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SUMMARY OF THE PHOTON STRUCTUREFUNCTIONS � MEASUREMENTS AT LEP�M. Przyby
ie«University of Mining and MetallurgyAl. Mi
kiewi
za 30, 30-059 Cra
ow, Polande-mail: Mariusz.Przyby
ien�ifj.edu.pl(Re
eived June 16, 2002)The present status of the photon stru
ture fun
tions measurements atLEP is dis
ussed. The short introdu
tion to the kinemati
s and theoreti
alframework of the stru
ture fun
tions measurements at LEP is given �rst.Then follow presentations of the most important measurements, rangingfrom the QED photon stru
ture fun
tion, through the hadroni
 stru
turefun
tions of real and virtual photons, and at the end the �rst measurementof the ele
tron stru
ture fun
tion is shown.PACS numbers: 13.65.+i 1. Introdu
tionThe photon as the gauge boson of the quantum ele
trodynami
s (QED)mediates the ele
tromagneti
 intera
tions between 
harged obje
ts. In theseintera
tions it 
an be regarded as a stru
tureless obje
t, and is 
alled dire
t.However due to the un
ertainty prin
iple, the photon 
an �u
tuate into apair of fermion�antifermion system 
arrying the same quantum numbers asthe photon. If during su
h a �u
tuation, one of the fermions intera
ts withanother obje
t, then the stru
ture of the photon is revealed, and the photonis 
alled resolved. The stru
ture of resolved photons is further subdividedinto a part whi
h is perturbatively 
al
ulable (
alled point-like) and the partwhere the photon �u
tuates into a hadroni
 system (
alled hadron-like).At LEP, the stru
ture of the photon is studied in the intera
tions ofele
trons and positrons1 pro
eeding via the ex
hange of two photons, one ofthem being almost real and the other virtual. Su
h a pro
ess is s
hemat-i
ally shown in Fig. 1(a). It 
an be regarded as deep inelasti
 s
attering� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.1 For 
on
iseness, positrons are also referred to as ele
trons.(2959)
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tron o� the quasi-real target photon, and is experimentally iden-ti�ed by tagging the s
attered ele
tron in the dete
tor. The variables inparentheses are the four-ve
tors of the parti
les shown in the diagram. Theusual kinemati
al variables are de�ned in the following. The virtualitiesof the probe and target photons are given by Q2 and P 2, respe
tively:Q2 � �q2 = �(k � k0)2 > 0; and P 2 � �p2 = �(l � l0)2 � 0: The 
enter ofmass energy of the e+e� system is given by s = (k + l)2 and the invariantmass squared of the two photon system reads W 2 = (q + p)2. The usualBjorken variables are: ye = l � q=l � k, x = Q2=2q � p, z = Q2=2q � l , where xis 
al
ulated with respe
t to the target photon. However, the same pro
ess
an be also interpreted as a deep inelasti
 s
attering of the ele
tron o� thetarget ele
tron (see Fig. 1(b). In that 
ase the Bjorken s
aling variable is
alled z and 
al
ulated with respe
t to the target ele
tron.
Fig. 1. Deep inelasti
 s
attering of the ele
tron o� the quasi-real photon (a) ando� the target ele
tron (b).The kinemati
 variables are experimentally measured using the energy,E, and the polar angle, �, of the s
attered ele
tron. Only the measurementof x is based in addition on the measurement of W . As the signi�
ant partof the hadroni
 system is missing in the beam pipe, the measurement ofW and 
onsequently of x is mu
h less pre
ise than the measurement of z.Following formulas are used to 
al
ulate the kinemati
 variables:Q2 = 2EEb(1� 
os �) ; ye = 1� EEb 
os2 �2 ; x = Q2Q2 +W 2 ; z = Q2yes :The 
ross se
tion for the pro
ess shown in Fig. 1(a) 
an be expressed interms of photon stru
ture fun
tions as follows:d4�eedxdQ2dzdP 2 = 2��2x2Q4 ��1+(1�ye)2�F 
2 (x;Q2)�y2eF 
L(x;Q2)� f̂ e
(z=x; P 2) ;where f̂ e
(y; P 2) = �2� 1P 2 h1+(1�y)2y � 2ym2eP 2 i is the �ux of quasi-real photonsof transverse polarization in the ele
tron and the P 2 dependen
e of the
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ture fun
tions has been negle
ted. Treating the target photon as realis an approximation, be
ause in fa
t it is always o�-shell. Integrating the�ux over P 2 and z we arrive at the standard DIS formula for e
 s
attering:d2�e
dxdQ2 = 2��2xQ4 ��1 + (1� ye)2�F 
2 (x;Q2)� y2eF 
L(x;Q2)� :On the other hand the 
ross se
tion for the pro
ess shown in Fig. 1(b) 
anbe immediately expressed in terms of the ele
tron stru
ture fun
tions [1℄:d2�eedzdQ2 = 2��2zQ4 ��1 + (1� ye)2�F e2 (z;Q2)� y2eF eL(z;Q2)� :The photon stru
ture fun
tion, F 
2 (x;Q2), and the ele
tron stru
ture fun
-tion, F e2 (x;Q2), are related via the following integral equation:F e2 (z;Q2) � 1Zz dx P 2maxZP 2min( zx ) dP 2 zx2F 
2 (x;Q2; P 2)f̂ e
(z=x; P 2) :2. MeasurementsA re
ent 
olle
tion of results 
on
erning the photon stru
ture fun
tionmeasurements at LEP 
an be found e.g. in [2℄. Here only a brief a

ount ofthe newest results is presented.The QED photon stru
ture fun
tion, F 
2;QED, has been measured at LEPin a broad range of photon virtualities 1:4 < hQ2i < 130 GeV2 using the�+�� �nal state. A summary of the LEP measurements together with re-sults from the previous experiments is shown in Fig. 2. In the plot theevolution of F 
2;QED as a fun
tion of Q2 is shown for di�erent average valuesof x. A very good agreement between predi
tions and the measurements isobserved.The measurements of the hadroni
 photon stru
ture fun
tion F 
2 havebeen re
ently extended to higher values of Q2. In Fig. 3(a) the measure-ments of F 
2 =� as a fun
tion of x performed by OPAL [3℄ and DELPHI [4℄experiments are shown. The Q2 evolution has been studied in a broad rangeof photon virtualities (Fig. 3(b)). As predi
ted by QCD, the data showpositive s
aling violations in F 
2 with F 
2 =� = (0:08 � 0:02+0:05�0:03 + (0:13 �0:01+0:01�0:01 lnQ2, where Q2 is in GeV2 and for the 
entral x region 0.1�0.6.
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2;QED as a fun
tion ofQ2. The 
urves are the QED predi
tionsfor P 2 = 0 and the data have been 
orre
ted for the non-zero P 2 e�e
t.
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FitDELPHI prel. (TWOGAM) (0.3 < x > 0.8)Fig. 3. (a) The measured F 
2 =� in fun
tion of x for an average hQ2i = 780 GeV2
ompared to LO predi
tions; (b) The evolution of F 
2 =� as a fun
tion of Q2 for the
entral region 0:1 < x < 0:6.The 
harm produ
tion 
ross se
tion �(e+e� ! e+e�
�
X) shown inFig. 4(a) and the 
harm stru
ture fun
tion of the photon F 
2;
 shown inFig. 4(b) have been measured from the 
ross se
tion for D? produ
tion [5℄.The data are 
ompared to the LO and NLO 
al
ulations. The band forthe NLO 
al
ulation indi
ates the theoreti
al error from un
ertainties inthe 
harm quark mass and renormalization and fa
torization s
ales. Forx > 0:1 the perturbative QCD 
al
ulation at NLO order agrees perfe
tlywith the measurement. For x < 0:1 the point-like 
omponent lies below thedata. Subtra
ting the NLO point-like predi
tion a measured value for thehadron-like part of 0:154 � 0:059 � 0:029 is obtained.
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Fig. 4. (a) The 
ross se
tion for �(e+e� ! e+e�
�
X) with 5 < Q2 < 100 GeV2;(b) Charm stru
ture fun
tion of the photon F 
2;
(x;Q2)=� at Q2 = 20 GeV2.The only result on the stru
ture fun
tion of virtual photons 
omes fromL3 [6℄. The average virtualities of the measurement are hQ2i = 120 GeV2and hQ2i = 3:7 GeV2. In Fig. 5(a),(b) the P 2 and Q2 evolution of F ee� ofthe L3 result together with previous measurement from PLUTO are shown.
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Fig. 5. E�e
tive stru
ture fun
tion (F 
e� = F 
2 + 23F 
L) of virtual photons: (a) theP 2 dependen
e of F 
e� ; (b) the Q2 dependen
e of F 
e� from PLUTO and L3. TheQPM predi
tion is 
onsistent in shape with the data, but its value is too low.Re
ently the �rst measurement of the ele
tron stru
ture fun
tion F e2 hasbeen presented by DELPHI Collaboration [7℄. The preliminary results areshown in Fig. 6.
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uts shown in the plot. That means that the averagehQ2i is di�erent in ea
h bin of z. Out of all presented models the GRV LO, SaSand P 2 dependent SaS parameterizations follow the data, whereas GRV H0 andLAC1 are disfavored. REFERENCES[1℄ W. Sªomi«ski, J. Szwed, Eur. Phys. J. C22, 123 (2001); Phys. Lett. B387,861 (1996).[2℄ R. Nisius, Phys. Rep. 332, 165 (2000); http://www.mppmu.mpg.de/�nisius/[3℄ OPAL Collaboration, G. Abbiendi et al., Phys. Lett. B533, 207 (2002).[4℄ I. Tyapkin, Study of the hadroni
 photon stru
ture fun
tion, presented atPHOTON2001, As
ona, Switzerland.[5℄ OPAL Collaboration, G. Abbiendi et al.,hep-ex/0206021.[6℄ F.C. Erné (L3 Collaboration), Nu
l. Phys. B (Pro
. Suppl.) 82, 19 (2000).[7℄ DELPHI Collaboration, Measurement of the ele
tron stru
ture fun
tion at Z0peak, DELPHI Note 2002-015-PHYS-917.


