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We discuss possible experiments which allow determination of the valence and strange-sea quark spin distributions in the 
nucleon through measurement of various asymmetries m semi-inclusive polarised deep-inelastic muon-proton (deuteron) scat- 
terlng ~t + p (d) --, !a + n + (~t - ) + X We estimate the order of magnitude of these effects using various phenomenologacal models of 
the quark structure functions In the nucleon 

Smce the first results of  the measurement  of  asymmetry  m the mclustve deep inelastic m u o n - p r o t o n  scattering 
has been pubhshed by the EMC col laborauon [ 1 ], there has been a widespread interest in both theoret ical  
in terpre ta t ion of  these data  [ 2 - 8 ]  and m other  posstble exper iments  which may provtde us with a d d m o n a l  
mformataon about  quark and gluon hehcaty dts tnbutaons m the nucleon [9,10].  These experaments may help to 
d ,s tmgulsh experamentally between various QCD-msp t red  models  of  nucleon structure In this note we poin t  
out  that  the semi-reclusive channels like la+ p ( d ) - - I x +  rc + ( r e - ) +  X can also provade amportant  anformat~on, 
namely the valence and the strange sea spin dastrxbutxons AuV(x),  Ad~(x)  and As (x )  m the proton [ 1 1 ] 

Let us consider  first the number  o f n  + ( n - )  part icles N ~+ (N ~- ) produced an a given b m  o f x  Bjorken and z 
variable (z as the fraction of  the vartual gamma energy taken by the p lon)  an the configuratmn where the wr tua l  
photon  and target pro ton  heho t l e s  are antaparallel (1" ~ ) or parallel  (1"1"). The s tandard  par ton model  cons~der- 
a tmns [ 12 ] gave, up to a constant  factor. 

N ~  ~4u+ (x)D~+ (z )  + ~a+ ( x ) D ~  + ( z )  + ~d+ ( x ) D ~  + ( z )  + ~d+ (x )D~  + (z )  

1 + ~s+ ( x ) D ~  + ( z )  + ~g+ (x )D~  + ( z )  , ( l a )  
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How good it is Strangeness, pt dependence

Close & Milner, Phys.Rev. 1992

Popular saying: New is well-forgotten old
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Nh
""("#) is the number of hadrons produced in a given x(xBj), z
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 for parallel (antiparallel) helicities of colliding lepton and the target:
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D’s are hadron fragmentation functions integrated over pt, which do not depend 
on the quark helicity due to parity conservation

For h= π+, π-, there are three fragmentation functions only which also depend on Q2

1 The valence quark polarization

Leading hadrons in the quark jets remember quantum numbers of the parent quark. Hence,

the leading hadrons can be used to perform flavor separation in various deep inelastic pro-

cesses. The general idea was formulated in the early days of the parton model. Here we

will address the practical question how to maximize the useful signal in extracting polarized

parton densities from semi-inclusive processes.

The EMC spin data stimulated us to apply the procedure we suggested in Ref.[1] for the

study of the valence quark shadowing
⇣

VA
VN

⌘
for the investigation of spin e↵ects[2]. At about

the same time, a di↵erent procedure was suggested by Close and Milner[3].

Let us denote as Nh
""("#) the number of hadrons produced in a given x(xBj), z
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bin for parallel (antiparallel) helicities of colliding muon and the target:
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We consider here hadron fragmentation functions integrated over pt, which do not depend

on the quark helicity: Dh
q+(z) = Dh

q�(z) due to the parity conservation. For h = ⇡+, ⇡�,

there are three fragmentation functions only:
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Now we note that for particular combinations of the quantities defined above, namely
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the sea contribution cancels, and we are left finally with
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where qv ⌘ q � q.

The sum of eq. (4) gives a quantity well known experimentally in terms of unpolarized

valence quark distributions in the proton, i.e.,
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while the di↵erence contains information about polarized valence quark distributions:
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where �uv and �dv are the di↵erences of the valence quark distributions with helicity parallel

and antiparallel to the helicity of the proton. Moreover, in the ratio

Ap(x) =
N⇡+�⇡�
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the fragmentation functions cancel, so Ap(x) is expressed by the ratio of polarized to unpo-

larized valence quark distributions in the proton

Ap(x) =
4�uv(x)��dv(x)

4uv(x)� dv(x)
. (7)
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not sensitive to quark long. polarization

contains information about polarized valence quark distributions

4



A

p(x, z) =
N

⇡+�⇡�

"# �N

⇡+�⇡�

""

N

⇡+�⇡�

"# +N

⇡+�⇡�

""
Asymmetry

A

p(x, z) =
4�u

v(x)��d

v(x)

4uv(x)� d

v(x)
.

should be z -independent ➜ provides self consistency  test =  accuracy of 
the leading twist for fragmentation.

depolarization ~ 10% due to D-wave

Most of experimental studies used multiplicities rather than inclusive cross sections 
- more difficult to perform self consistency check  
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Other final states probing valence quark polarization 

Consider two fastest charged pions with z1, z2 > 0.2. 
 My guess is  that

D⇡�+⇡�

d (z)/D⇡�+⇡�

u (z) � D⇡�

d (z)/D⇡�

u (z) where z = z1 + z2

worth exploring other two particle channels  - data exist but to my 
knowledge were never analyzed
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Sea polarization
Challenging  as effect is likely to be small 

Combining inclusive and semi inclusive possible but errors are likely to be very large

Close  & Milner 1992
Asymmetry of the  K-   production multiplicity, Ap➞ K- (z)

for large z where fragmentation of bar u, and s  to K-  should dominate

DK�

s (z)/DK�

u (z) = 1/R ' 1/0.3 |z!1

?

Since
s/u  1

2
(for Q2 ⇠ fewGeV

2) A

p/K�
(x, z)measures u+ �s(�  0.3)

large uncertainties in multivariable analyses (HERMES) - previous talks

However fragmentation functions to kaons are poorly known

Additional serious problem - possible evidence for late onset of the scaling 
behavior for fragmentation to leading kaons
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Another idea (FMRSSS89) for strange sea measurement - use 
fragmentation to h=π+ + π- (π0 or φ) 

in all these cases only two fragmentation functions - 

Another idea[2] is to study the multiplicities of charged pions, i.e., ⇡+ or ⇡� produced

o↵ the polarized nucleon, for di↵erent target polarizations. As previously, we assume that

the quark fragmentation functions are helicity-independent. Furthermore, in the considered

channel we may use isospin and charge conjugation symmetry to obtain relations

D(⇡++⇡�)
u (z) = D

(⇡++⇡�)
u (z) = D

(⇡++⇡�)
d (z) = D
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(⇡++⇡�)
s (z) ⌘ Ds(z). (12b)

Using the introduced notation one obtains
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, (13b)

where �T
"#("") is the muon-proton deep inelastic cross section for the configuration with the

virtual photon and target helicities antiparallel (parallel).

In what follows, instead of q+(x) and q�(x), we introduce the standard quark distribution

functions q(x) and �q(x):

q(x) ⌘ q+(x) + q�(x), �q(x) ⌘ q+(x)� q�(x), (14)

so

q±(x) ⌘
1

2
[q(x)±�q(x)]. (15)

Upon cancellation of the identical terms one obtains

n("#),("")(x, z) = D(z) +
[Ds(z)�D(z)][s(x)±�s(x)]

18F p
1 (x)[1± Ap

1(x)]
, (16)

7
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7

here q(u,d,s)  is short hand for q + q

q(x) ⌘ q+(x) + q�(x), �q(x) ⌘ q+(x)� q�(x)
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n

("#),("")(x, z) = D(z) +
[Ds(z)�D(z)][s(x)±�s(x)]

18F p
1 (x)[1±A

p
1(x)]

A

p
1(x) inclusive asymmetry 

F

p
1 (x) spin independent structure function of the proton
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For large z 
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s (z) ⌧ D⇡++⇡�
(z)

D⇡0

s (z) ⌧ D⇡0

(z)

D�
s (z) � D�(z)

certain advantages for  π0 
(π0 +η) channel as compared 
to charged pions

opposite sign of the effect for
 pions and φ-mesons
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Using spin averaged multiplicities we can also write 

n

"#(x, )� n

""(x, z) = [n"#(x, z) + n

""(x, z)� 2D(z)]

✓
�s(x)�A

p
1(x)s(x)

s(x)�A

p
1(x)�s(x)

◆

Studies of Δs are difficult but not hopeless. In some sense easier than studies of s.  
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Open questions

Precocious scaling for fragmentation if no (practically)  antibaryons is produced 
for W < 4 (6) GeV. Baryons migrate from target fragmentation to current 
fragmentation.

M. Arneodo et aL / Quark distribution function 5 5 1  
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F i g .  3.  T h e  x u , ( x )  distributions extracted from the experimental data. (a) From the pion and proton 
data ~r.p (XU,. ). ( b )  From the kaon data (xu~). (c)  Weighted average of vu,g "p and xu~. The errors shown 

are the statistical errors. The curve is the xu, . (x)  parameterisation of ref. [21] .  

factors A h's. The fitted values of the A h's are 

7 r  ~7 'rr A -  D u ( z ) - D u ( z d z = 0 . 3 8 2 _ + 0 . 0 3 1 ,  

L l AP= [ D u P ( z ) - D P ( z ) ] d z = O . 0 4 7 + _ O . O l l ,  

- Du t : ) ]  d z  = 0 . 1 2 2  + 0 . 0 2 3 .  

As discussed earlier, the above moments are estimated using forward going hadrons 
(x  F > 0) only. 

The XUv(X ) distributions obtained from the pion and proton data (xu~'P) and 
independently from the kaon data (xu K v ), are shown in fig. 3a, b and the weighted 
average of these two distributions is given in fig. 3c. The curve is the XUv(X) 
parameterisation of ref. [21] evaluated at Q 2 =  20 GeV 2 using the averaged valence 
quark densities and the CHARM gluon density. The measured XUv(X ) distributions 
are also listed in table 2. 

The errors are the statistical errors of the hydrogen data. The errors of the A h's 
lead to additional errors, not shown in the figures, which are about 12% for xu'~'P 
and about 20% for xu~. The normalisation error on F2(x ) introduces the systematic 
normalisation error on XUv(X ) equal to about 5%. 

To estimate the systematic error due to the assumption D p = D p an analogous 
analysis with the assumption D~ p = 2D p was performed [15] and the results were 
compared to those presented in fig. 3. The assumption D p = 2Dd p leads to values of 

EMC data including extrapolation Charge sum rule for u-quark 
roughly OK

�⇡ +�p +�K = 0.551± 0.04

Baryon Charge sum rule bad 

�B < �p ⇥ 2⇥ (1 + �s)
2 < 0.2

neutrons
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Ratios of the u quark fragmentation functions into kaons (protons antiprotons) and 
pions vs. the energy fraction. The errors shown are the statistical errors.
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the framework of the Lund model to the ratio 7.,/7u characterising the relative 
probability for the creation of a strange quark antiquark pair in the colour field. 
The ratios presented are consistent with YJYu = 0.3, the value reported in one of our 
previous analyses [11]. 

The ratios DuP/D~ + and v '~ D u / D  u are shown in fig. 8. These results demonstrate a 
similar trend to that observed in our previous muon nucleon experiment [8], where 
at high Bjorken x (x > 0.2) and for z > 0.4 the ratio of protons to all positive 
hadrons ( p / h  +) exceeds about twice the ratio of antiprotons to all negative hadrons 
( ~ / h ) .  This observation was found to disagree with models where it is assumed 
that the production of proton-ant iproton pairs proceeds exclusively through a 
mechanism of diquark-antidiquark creation. It agrees however with a model [23] in 
which the baryon and antibaryon do not have to be neighbours in rapidity, the 
probability to produce a meson between them being defined by an extra parameter. 

5. Conclusions 

Using the distributions of identified charged hadrons produced in the deep 
inelastic muon scattering on hydrogen and deuterium targets, we have applied a new 
method to extract the scaled-momentum distribution function of the u valence 
quark in the proton, x u v ( x  ). This distribution is obtained at Q2=  20 GeV 2, the 
average Q2 value for the data. The agreement of this result with the distribution 
functions measured in the inclusive muon-nucleon and neutrino-nucleon scattering 
experiments provides an additional support for the quark-par ton model. 

baryons are important
 in quark fragmentation

strangeness suppression,
 λs is rather mild
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 λs(EMC) ~ 0.4  >>  λs(HERMES) ~ 0.16

from fit using PYTHIA ??

Does λs appears to increases with hardness of the process? 
(perhaps also W- see next slides)

Corrections to factorize form for semi inclusive DIS  are probably large/significant in a wide 
energy range. Perhaps “optimal” choices of variables / lack of dynamics range mask them.  

z =
Ph
+

P �⇤
+

vs z =
Eh

⌫

Example: Taking spectrum ~ (1-z)2, for x=1/3, Q2= 2GeV2  difference is 20%
15
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Fragmentation and pt broadening. Open questions - of relevance for 
transverse spin asymmetries.   

Will illustrate using EMC data: 
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in Fig. 9, where <p2> of hadrons  p roduced  at W 2 
> 150 GeV 2 is plot ted versus z 2. Model  1 shows again 
the best description, but  the t rend of  the da ta  to reach 
a plateau or  eventually decrease at high z 2 is no t  repro-  
duced. 

Summar iz ing  our  compar i sons  to Monte  Carlo  mod-  
els it can be said, that  only the older L u n d  4.3 model  
(model 1), which includes contr ibut ions  due to soft gluon 
radiation,  is able to describe bo th  the z and  p2 behaviour  
of  the data. 

4.3 Charge multiplicity ratios 

In  this Sect. we compare  ratios of  charge multiplicities 
for #-scattering f rom protons ,  deuterons  and neutrons.  
The derivat ion of  the charged had ron  p roduc t ion  rates 
f rom neut rons  was performed using (2). Figure 10 shows 
the ratio of  the integrated charge multiplicities for m u o n  
scattering from protons,  deuterons  and neut rons  versus 

Weak increase with Q2 - pQCD? 

Strong  increase with W2 - pQCD????        Effect of larger phase volume ?
17
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in Fig. 9, where <p2> of hadrons  p roduced  at W 2 
> 150 GeV 2 is plot ted versus z 2. Model  1 shows again 
the best description, but  the t rend of  the da ta  to reach 
a plateau or  eventually decrease at high z 2 is no t  repro-  
duced. 

Summar iz ing  our  compar i sons  to Monte  Carlo  mod-  
els it can be said, that  only the older L u n d  4.3 model  
(model 1), which includes contr ibut ions  due to soft gluon 
radiation,  is able to describe bo th  the z and  p2 behaviour  
of  the data. 

4.3 Charge multiplicity ratios 

In  this Sect. we compare  ratios of  charge multiplicities 
for #-scattering f rom protons ,  deuterons  and neutrons.  
The derivat ion of  the charged had ron  p roduc t ion  rates 
f rom neut rons  was performed using (2). Figure 10 shows 
the ratio of  the integrated charge multiplicities for m u o n  
scattering from protons,  deuterons  and neut rons  versus 

The rise was seen 
before EMC:
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(model 1), which includes contr ibut ions  due to soft gluon 
radiation,  is able to describe bo th  the z and  p2 behaviour  
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4.3 Charge multiplicity ratios 

In  this Sect. we compare  ratios of  charge multiplicities 
for #-scattering f rom protons ,  deuterons  and neutrons.  
The derivat ion of  the charged had ron  p roduc t ion  rates 
f rom neut rons  was performed using (2). Figure 10 shows 
the ratio of  the integrated charge multiplicities for m u o n  
scattering from protons,  deuterons  and neut rons  versus 

Parton model:

< p

2
t >=< p

2
t (q ! h) > + < kt(primordial)2 > z

2

pQCD including
 soft interactions 
of knocked out parton:

(< kt(primordial)2 > + < kt(soft)
2
>)z2

< p2t >=< p2t (q ! h) > +

< p2t (q ! h)(z) >

drops at large z due to suppression 
of the gluon radiation
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Is broadening seems too large for primordial kt effect grows  with W 
(decrease of x). Sea quarks have  larger <kt >. EMC : correlations in rapidity between 
leading hadron and hadrons in the target fragmentation would be different- probably 
wrong argument as the second parton is also at smallish x. Good check would be to 
compare pt distributions for channels dominated by valence quarks and by sea 
quarks.

Coulomb exchange effect? Elastic rescattering. Could increase with W.

Could increase with decrease of x - larger longitudinal distances

need effect >> than pt broadening in pA scattering where 

�p2t (A ⇠ 200) ⇠ 0.1GeV 2

while the gluon thickness 3 times larger

need to check what hadrons and at what rapidities balance 
pt  of leading hadron. ( sum rule Σ pt= -pt forward)
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Conclusions

More attention is necessary to accuracy LT for fragmentation. 

For strange  sea - channels with smallest systematics  are should 
be investigated -  π0  , φ. 

Probably the biggest challenge is transverse momentum 
dependence on W.

Comment on experiments with polarized  nuclear targets. 
If one wants to use 3He, one needs in parallel experiments with 7Li,...


