicity
classes) have been scaled by the indicated factors in the legend for better visibility.
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Pion, kaon, and (anti)proton production in p–Pb collisions ALICE Collaboration
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Fig. 9: (Color online.) The nuclear modification factor RpPb as a function of transverse momentum pT for different
particle species. The statistical and systematic uncertainties are shown as vertical error bars and boxes, respectively.
The total normalization uncertainty is indicated by a vertical scale of the empty box at pT = 0 GeV/c and RpPb = 1.
The result for inclusive charged hadrons [54] is also shown.

and above for pT > 1.5 GeV/c. Quantitative differences are observed between p–Pb and Pb–Pb results,
but they can be attributed to the differences in the initial state overlap geometry and the beam energy.

The results for the particle ratios suggest that the modification of the (anti)proton spectral shape going
from pp to p–Pb collisions could play the dominant role in the Cronin enhancement observed for inclusive
charged particle RpPb at LHC energies. To confirm this picture one would have to study the nuclear
modification factor as a function of multiplicity as we did in [45], where, the possible biases in the
evaluation of the multiplicity-dependent average nuclear overlap function

⌦
TpPb

↵
were discussed. These

results will become available in the future.

In Fig. 12 we compare the particle ratios at high pT (10 < pT < 20 GeV/c) measured in INEL
p

s =
7 TeV pp collisions, peripheral Pb–Pb collisions and the multiplicity dependent results in p–Pb collisions.
Within statistical and systematic uncertainties, the ratios do not show any evolution with multiplicity.
Moreover, since it has been already reported that in Pb–Pb collisions they are centrality independent [47]
we conclude that they are system-size independent.

The strong similarity of particle ratios as a function of multiplicity in p–Pb and centrality in Pb–Pb
collisions in the low, intermediate, and high-pT regions is striking. In general, the results for p–Pb
collisions appear to raise questions about the long standing ideas of specific physics models for small
and large systems [56]. For example, in the low pT publication [30], hydrodynamic inspired fits gave
higher transverse expansion velocities (hbTi) for p–Pb than for Pb–Pb collisions. Hydrodynamics, which
successfully describes many features of heavy-ion collisions, has been applied to small systems and can
explain this effect [21], but care needs to be taken since its applicability to small systems is still under
debate [56]. On the other hand, models like color reconnection, where the soft and hard components are
allowed to interact, produce this kind of effects in pp collisions [29, 57]. Even more, the hard collisions
which could be enhanced via the multiplicity selection in small systems, also contribute to increase
hbTi [58]. In general, color reconnection effects in p–Pb and Pb–Pb collisions are under investigation
and models for the effect of strong color fields in small systems are in general under development [59].
Finally, it has been proposed that in d-Au collisions the recombination of soft and shower partons in
the final state could explain the behavior of the nuclear modification factor at intermediate pT [32]. The
CMS Collaboration has found that the second-order (v2) and the third-order (v3) anisotropy harmonics
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FIG. 2: Rπ
A in SIDIS for different nuclei in bins of z (upper panel), x (middle panel), and Q2 (bottom panel) as measured by

HERMES [6]. The solid lines correspond to the results of our optimum fit for nFFs using the nDS medium modified parton
densities [11]. The corresponding fit based on the simple nFF* ansatz in Eq. (8) is shown as dotted lines. The dashed lines are
estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [1].

Figs. 3-5 as solid and dotted lines, corresponding to our
optimum and simplified ansatz for the weight function
Wπ

q,g introduced in Sec. III A, respectively. Here, the
naive three parameter ansatz for Wπ

q,g fails to reproduce
the pT dependence of the dAu data, and the greater flex-
ibility of Eqs. (10) and (11) is clearly needed and leads
to a significant improvement of the fit. The simultaneous
description of SIDIS and dAu data requires to have the
correct balance between quark and gluon contributions
in the fragmentation process, which is strongly pT and,
hence, z dependent.

An important difference between SIDIS and dAu data
is that in the latter case the cross sections sample con-
tributions from a wide range in z. Consequently, the
deconvolution of the medium induced effects is less trans-
parent. In order to provide a better insight into the sen-
sitivity of the RHIC measurements to the fragmentation
process, we show in Fig. 6 (a) the mean value of the
hadron’s fractional momentum z probed in pp and dAu
collisions as a function of pT . There are several ways to
estimate an average 〈z〉. We define it in the standard
way by evaluating the convolutions in the factorized ex-

PRD 81, 054001

Let’s start with SIDIS. Clearly there is something and it increases 

with the size of the nucleus.



The red lines are predictions using nPDFs (same result with different 

sets).
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A in SIDIS for different nuclei in bins of z (upper panel), x (middle panel), and Q2 (bottom panel) as measured by

HERMES [6]. The solid lines correspond to the results of our optimum fit for nFFs using the nDS medium modified parton
densities [11]. The corresponding fit based on the simple nFF* ansatz in Eq. (8) is shown as dotted lines. The dashed lines are
estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [1].

Figs. 3-5 as solid and dotted lines, corresponding to our
optimum and simplified ansatz for the weight function
Wπ

q,g introduced in Sec. III A, respectively. Here, the
naive three parameter ansatz for Wπ

q,g fails to reproduce
the pT dependence of the dAu data, and the greater flex-
ibility of Eqs. (10) and (11) is clearly needed and leads
to a significant improvement of the fit. The simultaneous
description of SIDIS and dAu data requires to have the
correct balance between quark and gluon contributions
in the fragmentation process, which is strongly pT and,
hence, z dependent.

An important difference between SIDIS and dAu data
is that in the latter case the cross sections sample con-
tributions from a wide range in z. Consequently, the
deconvolution of the medium induced effects is less trans-
parent. In order to provide a better insight into the sen-
sitivity of the RHIC measurements to the fragmentation
process, we show in Fig. 6 (a) the mean value of the
hadron’s fractional momentum z probed in pp and dAu
collisions as a function of pT . There are several ways to
estimate an average 〈z〉. We define it in the standard
way by evaluating the convolutions in the factorized ex-
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Let’s start with SIDIS. Clearly there is something and it increases 

with the size of the nucleus.

Could it be it an initial state effect (i.e. due to nPDFs)?



The red lines are predictions using nPDFs (same result with different 
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Let’s start with SIDIS. Clearly there is something and it increases 

with the size of the nucleus.

Could it be it an initial state effect (i.e. due to nPDFs)?



We can develop theoretical models for the hadronization. A 

popular one is to describe hadronization as having different 

stages/time scales: 

๏ the quark propagates and emits gluons 

๏ the quark transforms into a color-less pre-hadron 

๏ the pre-hadron becomes the hadronic state

18 Chapter 1. Processes and Observables

Altarelli 1977]. This scaling violation is due to the nature of perturbative the-
ory and the capacity to probe off-shell partons. This evolution is expected
within QCD and is based on perturbative development and factorization. It
can be exactly calculated and allows to extrapolate measured distributions to
different Q2.

1.2 The Hadronization Process

Because of confinement, quarks cannot be freed from hadrons; they have to
hadronize, i.e. find partners and form new hadrons. This is a fundamental pro-
cess of QCD for which precise calculation remains inaccessible. This is because
only static systems can be approximated in the non-perturbative regime, us-
ing chiral theory, Dyson-Schwinger equations [Roberts 1999] or lattice calcu-
lation, for example, whereas at higher energies the perturbative QCD (pQCD)
is successful for a wide range of processes. However, hadronization is, at its
last stage, both a dynamics and a low energy process, therefore it cannot be
precisely described from first principles. It is, therefore, described using mod-
els or phenomenological studies, which both need experimental guidance. In
this section, we will review the basic information on hadronization that can be
deduced from QCD principles.

After the hard scattering, during the production time, the struck quark prop-
agates and, because it is a colored object, it emits gluons (even in vacuum).
Then, the quark has to transform into a colorless object, referred to as pre-
hadron, which will eventually fall in a given hadronic state after the forma-
tion time. The space-time characteristics of hadronization are believed to be
dominated by these two scales, the production time and the formation time,
illustrated in the figure 1.3.

Figure 1.3: The time scales of the hadronization process.

One of the main goal of hadronization studies is to provide information on
the dynamics scales of the process and because models give very different
predictions, examples are shown in table 1.1, making experimental input is
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The starting point to determine the hadron attenuation Rh
A(z, ν) is therefore the

computation of nuclear fragmentation functions D(z, Q2, A). This task is carried out
in the following section.

3 Nuclear fragmentation functions

3.1 Model for medium-modified fragmentation functions

To leading order in the coupling and at leading twist, the virtual photon picks up a
quark2 in the nucleus which subsequently hadronizes into the observed leading hadron.
In presence of a QCD medium, however, the hard quark suffers multiple scattering and
radiates soft gluons all along its path. Due to this medium-induced gluon radiation,
the quark energy is reduced from E = ν to E = ν − ε at the time of hadronization.
This picture is schematically depicted in Figure 1.

, Q2

...
E =E =

−e

−e

ν

A

h
ν ν− ε

X

Figure 1: Schematic representation of the semi-inclusive hadron electroproduction in a
nuclear target. The virtual photon couples to a hard quark which subsequently emits
soft gluons while escaping the nucleus.

How to relate these final state interactions to nuclear fragmentation functions re-
mains however unclear. Such an attempt has been performed recently in a series of
papers [11, 18] in which a higher-twist perturbative framework has been applied suc-
cessfully to describe hadron production in DIS and heavy ion reactions.

Here, we shall rather adopt the effective model suggested in Ref. [19]. Within this
approach, the quark energy shift leads to a rescaling of the momentum fraction in

2In the following discussion, we shall ignore the fragmentation of antiquarks as x is not too small.
The theoretical computations Eq. (1) consider of course this channel as well.

4

z =
Eh

ν
→ z* =

Eh

ν − ϵ
=

z
1 − ϵ/ν

zDh
q(z, Q2, A) = ∫

ν−Eh

0
dϵ D(ϵ, ν) z* Dh

q(z*, Q2)

EPJC 30, 213  
EPJC 76, 475

1. Energy-loss:

๏ The parton interacts with the medium, losing energy . 

๏  depends on the length crossed and a coefficient characterising 

the medium. 

๏ The hadronization happens completely outside the nucleus.

ϵ

ϵ
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Figure 7: Quenching of charged hadron, pion, and kaon spectra in N (upper) and
Kr targets (lower) as a function of z. The theoretical calculations with (solid) and
without (dashed) finite formation time effect are compared to HERMES data taken
from Ref. [3]. The 4% systematic errors are not shown.
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๏ LO calculation. 

๏ FF used from SIA fit. 
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A
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y y’ y’’0

Figure 6: Nuclear attenuation of a hadron
h: the virtual photon γ∗ interacts with a
quark q at a longitudinal coordinate y; the
quark turns into a “prehadronic” state h∗ at
position y ′ and the hadron h is formed at
y ′′. Each state interacts with the surround-
ing nucleons with a cross-section σq, σ∗ and
σh, respectively.

which overestimates up to 30% the Lund model result. The above formation length is
obtained in the Lund model with a non-standard choice of parameters, as described in
App. B. Finally, the contribution of the hadron (or yo-yo) formation lenght lh in the
standard Lund model is shown with a dashed curve.

4 Absorption of the produced hadron in the nucleus

The spatial evolution of a quark q created by the virtual photon γ∗ at a longitudinal
position y is shown in Fig. 6 in all intermediate stages. In the first stage the quark
propagates to the position y ′ > y where a prehadronic state h∗ is formed. In the second
stage the final hadron h is created at the point y ′′ > y ′.

The quark, the prehadronic state and the final hadron propagate through nuclear
matter and interact with the surrounding nucleons. As a result, each of the three states
may undergo inelastic interactions and/or lose longitudinal energy through elastic rescat-
terings. In a first approximation we may assume that the final hadron with a value of
z corresponding to the fragmentation process in vacuum will be observed provided that
none of the three propagating states has interacted with the nucleus. By defining the
nuclear absorption factor NA(z, ν) as the probability that neither the q, h∗, nor h have
interacted with a nucleon, the multiplicity ratios of Eqs. (2.6) and (2.7) are modified as
follows:

1

NDIS
A

dNh
A

dz
=

1

σ!A

∫

exp. cuts

dx dν
∑

f

e2f qf(x, ξA Q2)
dσ!q

dx dν
Dh

f (z, ξA Q2)NA(z, ν) , (4.1)

1

NDIS
A

dNh
A

dν
=

1

σ!A

∫

exp. cuts

dx dz
∑

f

e2f qf (x, ξAQ2)
dσ!q

dx dν
Dh

f (z, ξA Q2)NA(z, ν) . (4.2)

While the fragmentation functions Dh
f are sensitive to the virtuality Q2 of the fragmen-

tation process in the medium, the nuclear absorption factor NA, which depends on z and
ν, is sensitive to the hadron energy in the rest frame of the nucleus.

We will investigate two models for the computation of the nuclear absorption factor:
the Bialas-Gyulassy (BG) model, [12], and the Bialas-Chmaj (BC) model, [13]. These
models require the probability distribution function of the hadron formation length and
the average formation length discussed and derived in Sec. 3. In order to reduce the
number of the parameters of these models we set the quark-nucleon cross-section σq = 0,

11

NPA 720, 131

q: quark 

h*: pre-hadron 

h: hadron

: nuclear absorption factor or probability that 

neither q, h* nor h interact with the medium.

𝒩A(z, ν)

2. Nuclear absorption 
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Figure 9: Theoretical multiplicity ratios of charged hadrons for Cu (EMC), Kr and N (HERMES)
targets as function of z compared with the data [2, 3]. Dashed lines show the predictions without
absorption and only rescaling, according to Eqs. (2.6)-Eqs. (2.8); solid lines give the calculation
with rescaling and absorption according to Eqs. (4.6) and (3.4) for the BC model; dotted lines
with rescaling plus absorption according to Eq. (4.3) and (3.3) for the BG model. In the bottom
right plot, the solid and dotted curves represent the result of the computations with σ∗ = 0.5 σh.
The error bars represent the statistical uncertainty only. Systematic uncertainties for the HERMES
nitrogen and krypton data are 3% and 3.5% respectively [3, 37].

the BG predictions still disagrees with the data and the BC predictions overestimate the
experimental results. Therefore, we will use the BC model with prehadronic cross section
equal to the hadronic cross section to predict Rh

M in the region 0.2 ! z ! 0.9 also for
different fragmentation products and for different targets (see Sec. 6).

As we can see in Fig. 9, the effect of the absorption is less important at EMC in Cu than
the absorption effect at HERMES in Kr, which is a nucleus of similar size, due to the larger
energy transfer ν in the EMC data (〈ν〉=62 GeV) compared to HERMES (〈ν〉∼12 GeV).
In the HERMES kinematic range both rescaling and absorption contribute. Absorption
becomes the dominant effect in Kr tending to mask the rescaling effect. In the case of
the N nucleus the theoretical result underestimates the experimental data. This may be
due to an overestimate of the rescaling effect in light nuclei, which have a large surface to
volume ratio.

It is worth to point out that the accuracy of the HERMES data may distinguish
different models for the space-time development of the fragmentation functions. The
main tool in this respect is the availability of data at large z, for both light and heavy

16

Figure 10: Charge- and flavour-separated theoretical multiplicity ratios RM (ν) and RM (z), com-
pared with preliminary HERMES data on Krypton target [37] (the data for negatively charged
hadrons have been slightly shifted to the right to improve the readability of the figure). The upper
pair of curves includes rescaling without absorption for positive and negative particles, and the
lower pair rescaling plus BC absorption for positive and negative particles. The dotted curve in the
upper left plot show the result by setting σh=0 and σ∗=σπ in the calculation of Rπ

M . The error bars
represent the statistical uncertainty only. Systematic uncertainty is about 4% [37].

For K+ production there is also a general agreement between data and model compu-
tations, while experimental results point to a stronger than calculated absorption of K−

mesons. We found that an increase of σ∗ of at least 50% would be necessary in order to
reproduce the experimental data for K−. The discrepancy between theory and data may
also point to a different formation mechanism for the negative kaons, as they do not con-
tain any nucleon valence quarks, which dominate in the HERMES kinematics. This may
imply a shorter formation length than predicted by Eq. (3.4), hence a larger absorption,
since rank 1 hadrons would not participate in the K− formation, see Eq. (B.16).

The forthcoming HERMES data for different hadron types on light and heavy nuclei
may help to further disentangle rescaling and absorption effects and to clarify details
of the fragmentation process. In Fig. 11 we show the predictions of the model for Ne
and Xe nuclei in the HERMES kinematic region for charged pions and kaons. To this
respect, the absorption mechanism can be studied on heavy nuclei, while light nuclei are
more sensitive to the rescaling effect alone. One characteristic feature of the rescaling
corrections is the increase of the multiplicity ratio RM > 1 for z < 0.2 which in the case
of K+, K− fragmentation is visible in the calculation with rescaling alone as shown in
Fig. 10. In addition, due to the smaller K+-nucleus interaction cross section, the K+

production on light nuclei may leave a chance to observe the pure rescaling effect.

18
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๏ Not too bad of a model.



Energy Loss vs. Hadron Absorption 191

Fig. 1. Left: π
+ multiplicity ratio in the absorption and energy loss models

compared to HERMES data at a beam energy of 27 GeV2 [1]. Right: results of
the RM = cA

α fit for {He, N, Ne, Kr} at z = 0.65 (solid: absorption; dashed:
energy loss; dotted: data [1]). More z bins and case studies can be found in [8]

In Fig. 1, the 2 models are compared to HERMES data. Both describe well the
data, and look similar despite the different physics processes. Quite surprisingly,
this similarity holds up to very heavy targets like Pb.

A näıve argument, often repeated in discussions and seminars on heavy-ion colli-
sions, is that in first approximation 1− Rh

M ∝ A2/3 in energy loss models because
the average energy loss 〈ε〉 ∝ 〈L2

A〉 ∝ A2/3. On the other hand, in absorption mod-
els the survival probability is proportional to the amount of traversed matter, so
that 1 − Rh

M ∝ 〈LA〉 ∝ A1/3. Therefore, it is concluded, a simple analysis of the
A-dependence of Rh

M (or of Rh
AA in heavy-ion collisions) will clearly signal which

one of the 2 models is correct.
The above argument is wrong! Where the argument actually fails is for absorp-

tion models [9]. If the prehadron were produced always at the γ∗–quark interaction
point (i.e. 〈l∗〉 = 0) then RM = cA1/3 at all orders in A1/3. However, if we al-
low for a nonzero 〈l∗〉, its dimensions must be neutralized by the nuclear radius
RA, introducing extra powers of A1/3. Quite generally, if the probability distri-
bution for the prehadron formation length is finite at zero formation length, then
Rh

M ∝ A2/3 + O(A), the same power found in energy loss models [4]. This is the
case for the presented model, as well as for most other absorption models.

Then, we can hope to distinguish energy loss from hadron absorption by study-
ing the breaking of the A2/3 law. To this purpose, it was proposed in [4] to select
a set of targets {A1, A2, . . . , An}, fix the z bin, and perform a fit of the form
1−Rh

M (z) = c(z)Aα(z). Both c and α must be considered fit parameters for 2 rea-
sons: first, both contain information on the dynamics of the hadronization process
[4, 8]; second, one can always redefine c in order to absorb a part of α biasing the
result, so that it is more correct to ask the fit itself what are the correct values of
the 2 parameters. The results of the fit are presented in terms of 2σ confidence
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Figure 1: Illustration of in-medium parton shower forma-
tion in electron-nucleus collisions from the interactions of the
struck quark. It will a↵ect the evolution of fragmentation func-
tions and, ultimately, the cross sections for light and heavy
hadron production.

while for D-mesons and B-mesons the quasi-real
photon contribution is even more dominant. The
NLO corrections are sizable and when it comes to
absolute cross sections they should be considered
for reliable theoretical predictions.

2.2. Cold Nuclear Matter E↵ects

When partons propagate in strongly-interacting
matter they scatter and radiate. The medium-
induced parton shower will modify the evolution
of the FFs, and has been investigated in the frame-
work of SCET(M),G [20, 22]. These modifications
were first introduced as corrections to the DIS
hadronization process [38] and, more recently, im-
plemented in medium-modified DGLAP evolution.
This theoretical framework has been used exten-
sively in Refs. [9, 25, 26, 22, 39, 40, 41] to carry
out resummation in cold and hot QCD medium nu-
merically, and to describe hadron production and
observables sensitive to the fragmentation process.
We will solve the medium-corrected DGLAP evo-
lution equations to take account of the radiation in-
duced by a large nucleus, as shown in Fig. 1.

The full fragmentation function evolution in the

presence of nuclear matter is given by:

d
d ln µ2 D̃h/i (x, µ) =

X

j

Z 1

x

dz
z

D̃h/ j
✓ x

z
, µ

◆

⇥

⇣
P ji (z,↵s (µ)) + Pmed

ji (z, µ)
⌘
. (3)

In Eq. (3) Pmed
ji are the medium corrections to the

splitting functions. It has been demonstrated that
the full splitting kernel is a direct sum of its vac-
uum and medium-induced components and the cor-
rections are gauge-invariant. We will make use
of the form of in-medium branching processes de-
rived in [20, 21, 23, 24]. Equivalent to the vac-
uum splitting functions, the real contribution can
be written as

Pmed,real
i! jk (z,k?) = 2⇡ ⇥ k

2
?

dNmed
i! jk

d2k?dz
. (4)

The full splitting functions can be expressed as pro-
portional to the vacuum ones with a medium in-
duced correction that depends both on the longitu-
dinal momentum fraction z and the intrinsic trans-
verse momentum of the branching k?. This is be-
cause in-medium parton showers are broader and
softer than the ones in the vacuum.

The full set of medium corrections to the split-
ting functions can be written as

Pmed
qq (z,k?) =

h
Pmed,real

q!qg (z,k?)
i
+
,

Pmed
gq (z,k?) = Pmed,real

q!gq (z,k?) ,

Pmed
qg (z,k?) = Pmed,real

g!qq̄ (z,k?) ,

Pmed
gg (z,k?) =

" 
2z � 1
1 � z

+ z(1 � z)
!

hgg (z,k?)
#

+

+
hgg (z,k?)

z
+ B(k?)�(1 � z) , (5)

where

hgg (z,k?) =
Pmed,real

g!gg (z,k?)
z

1�z +
1�z

z + z(1 � z)
, (6)

and B(k?) can be obtained through momentum
sum rules. The definition of the splitting function
in QCD medium can be also found in Refs. [25,

4
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Figure 2: The ratio of fragmentation functions for the case of a
Au nucleus to the ones in vacuum at a scale µ = 30 GeV. Blue
band (dotted lines), red band (dashed lines), and green band
(solid lines) correspond to light parton to pion, c-quark to D-
meson, and b-quark to B-meson fragmentation, respectively.

26]. Note that in Eq. (3) the scale of the medium in-
duced splitting function is set to be k? which char-
acterizes the intrinsic scale of the collinear split-
ting. The evolution for heavy flavor can similarly
be written down and the splitting kernels associated
with massive quarks can be found in Refs. [22, 24].
The medium-induced splitting functions for mas-
sive quarks are defined in a similar way as the ones
in Eq. (5). They reduce to the massless case for
large scales, while the mass e↵ects can play an im-
portant role for small scales.

An example of how in-medium evolution can
alter the fragmentation pattern of partons into
hadrons is given in Fig. 2. It presents the ratio of
the FFs for the case of a gold (Au) nucleus evolved
from the boundary condition to a scale µ = 30 GeV
to the ones in the vacuum, denoted DMed/DVac.
The dotted blue lines, dashed red lines and solid
green lines represent the fragmentation of u! ⇡+,
c ! D0 and b̄ ! B0, respectively. We have av-
eraged the parent parton production point over the
nuclear geometry in evaluating the splitting kernels
that enter the evolution equations. The nominal
transport coe�cient of cold nuclear matter we take
to be hk2

?
i/�g = 0.12 GeV2/fm. Here, hk2

?
i is the

mean momentum transfer squared in two dimen-
sions per scattering and �g is the gluon scattering
length. The bands correspond to varying the trans-

port parameter up and down by a factor of two. The
e↵ect of the medium-induced shower is to further
soften fragmentation relative to the vacuum. We
can see that the FFs for ⇡+ are always suppressed,
except for very small values of z. The fragmen-
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FFs with z < 0.6 and z < 0.85, respectively. In ad-
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3. Comparison with HERMES data

In order to provide theoretical predictions for
heavy flavor modification at the EIC, it is use-
ful to get some guidance from existing DIS mea-
surements on nuclei. The HERMES collabora-
tion at HERA has collected such data on light
hadron production, albeit at much lower center-
of-mass energies. With this limitation in mind,
we use the opportunity to test the validity of our
theoretical framework of cold nuclear e↵ects on
hadronization. Let us define the modification of
semi-inclusive pion production as follows:

R⇡eA(⌫,Q2, z) =
N⇡(⌫,Q2,z)
Ne(⌫,Q2)

����
A

N⇡(⌫,Q2,z)
Ne(⌫,Q2)

����
D

, (7)

where N⇡(⌫,Q2, z) and Ne(⌫,Q2, z) is the event
number for hadron production (⇡+) and the total
number of inelastic events determined by measur-
ing the scattered lepton, respectively. The kine-
matic variables are defined as ⌫ = E � E0, Q2 =

�(k � k0)2, z = Eh/⌫, where E(k) and E0(k0) are
the energies (momenta) of the incoming and out-
going electron in the target rest frame, respec-
tively. Subscripts A=Kr, Xe, ... and D=deuteron
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duces even more soft partons than vacuum evolu-
tion. It has been experimentally observed in heavy
ion collisions for light hadrons by the ATLAS
and CMS collaborations at the LHC [48, 49] and
evaluated using medium-induced corrections to the
semi-inclusive fragmenting jet functions [50]. The
observables discussed in this paper, however, are
not sensitive to the fragmentation functions in the
z ! 0 region. This is because with the designed
CM energies of the EIC hadrons with large trans-
verse momentum relative to the collision axis can-
not be produced with very small fragmentation
fractions.
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๏ If we can’t fit the data we might be wrong. 

๏ If we can fit the data we might not be right.

If FFs are similar to PDFs… why not something like nFFs?

Two NLO studies so far, with different data sets, strategies, 

parametrizations, baselines, etc. 

1. SIDIS@HERMES and SIH@RHIC. 14 parameters, . 

PRD 81, 054001. 

2. SIDIS@HERMES. 7 parameters, . arXiv:2101.01088.

χ2/dof = 1.08

χ2/dof = 0.78
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FIG. 2: Rπ
A in SIDIS for different nuclei in bins of z (upper panel), x (middle panel), and Q2 (bottom panel) as measured by

HERMES [6]. The solid lines correspond to the results of our optimum fit for nFFs using the nDS medium modified parton
densities [11]. The corresponding fit based on the simple nFF* ansatz in Eq. (8) is shown as dotted lines. The dashed lines are
estimates assuming the nDS medium modified PDFs but standard DSS vacuum FFs [1].

Figs. 3-5 as solid and dotted lines, corresponding to our
optimum and simplified ansatz for the weight function
Wπ

q,g introduced in Sec. III A, respectively. Here, the
naive three parameter ansatz for Wπ

q,g fails to reproduce
the pT dependence of the dAu data, and the greater flex-
ibility of Eqs. (10) and (11) is clearly needed and leads
to a significant improvement of the fit. The simultaneous
description of SIDIS and dAu data requires to have the
correct balance between quark and gluon contributions
in the fragmentation process, which is strongly pT and,
hence, z dependent.

An important difference between SIDIS and dAu data
is that in the latter case the cross sections sample con-
tributions from a wide range in z. Consequently, the
deconvolution of the medium induced effects is less trans-
parent. In order to provide a better insight into the sen-
sitivity of the RHIC measurements to the fragmentation
process, we show in Fig. 6 (a) the mean value of the
hadron’s fractional momentum z probed in pp and dAu
collisions as a function of pT . There are several ways to
estimate an average 〈z〉. We define it in the standard
way by evaluating the convolutions in the factorized ex-

PRD 81, 054001

🙂 z dependence 

🙂 Q2 dependence 

🙂 x dependence 
except too high/
low x

arXiv:2101.01088



Unresolved issues



How about the most recent SIDIS data from JLAB?
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๏  Fits don’t extrapolate well to low z. 

๏  Funny:  but the best described JLAB 

data are Pb. 

๏  Can we truly use pQCD at ? at ? 

He < C < Ne < Fe < Kr < Xe < Pb

s ≈ 3.2 GeV s ≈ 7.3 GeV

How about the most recent SIDIS data from JLAB?
 45/60
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Table I. Summary of the systematic uncertainties on the multiplicity ratios. The range spans the uncertainties on the multiplicity
ratio across different targets and kinematic intervals. Unless otherwise stated, the quoted uncertainty applies to both ⇡+ and
⇡�. In the table, the abbreviations “p2p” and “norm” indicate point-to-point and normalization uncertainties, respectively.

type C Fe Pb
Vertex selection p2p 0.4–1.0% 0.4–1.0% 0.4–1.0%
Acceptance correction p2p 2.0–3.5% 2.0–3.5% 2.0–3.5%
⇡+ identification p2p <2.3% <2.3% <2.3%
Electron identification norm 0.8% 0.8% 0.8%
DIS Coulomb & rad. corr. norm <2.0% <3.0% <3.0%
SIDIS radiative corrections norm 0.3% 0.3% 0.3%
Luminosity negligible negligible negligible
Trigger efficiency negligible negligible negligible
Time-dependent effects negligible negligible negligible
Total systematic uncertainty 3.8–4.8% ⇡+/ 3.8–4.2% ⇡� 4.5–5.3% ⇡+/ 4.5–4.8% ⇡� 4.5–5.3% ⇡+/ 4.5–4.8% ⇡�

Figure 1. (color online) Multiplicity ratio of ⇡+ and ⇡� as a function of z; the three different panels show results for C, Fe,
and Pb targets, respectively. The error bars represent the quadrature sum of systematic and statistical uncertainties, which is
dominated by the systematic uncertainties that are partially correlated point to point. The points have a small horizontal shift
for better visualization. The lines correspond to model calculations from GiBUU, GK, and the LIKEn21 nFFs. The bands
represent the uncertainty of the LIKEn21 nFF set. The numerical values of the data points and associated errors of this figure
are shown in Table II in the Appendix section of the article.

We also compare the data with a model by Guiot and
Kopeliovich (GK) [36] based on a combination of quark-
energy loss and pre-hadron absorption. Within this model
the pre-hadron absorption is the most relevant mechanism
to describe the HERMES data [37], and is expected to
dominate at JLab energies. This model attempts to de-
scribe the modification of the leading hadrons only, which
is why the predictions are given for z > 0.5.

We also compare our data with a calculation based on

nuclear fragmentation functions [38] (nFFs), which effec-
tively parametrize the nuclear modification of hadron pro-
duction. In particular, we compare to the LIKEn21 set of
nFFs that were extracted from a fit to HERMES data [39]
and the De Florian/Sassot/Stratmann (DSS) fragmenta-
tion functions [40] as a baseline. The Q2 dependence of
the nFFs is assumed to be dictated by the same evolution
equations as the “vacuum” fragmentation functions [38].
The calculation is applicable for 0.2 < z < 0.8, as the

PRC 105, 015201
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Why not use the older SIDIS data? 

๏   up to 30 GeV and 4 more nuclei.s



๏ Not fully differential: time consuming to be 

included in a fit. 

๏ Quite large uncertainties: little constraining 

power. 

๏ Assumptions were made in the analysis that 

contaminate the data:  is always a .h± π±

🙂

🙁

🙁

🙁
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What about SIH in p+A or d+A data?
15

FIG. 11. Theory predictions for the main fits and their respective baselines. Dashed curves indicate the baseline fits, while solid
curves show the fits with SIH data included. The blue curves are based on nCTEQ15 and the orange ones on nCTEQ15WZ.
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What about SIH in p+A or d+A data?

Even the best known particle ( ) has large uncertainties. π±,0

15

FIG. 11. Theory predictions for the main fits and their respective baselines. Dashed curves indicate the baseline fits, while solid
curves show the fits with SIH data included. The blue curves are based on nCTEQ15 and the orange ones on nCTEQ15WZ.
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We can also describe these data using nFFs!
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FIG. 3: Upper panel: comparison of the PHENIX data for
neutral pion production in dAu collisions at mid-rapidity [14]
with NLO estimates obtained with various combinations of
nPDFs, FFs, and nFFs. The solid and dotted line correspond
to the results of our optimum and simple three parameter fit
for nFFs, respectively, using the nDS nPDFs [11]. Results
based on standard DSS FFs [1] are shown as dashed and dot-
dashed lines for nDS [11] and EPS [13] nPDFs, respectively.
Lower panel: same as above but now for the ratio Rπ

σ defined
in Eq. (7).

pression for the pT dependent cross section [24] with an
extra factor of z in the integrand, divided by the cross
section itself [28], i.e., schematically we use

〈z〉 ≡

∫

dz z dσH

dzdpT
∫

dz dσH

dzdpT

. (13)

Here, dσH/dzdpT contains the appropriate convolutions
of the parton densities and fragmentation functions with
the partonic hard scattering cross sections.
Panel (b) of Fig. 6 shows the individual 〈z〉 for quark

and gluon fragmentation processes, simply referring to
the contributions in the dAu cross section proportional to
either Dπ

q/Au or Dπ
g/Au. Beyond the LO, this separation

involves some arbitrariness and depends on the choice of
the factorization scheme. In addition, primary partons
created in the hard scattering may radiate off secondary
partons of a different species which in turn fragment into
the observed hadron. Figure 6 (c) shows histograms of
the z distribution for three representative values of pT . In
panel (d), we present the relative contributions of quark
and gluon fragmentation processes to the π0 production

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1
10
10 2
10 3

d3σπ

dp3E [mb / GeV2]
0

dAu

nFF (nDS)
nFF* (nDS)
FF (nDS)
FF (EPS)

STAR
prel. (thesis)

RπRσ

0

pT [GeV]

0.8

1

1.2

1.4

0 5 10 15

FIG. 4: The same as in Fig. 3 but now for neutral pion data
obtained by STAR [16].

cross section in pp and dAu collisions.

As can be seen in Fig. 6, RHIC pp and dAu data
are mainly sensitive to fairly large values of the momen-
tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
z, starting at about z $ 0.2. Notice that below about
pT = 1.5GeV, the tail in the z distribution becomes sen-
sitive to values z ! 0.1, where the concept of fragmen-
tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
pend on the extracted medium induced modifications.
In our analysis, pion production is dominantly driven by

PRD 81, 054001
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tum fraction taken by the hadron H , with 〈z〉 slightly
increasing with pT . However, as panel (c) shows, the
cross section samples contributions over a broad range in
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pT = 1.5GeV, the tail in the z distribution becomes sen-
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tation functions breaks down due to finite hadron mass
effects and the singular behavior of the timelike evolution
kernels. It is also worthwhile mentioning that the values
of z to which the cross sections are most sensitive to, i.e.,
〈z〉, depend, of course, on the actual shape of the FFs
and nFFs assumed in the analysis of pp and dAu collision
data, respectively. Since we anticipate sizable differences
between them, the ratios RH

σ defined in Eq. (7) actually
sample the nuclear and the vacuum fragmentation func-
tions at slightly different values of z, cf. Fig. 6 (a). This
can have quite some effect on the ratios RH

σ in regions
where the fragmentation functions vary rapidly with z.

Fig. 6 (d) demonstrates that for pp collisions gluon
fragmentation is clearly the dominant production mech-
anism at low values of pT . Quark fragmentation con-
tributions increase with pT , and cross the level of 50%
at pT $ 10GeV. Again, the relative balance between
quark and gluon contributions in dAu collisions will de-
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For the jet data in … well, we have jet-quenching in 

. 

p + Pb

Pb + Pb

All hadronic data used in nPDF studies are susceptible of 

final state effects.
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So? Which one is it? We don’t know.

Without more detailed data, it is open to interpretation.

Mondessinnereprésentaitpasunchapeau.Ireprésentait
unserpentboaquidigéraitunéléphant

J'aialorsdessiné
l'intérieurduserpentboa,afinquelesgrandespersonnespuissent

comprendre.Ellesonttoujoursbesoind'explications

My drawing didn’t represent a hat. It 
represented a boa digesting an elephant.

Mondessinnereprésentaitpasunchapeau.Ireprésentait
unserpentboaquidigéraitunéléphant

J'aialorsdessiné
l'intérieurduserpentboa,afinquelesgrandespersonnespuissent

comprendre.Ellesonttoujoursbesoind'explications

Not a hat.

Le petit prince, A. de Saint-Exupéry
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A non-terrifying hat.

Thus I draw the interior of the boa, so that 
grown-ups could understand. They always 

need explanations.



What can the EIC do 

for the FFs?
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We have older SIDIS experiments with very low 

precision and only charged hadrons.  

We have newer SIDIS experiments for different 

hadrons  with higher precision but very low .s



Quite a lot.  

We have older SIDIS experiments with very low 

precision and only charged hadrons.  

We have newer SIDIS experiments for different 

hadrons  with higher precision but very low .s

At the EIC we will have both: high precision 

and larger .smax
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pseudo data for EIC

PRD 99, 094004

be added in quadrature to the statistical one. As it is difficult
without a full detector design to estimate this bin-to-bin
uncertainty reliably, we decided to not consider it in
our study.

IV. BAYESIAN AND HESSIAN TOOLBOX

A. PDF and FF reweighting with SIDIS data

One of the key ingredients in the strategy pursued in the
present analysis is the use of reweighting methods to a set
of PDFs or FFs, as a means to incorporate additional
information from new data into an existing set, without the
need to perform a new global fit [18,19]. Successful
demonstrations of the method have been performed in
different applications, and more specifically, its usefulness
in constraining PDFs with actual SIDIS data has already
been shown in Ref. [7]. Here, we briefly recall the main
features that are needed for our analysis below.
The method was originally developed based on Bayesian

inference and relies on the beforehand generation of a large
ensemble of PDF or FF sets fðkÞi , by fitting replicas of data
obtained by smearing available experimental data accord-
ing to their experimental and systematic uncertainties and

correlations. Here, i is indexing the parton flavor and k the
number of the replica. Such an obtained set of PDF or FF
replicas forms a precise representation of the underlying
probability distribution for the PDFs or FFs. Any observ-
able O depending on PDFs and FFs can be evaluated by
averaging the results for the individual replicas:

hOi ¼ 1

N

XN

k¼1

O½fðkÞi %; ð6Þ

with N being the number of replicas, and the corresponding
variance defined as

ΔO ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N − 1

XN

k¼1

ðO½fðkÞi % − hOiÞ2
vuut : ð7Þ

Using Bayesian inference, it is possible to assess the
effect of a new, independent dataset by updating the
probability distribution through the assignment of a new
weight wk ≠ 1 for each replica. This weight measures the
agreement of replica k with the new data. The weighted
estimate for any observable then becomes
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FIG. 7. Differential cross section for pion production at
ffiffiffi
s

p
¼ 140 GeV as a function of xB for bins inQ2 and z measurable at an EIC.
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FIG. 20. The same as Fig. 18, but for the strange-quark distribution (upper panels) and for the PDF combinations sensitive to charge
and isospin symmetry breaking (lower panels). Again, the results are shown at a scale of Q2 ¼ 5 GeV2 and are normalized to the
NNPDF3.0 best fit.
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FIG. 21. Reweighting of the DSS NLO parton-to-pion and the parton-to-kaon fragmentation function replicas for the combinations
qþ q̄ associated with the final hadron valence quarks (upper panels), as well as for the unfavored flavors of quarks and gluons (lower
panels) with EIC pseudodata of c.m.s. energy

ffiffiffi
s

p
¼ 140 GeV. As in Figs. 18 and 20, the results are normalized to the DSS best fit. In the

case of parton-to-pion FFs, the modified distributions are represented by the pink line, while their modified uncertainties are represented
by the dark blue band. Analogously, the original central value and uncertainty are given by the black and white dashed line and the light
blue band, respectively. The inverse color scheme is used in the case of parton-to-kaon FFs. All results are shown at a scale
of Q2 ¼ 10 GeV2.

SEMI-INCLUSIVE DEEP-INELASTIC SCATTERING, PARTON … PHYS. REV. D 99, 094004 (2019)

094004-19



s/sNNPDF

Q2=5GeV2

NNPDF3.0
NNPDFrew

10-4 10-3 10-2 10-1

(u--d-)/(u-+d-)

(s+s-)/(u-+d-)

√s=140 GeV

10-3 10-2 10-1

(s-s-)/(s+s-)

s/sNNPDF

NNPDF3.0
NNPDFrew

10-3 10-2 10-1

(u--d-)/(u-+d-)

0.40

0.60

0.80

1.00

1.20

(s+s-)/(u-+d-)

√s=45 GeV

10-3 10-2 10-1
-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

(s-s-)/(s+s-)

0.70

0.80

0.90

1.00

1.10

1.20

1.30

1.40

1.50

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

xB xB xB xB

1.40

FIG. 20. The same as Fig. 18, but for the strange-quark distribution (upper panels) and for the PDF combinations sensitive to charge
and isospin symmetry breaking (lower panels). Again, the results are shown at a scale of Q2 ¼ 5 GeV2 and are normalized to the
NNPDF3.0 best fit.
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FIG. 21. Reweighting of the DSS NLO parton-to-pion and the parton-to-kaon fragmentation function replicas for the combinations
qþ q̄ associated with the final hadron valence quarks (upper panels), as well as for the unfavored flavors of quarks and gluons (lower
panels) with EIC pseudodata of c.m.s. energy

ffiffiffi
s

p
¼ 140 GeV. As in Figs. 18 and 20, the results are normalized to the DSS best fit. In the

case of parton-to-pion FFs, the modified distributions are represented by the pink line, while their modified uncertainties are represented
by the dark blue band. Analogously, the original central value and uncertainty are given by the black and white dashed line and the light
blue band, respectively. The inverse color scheme is used in the case of parton-to-kaon FFs. All results are shown at a scale
of Q2 ¼ 10 GeV2.
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FIG. 20. The same as Fig. 18, but for the strange-quark distribution (upper panels) and for the PDF combinations sensitive to charge
and isospin symmetry breaking (lower panels). Again, the results are shown at a scale of Q2 ¼ 5 GeV2 and are normalized to the
NNPDF3.0 best fit.
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FIG. 21. Reweighting of the DSS NLO parton-to-pion and the parton-to-kaon fragmentation function replicas for the combinations
qþ q̄ associated with the final hadron valence quarks (upper panels), as well as for the unfavored flavors of quarks and gluons (lower
panels) with EIC pseudodata of c.m.s. energy

ffiffiffi
s

p
¼ 140 GeV. As in Figs. 18 and 20, the results are normalized to the DSS best fit. In the

case of parton-to-pion FFs, the modified distributions are represented by the pink line, while their modified uncertainties are represented
by the dark blue band. Analogously, the original central value and uncertainty are given by the black and white dashed line and the light
blue band, respectively. The inverse color scheme is used in the case of parton-to-kaon FFs. All results are shown at a scale
of Q2 ¼ 10 GeV2.
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pseudodata leads to a reduction of the uncertainty of order
30% for the up quark, driven by the new kaon and pion
data, and of order 20% for the down quark, led by the
pion data. It is also worth noticing that the kinematic
region where the impact of the SIDIS pseudodata is most
important is precisely the region xB < 10−2, as anticipated
from the sensitivity coefficients calculation depicted in
Fig. 12. As stated in the previous section, in spite of
the high correlation between the pion cross section and the
(anti)up-quark distribution for higher values of xB, the
inclusion of the pseudodata through the reweighting
procedure hardly modifies the distributions in that kin-
ematic region. Indeed, while a smaller impact for the
high-xB region was expected according to the sensitivity
coefficients, the fact that the distributions are hardly
modified in that kinematic configuration is the result of
the increasing uncertainty associated with the FFs. As
mentioned in Sec. IV, the theoretical uncertainty coming
from the FFs must be included in the reweighting pro-
cedure, thus attenuating the impact of the pseudodata in
the regions where these uncertainties become larger than
those of the PDFs.
In Fig. 19, we show the pseudodata estimates for the

production of positively charged pions as a function of xB
for representative bins of Q2 and z. The pseudodata are
presented in a (Data-Theory)/Theory plot together with the

theoretical uncertainties for the cross-section estimate
coming from the PDFs (light blue band) and from the
FFs (dark blue band). Clearly, while the uncertainties
propagated from the FFs are roughly independent of xB,
those coming from the PDFs grow for smaller values of xB,
since at these values the PDFs are considerably less well
known than for the valence region. Naturally, the FF
uncertainties limit the impact of the reweighting process
in the kinematic region where the PDFs uncertainties are
comparatively better determined. Iterating the reweighting
procedure, as was demonstrated in Ref. [7] with actual
SIDIS data, would yield more accurate FFs, which in turn
would constrain the PDFs better. In any case, we see from
this first step of the iterative procedure that the impact on
the distributions is quite significant. Eventually, a com-
bined PDF and FF global fit would yield in a single, albeit
more involved step, a similar result.
The results with pseudodata generated for the lower

c.m.s. energy of 45 GeV, on the right-hand side, show that
the reduction in the uncertainty bands is not as large as in
the case of the higher c.m.s. energy. Nevertheless, the
pseudodata for this configuration still imposes sizable
constraints on the distributions. The reweighting with this
pseudodataset leads to a reduction in the uncertainty of the
order of 20% in the case of the u and ū quarks, and around
10% for the d- and d̄-quark distributions. At variance with
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FIG. 18. Reweighting of NNPDF3.0 NLO replicas for the u and ū quark distribution (upper panels) and d and d̄ quark distribution
(lower panels) with EIC pseudodata. The four panels on the left-hand side correspond to

ffiffiffi
s

p
¼ 140 GeV pseudodata, while those on

the right-hand side are for
ffiffiffi
s

p
¼ 45 GeV. The shaded area is the region of xB not covered by the latter energy configuration. The

distributions are normalized to the NNPDF3.0 best fit. The solid (green) lines and dark gray bands represent the results for the
distributions after the reweighting procedure and the corresponding uncertainty bands, respectively. All results are shown at a scale
of Q2 ¼ 5 GeV2.
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pseudodata leads to a reduction of the uncertainty of order
30% for the up quark, driven by the new kaon and pion
data, and of order 20% for the down quark, led by the
pion data. It is also worth noticing that the kinematic
region where the impact of the SIDIS pseudodata is most
important is precisely the region xB < 10−2, as anticipated
from the sensitivity coefficients calculation depicted in
Fig. 12. As stated in the previous section, in spite of
the high correlation between the pion cross section and the
(anti)up-quark distribution for higher values of xB, the
inclusion of the pseudodata through the reweighting
procedure hardly modifies the distributions in that kin-
ematic region. Indeed, while a smaller impact for the
high-xB region was expected according to the sensitivity
coefficients, the fact that the distributions are hardly
modified in that kinematic configuration is the result of
the increasing uncertainty associated with the FFs. As
mentioned in Sec. IV, the theoretical uncertainty coming
from the FFs must be included in the reweighting pro-
cedure, thus attenuating the impact of the pseudodata in
the regions where these uncertainties become larger than
those of the PDFs.
In Fig. 19, we show the pseudodata estimates for the

production of positively charged pions as a function of xB
for representative bins of Q2 and z. The pseudodata are
presented in a (Data-Theory)/Theory plot together with the

theoretical uncertainties for the cross-section estimate
coming from the PDFs (light blue band) and from the
FFs (dark blue band). Clearly, while the uncertainties
propagated from the FFs are roughly independent of xB,
those coming from the PDFs grow for smaller values of xB,
since at these values the PDFs are considerably less well
known than for the valence region. Naturally, the FF
uncertainties limit the impact of the reweighting process
in the kinematic region where the PDFs uncertainties are
comparatively better determined. Iterating the reweighting
procedure, as was demonstrated in Ref. [7] with actual
SIDIS data, would yield more accurate FFs, which in turn
would constrain the PDFs better. In any case, we see from
this first step of the iterative procedure that the impact on
the distributions is quite significant. Eventually, a com-
bined PDF and FF global fit would yield in a single, albeit
more involved step, a similar result.
The results with pseudodata generated for the lower

c.m.s. energy of 45 GeV, on the right-hand side, show that
the reduction in the uncertainty bands is not as large as in
the case of the higher c.m.s. energy. Nevertheless, the
pseudodata for this configuration still imposes sizable
constraints on the distributions. The reweighting with this
pseudodataset leads to a reduction in the uncertainty of the
order of 20% in the case of the u and ū quarks, and around
10% for the d- and d̄-quark distributions. At variance with
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FIG. 18. Reweighting of NNPDF3.0 NLO replicas for the u and ū quark distribution (upper panels) and d and d̄ quark distribution
(lower panels) with EIC pseudodata. The four panels on the left-hand side correspond to

ffiffiffi
s

p
¼ 140 GeV pseudodata, while those on

the right-hand side are for
ffiffiffi
s

p
¼ 45 GeV. The shaded area is the region of xB not covered by the latter energy configuration. The

distributions are normalized to the NNPDF3.0 best fit. The solid (green) lines and dark gray bands represent the results for the
distributions after the reweighting procedure and the corresponding uncertainty bands, respectively. All results are shown at a scale
of Q2 ¼ 5 GeV2.
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FIG. 20. The same as Fig. 18, but for the strange-quark distribution (upper panels) and for the PDF combinations sensitive to charge
and isospin symmetry breaking (lower panels). Again, the results are shown at a scale of Q2 ¼ 5 GeV2 and are normalized to the
NNPDF3.0 best fit.

0.7

0.8

0.9

1.0

1.1

1.2

1.3

Dπ+

u+u- / D
π+

u+u-DSS

Q2=10 GeV2

√s=140 GeV
DSS

DSSrew

0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.3 0.4 0.5 0.6 0.7 0.8

Dπ+

u-=d / Dπ+

u-=dDSS

z

Dπ+

d+d- / D
π+

d+d-DSS

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Dπ+

g / Dπ+

gDSS

z

0.7

0.8

0.9

1.0

1.1

1.2

1.3

 DK+

u+u- / D
K+

u+u-DSS

Q2=10 GeV2

√s=140 GeV
DSS

DSSrew

0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.3 0.4 0.5 0.6 0.7 0.8 0.9
z

 DK+

d=u-=s / D
K+

d=u-=sDSS

 DK+

s+s- / D
K+

s+s-DSS

0.3 0.4 0.5 0.6 0.7 0.8 0.9

 DK+

g / DK+

gDSS

z

FIG. 21. Reweighting of the DSS NLO parton-to-pion and the parton-to-kaon fragmentation function replicas for the combinations
qþ q̄ associated with the final hadron valence quarks (upper panels), as well as for the unfavored flavors of quarks and gluons (lower
panels) with EIC pseudodata of c.m.s. energy

ffiffiffi
s

p
¼ 140 GeV. As in Figs. 18 and 20, the results are normalized to the DSS best fit. In the

case of parton-to-pion FFs, the modified distributions are represented by the pink line, while their modified uncertainties are represented
by the dark blue band. Analogously, the original central value and uncertainty are given by the black and white dashed line and the light
blue band, respectively. The inverse color scheme is used in the case of parton-to-kaon FFs. All results are shown at a scale
of Q2 ¼ 10 GeV2.
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For the nuclear case we can (try) do the same:

๏ EIC pseudo-data 

in e+Au, prepared 

for the EIC YR. 

๏ These are too 

different from the 

low energy data 

used in nFF fits. 

๏ But we can use 

the estimated 

uncertainties.
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With pseudo-data generated with nFFs and the estimated 

uncertainties we quantified the reduction of the uncertainty 

band.

Even the lowest energy is expected to be quite constraining. 

 57/60

NPA 1026, 122447 s ≈ 30 GeV



With pseudo-data generated with nFFs and the estimated 

uncertainties we quantified the reduction of the uncertainty 

band.

Even the lowest energy is expected to be quite constraining. 

For the first time ever we will be able to 

study jets in e+A!
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Summary



๏ The hadronization of partons into hadrons is a complex, non-

perturbative phenomenon of great relevance. One can encode the 

information in universal FFs.  

๏ They can undergo final state effects in the presence of a nuclear 

medium, which might affect the extraction of other in-medium 

partonic densities. 

๏ The main effort for their understanding comes from the HI 

community (QGP+CNM); in SIDIS they are under-explored. 

๏ There are many different approaches and models to describe them; 

all give reasonably *good* descriptions within limitations. 

๏ There is a lot yet to be explored. 
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