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§  Deep Inelstic Scattering process 

§  Single and double hadron fragmentation functions 

§  Extraction of  hadron multiplicities 

§  Results 

§  Summary and Conclusions 
   
 

  Outline 
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  Deep Inelastic Scattering (DIS) 
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o 	  Relevant	  kinema,cs	  for	  cross	  sec,on	  
	  
Q2 photon virtuality ó resolution at 
which the nucleon is probed 
 
xB long.  momentum fraction of  the 
struck quark in the nucleon 

o  DIS Cross section:  
 Unpolarized   σh    ~ fq(x,Q2)   . Dh

q(z,Q2) 
Polarized    Δσh  ~ Δfq(x,Q2) . Dh

q(z,Q2)     

PDFs	   FFs	  

o  Information on PDFs & FFs can be found in other processes: 
 hadron-hadron collisions, e+e- annihilations, ... 

o  Current knowledge of:  
§  PDFs: well known 
§  FFs: poorly known    

What	  about	  polarized	  PDFs	  Δfq ?	  	  
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Polarized parton distributions Δfq 

Polarized parton distributions are extracted from double  spin asymmetries 

Δs Puzzle  
Inclusive measurements:  Δs < 0  
SIDIS measurements: Δs ≥ 0 However 
depends on 

•  kaon FFs 
•  S(x)  

 
⇒  need more experimental data on 

single hadron multiplicities in Semi-
inclusive Deep Inelastic Scattering    
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Makke Nour Study of the smearing e↵ects

§  A is experimentally measured, q & Dq
h estimated using parametrisations. 

§  Using different Dq
h   Δq remains the same except for strange quarks Δs 
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Fig. 5: Variation of the quark first moments ∆u, ∆u, ∆d, ∆d, ∆s and ∆u−∆d integrated over the interval 0.004<
x < 0.3 as a function of the ratio RSF of s and u quark fragmentation functions into K+. The ratio RUF is varied
linearly from 0.13 at RSF = 6.6 to 0.35 at RSF = 3.4. The left and right black points indicate the values obtained
using the EMC [32] and the DSS [30] kaon fragmentation functions, respectively.

6 Conclusions

Longitudinal spin asymmetries for identified charged pions and kaons in semi-inclusive muon scatter-
ing on a proton target have been measured. The pion data extend the measured region by an order of
magnitude towards small x, while the kaon asymmetries for the proton were measured for the first time.
The new SIDIS asymmetries for the proton were combined with our previous SIDIS asymmetries for the
deuteron and with both proton and deuteron inclusive measurements in order to evaluate the three lightest
flavour quark and antiquark helicity distributions. The resulting ∆u and ∆d distributions are dominant at
medium and high x. The values of the antiquark distributions are small and do not show any significant
variation in the measured range. The ∆u distribution is consistent with zero, while ∆d seems to indicate
a slightly negative behaviour. Accordingly, the flavour asymmetry of the helicity distribution of the sea,
∆u−∆d, is slightly positive, about 1.5 standard deviations from zero. No difference is observed between
the ∆s and ∆s distributions, which are both compatible with zero over the measured x range. The sum of
the flavour-separated first moments, linearly extrapolated to x = 0, is in good agreement with our previ-
ous determination of ∆Σ based on the first moments of the spin structure function gd1(x). The dependence
of the results on the fragmentation functions used was evaluated. Sizable for ∆u and ∆u distributions,
this dependence becomes critical for the ∆s distribution.

DSS	  FF	  EMC	  FF	  

RSF	  =	  Dsbar
K+/Du

K+	  
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Dihadron	  fragmenta,on	  func,ons	  
§  were	  first	  introduced	  in	  the	  late	  1970’s	  to	  study	  the	  hadron	  structure	  of	  jets	  (by	  

Konishi,	  Ukawa	  and	  Veneziano,	  PLB	  78,	  243	  (1978));	  

§  are	  needed	  to	  obtain	  consistent	  result	  for	  two	  hadron	  produc[on	  in	  e+e-‐	  
annihila[on	  at	  NLO	  in	  αS	  pQCD	  (needed	  for	  absorbing	  collinear	  divergence),	  PLB	  
578,	  139	  (2004);	  

§  play	  an	  important	  role	  in	  heavy	  ion	  physics	  (used	  as	  tools	  to	  inves[gate	  the	  in-‐
medium	  effects	  in	  heavy	  ion	  collisions),	  PRL	  99,	  152301	  (2007);	  

§  can	  be	  used	  to	  access	  transversity	  distribu[on	  of	  the	  nucleon	  (h1);	  

q	   h1	  

h2	  

§  Describe	  the	  probabiliy	  that	  a	  quark	  hadronizes	  into	  two	  hadrons	  (plus	  other	  
unobserved	  fragments	  in	  the	  final	  state)	  

q	  à	  h1h2	  X	  :	  	  

	  DiFFs	  are	  needed	  in	  several	  high	  energy	  sca5ering	  processes	  with	  final	  state	  hadrons	  

Dihadron fragmentation functions 
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§  In	  order	  to	  access	  Transversity	  distribu[on	  in	  the	  nucleon	  h1,q	  
	  	  needed	  to	  give	  a	  complete	  partonic	  spin	  structure	  of	  the	  nucleon	  

§  In	  the	  fragmenta[on	  qé	  à	  (h+h-‐)	  X	  (denoted	  by	  Hq),	  there	  exist	  a	  correla[on	  
between	  the	  transverse	  polariza[on	  of	  the	  parton	  (qé)	  and	  the	  orienta[on	  of	  the	  
plane	  given	  by	  the	  momenta	  of	  the	  two	  hadrons	  

•  Semi-‐inclusive	  DIS,	  lp	  -‐>	  l’	  (h+h-‐)X:	  	  access	  to	  hqHq
2h	  via	  spin	  asymmetry	  

•  e+e-‐	  annihila[on,	  e+e-‐	  -‐>	  (h+h)(h+h)X:	  access	  to	  Hq
2hHq

2h	  via	  azimuthal	  
asymmetry	  

	  The	  transversity	  hq	  can	  be	  accessed	  from	  hqHq
2h	  and	  Hq

2hHq
2h	  	  combina8ons	  BUT	  first	  	  

	  unpolarized	  DiFFs	  Dq
2h(z,	  Mh)	  need	  to	  be	  known.	  

Why dihadron fragmentation functions needed 

=>	  Need	  hadron	  pairs	  mul8plici8es	  	  
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	   	  Single	  FF:	  Dq
h(z,Q2)	  

	  
•  Probability	  that	  a	  quark	  (q)	  hadronizes	  into	  

a	  hadron	  (h)	  with	  frac[onal	  energy	  (z)	  

	   	  double	  FF:	  D1,q
2h(z,Mh,Q2)	  

	  
•  Probability	  that	  a	  quark	  (q)	  hadronizes	  into	  

two	  hadrons	  (h1	  &	  h2	  )	  with	  frac[onal	  
energies	  (z1	  &	  z2)	  

•  Carry	  informa[on	  not	  accessible	  to	  single-‐
hadron	  FF	  

•  More	  complex	  o	  study	  and	  to	  measure	  

•  Universal	  and	  non	  perturba,ve	  object	  
•  Sa[sfy	  factoriza,on	  theorem	  	  
•  Sa[sfy	  isospin	  symmetry	  (violated	  as	  

shown	  by	  recent	  analyses)	  
•  Sa[sfy	  charge	  conjuga,on	  

•  Sa[sfy	  momentum	  conserva[on	   •  	  DO	  NOT	  sa[sfy	  momentum	  conserva[on	  

Properties of  single and double fragmentation functions 

Both	  single	  and	  double	  FFs	  	  poorly	  known,	  need	  more	  experimental	  data	  	  for	  global	  fits	  
In	  par8cular	  hadron	  mul8plici8es	  from	  SIDIS	  
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Why hadron multiplicities 

Assuming Quark Parton Model, Leading Order 

§  Gives	  access	  to	  non-‐perturba[ve	  and	  universal	  objects	  that	  enter	  cross	  
sec[ons	  of	  different	  processes	  (pp	  collisions,	  SIDIS,…):	  
PDFs	  and	  FFs	  
	  

§  Disentangle	  quarks	  &	  an[quarks	  	  
§  Allows	  flavor/charge	  separa[on	  	  
§  Provides	  inputs	  to	  global	  analysis	  
   

PDFs	   FFs	  
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The COMPASS Experiment 
Common Muon and Proton Apparatus for Structure and Spectroscopy 

SM1	  

SM2	  

Polarized	  	  
target	  

RICH	  

• 	  Fixed	  target	  experiment	  @	  CERN	  
• 	  Secondary	  polarized	  μ	  beam	  from	  SPS	  
• 	  Tracking,	  PID	  

2004	  Data	  set:	  
160	  GeV/c	  μ+	  beam	  
Deuteron	  (6LiD)	  target	  
	  

π-‐K	  separa[on	  in	  the	  
range	  3	  <	  P	  <	  50	  [GeV/c]	  
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Experimental definition of  hadron multiplicities 

§  Hadron multiplicity is the averaged number of  hadrons per deep 
inelastic scattering event: 

§  Selected kinematic domain: 
•  Q2 > 1 [GeV/c]2 
•     0.1 < y < 0.9  
•     W > 7 GeV   
•     4.10-3 < x < 0.7 

§  Hadron candidate cuts: 
•  0.2 < z < 0.85 
•  P > 10 GeV/c for kaons and P > 3 GeV/c for pions 

§  Final statistics collected with only 25% of  2004 data 

=	  
DIS	  events	  yields	  
	  

hadron	  yields	  
	  

N(DIS)	   N(π+)	   N(π-‐)	   N(K+)	   N(K-‐)	  

5.3	  106	   106	   9.5	  105	   ˜	  2.105	   ˜	  1.3	  105	  
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Kinematical distributions of  selected DIS events 
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§  Acceptance of  the apparatus: 

Ø   Estimated by producing large MC sample (~ 107 DIS events) and 
COMPASS tuning of  fragmentation parameters in LUND string model 

Ø  DIS events generated using LEPTO with kinematic cuts  
 Q2>0.7 (GeV/c)2, 0.05 < y < 0.95, W > 0 GeV/c 

Ø   Estimated in 2 dimensions (x,z) and (Q2,z) for charge separated pions, 
kaons and unidentified hadrons 

Ø  Defined in kinematic bin i [ (xi, xi+1), (Q2
i,Q2

i+1) ] 

§  Radiative corrections  
 < 15% for x < 0.01 and negligeable for x > 0.01 

From raw multiplicities to final hadron multiplicities 
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Monte Carlo description of  data for DIS variables  
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Good decscription of  data by Monte Carlo for inclusive variables 
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MC 
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Monte Carlo description of  data for SIDIS variables  
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Good decscription of  data by Monte Carlo for semi-inclusive variables, 
thanks  to COMPASS tuning for fragmentation (M. Stolarski talk) 

Data 
MC 

MC	  simula,on	  used	  only	  for	  acceptance	  es,ma,on	  

z	   P	  (GeV/c)	   PT	  
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Comparison with predictions : 2D (x,z) multiplicities 
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§ 	  Large	  devia[ons	  of	  K±	  
mul[pici[es	  wrt	  LO	  
predic[ons	  	  

•  Model	  uncertainty	  	  
•  Unknown	  s(x)	  ?	  
•  Missing	  higher	  

orders	  ?	  
•  COMPASS	  data	  

favors	  different	  
FFs	  than	  DSS	  

LO LO 

§  	  π±	  mul[plici[es	  in	  
good	  agreement	  
with	  LO	  predic[ons	  
up	  to	  z<0.65	  

	  

syst.	  Uncertain[es:	  	  MC:	  ~	  1%	  (2%)	  for	  π	  (K)	  for	  x	  <	  0.15	  
	   	  	   	  	  	  	  	  	  	  	  Par[cle	  iden[fica[on	  5%(	  10%)	  for	  π	  (K)	  	  for	  0.01	  <	  x	  <	  0.15	  
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Results : 2D (Q2,z) Multiplicities for π± 
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§  Strongest	  Q2	  dependence	  	  for	  nega[ve	  than	  for	  posi[ve	  pions	  
§  Reasonnably	  described	  by	  LO	  theore[cal	  calcula[ons	  

Q2	  (GeV/c)2	   Q2	  (GeV/c)2	  
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Results : 2D (Q2,z) Multiplicities for K±  
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§  	  NOT	  described	  by	  LO	  theore[cal	  calcula[ons	  
§  Kaon	  data	  show	  tendence	  for	  small	  strange	  contribu[ons	  
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Results : 2D (z,Q2) Multiplicities for π± & K±  
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§  Distribu,ons	  	  

needed	  for	  
global	  QCD	  
analysis	  of	  single	  	  
FFs	  

§  Strongest	  Q2	  
dependence	  for	  
nega,ve	  hadrons	  
at	  high	  z	  and	  Q2	  

§  Similar	  effect	  
observed	  for	  
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Results:  1D z multiplicities for π± & K± 
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§  Systematic effects cancel in the ratio Mπ+/Mπ-   

§  gives access to ratio of  fragmentation functions  Du
π+/Dd

π+ 

§  Wide kinematic domain covered by COMPASS 

Ratio of  pion multiplicities (Mπ+/Mπ-)  versus x  
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Summary and conclusions 

§  π± and  K±  multiplicities as a function of  (x,z) and (Q2,z) from μ-d DIS 
measured at COMPASS 

§  π  multiplicities described by LO calculations, kaon multiplicities disagree 
with predictions. 

§  Data can significantly contribute to knowledge of  the hadronization 
process and useful: 
•  for direct LO extraction of  quark fragmentation functions 

•  pion: results consistent with existing measurements (EMC,..) 
•  Kaon: ongoing 
 

•  for direct LO extraction of  unpolarized s(x) from kaon’s multiplicities 
 

• To test LO assumption of  factorization 

•  to be included in global QCD analyses of  single hadron FFs 
 
§  Measurements of  hadron pair multiplicities ongoing 

§  Measurement of  single hadron multiplicities from μ-p DIS on the list. 


