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Introduction & Motivation

@ Deep-inelastic electron-nucleon scattering

= Fy(z,Q?), Fr(z,Q?) Nucleon structure functions
Q? :Bjorken variable :mass squared of the
T = —Q*=¢*<0 probe photon

2p-q 0<z<1

= ¢'(z,Q%, G(z,Q%

Parton distribution functions (PDFs) -
inside a nucleon

» necessary for the analysis of semi-inclusive
reactions

- factorization-scheme dependent
target

Some assumptions made to extract PDFs from data N DISeN —

Rather difficult to see the features of factorization schemes

eX
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Introduction & Motivation

@ Future linear collider experiment (e.g. ILC)

Two-photon process ete — (€+6_’w) —ete X
Viewed as a deep-inelastic electron-photon scattering
We can study the structures ¢
of photon . /
Y (x Q2 P2) € > probe
— 2 g large @* = —¢* > 0

F}(z,Q% P?)
@ Highly virtual photon target

Deep inelastic
(A? < P?2 < Q?)

pQCD gives definite predictions target ___ 77 4
for P*=—p*>0 e”
o FJ(z,Q* P?) FJ(z,Q% P? ot
« pdf in the virtual photon =
- ‘mass squared of the target
a4(z,Q* P%), G"(z,Q*,P?), qxs(z,Q* P?) —P*=p <0 T °

* A good playground to see the scheme-dependence of pdf ,
/26




F in Perturbative QCD

@ For highly virtual photon target (A? < P? < Q?)

A : QCD scale parameter

- 1 - N R
F@Q,P)=a &'S{QE]A_I_B""&S(QE}C :
(LO) (NLO) (NNLO) (Uematsu’ talk)

Hadronic piece can also be dealt with perturbatively
Definite prediction of F.' | its shape and magnitude, is possible

LO, NLO Uematsu-Walsh (1981,1982)
NNLO Ueda-Uematsu-Sasaki (OPE+RG method)

Physical Review D75, 114009 (2007)
hep-ph/0703296

Motivated by the calculation of 3-loop anomalous dimensions
Vogt-Moch-Vermaseren (2004,2006) 3/26



QCD-improved Parton

¢ (z,Q? P?) :Quark DF with £ hel

Model Approach

icity of the virtual photon ( —17%)

G (x. QE: pz) : Gluon DF with =+ helicity

'“.r' 2 2 - . j: .
' (z,Q% P?) - Photon DF with = helicity

@ Unpolarized PDFs

1 1 1 —1 ) —1
¢ = Sl +T++T] @
@ InLO in QED coupling a = /4 :

@ Singlet quark DF: @ = > q

@ Non-singlet quark DF: INs = Z ; (

1. | 1 N
j[G:r + G| [ = E[FJF + 1]
(2, Q2 P?) = 6(1 - )

Photon DF does not evolve

i

. 1 -
q ny ds
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QCD-improved Parton Model Approach

Parton distribution functions in the virtual photon

7" =(q".17), q =(q5G",qys)
Factorization: B
Fl=7"® Cz: C,=(Cy,Cy,), Cy = (Cy5,Co,Cons)
DGLAP evolution equation
dq’ (z,Q?, P?)
dIn Q2

= k(x,Q%) + [xl %yq‘-"(y.-Qz,Pz) X P(%:Qz)

k(z,Q*) :Splitting fn. of photon into quark and gluon
P(%;QZ) :Splitting fn. of quark and gluon

P2 (2,Q%) Peq(z,Q?) 0
P(Z:Qz) — qu(Z;QZ) ng(z, QE) 0
0 0 PNS(Z, QE)

qq
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QCD-improved Parton Model Approach

1
@ Taking moments: f(ﬂ):/rEI dxz" " f()
dQ(”QZPZ) ~ 2 2 2
Thgr— = Fm@)+ (@7 PP, @)
@ Expanding in powers of ¢,
9172
k(Q°) = 2Wk“”+ ?S?z) “}+%[aséfz)] k@
2v72
P(Q*) = éfz)PL°}+ [—aséfz)] PL”+[ (Qz)] p@
dag(Q%) (@) o (Q%) a,(Q%)*
mZ g P (4m)? s (mp
: 2 a(P?Y)
@ Introducing tzgln%@g)
dq (t) 27, (o) n B
th - QW{Q KO [k(J I'Dk( J]
+q (r){PLO}Jr ;’—;[P(” %P‘iﬂ
&3 2 B pa Lo By [ 0 3
o e S {( 5—0)**’”]“*‘(“)}
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QCD-improved Parton Model Approach

Solution to DGLAP evolution eq.
q (1) =q"t) + V() + ()
Initial conditions (factorization scheme dependent)

¢"0(0) =0 (o) = LA, @(0) = 22 4o

Aqr Ar A

. s . P . 3 )
(40) | 040) | 1P o = g AL + 27 )A?(B}} i = 5,G,NS

finite photon matrix element

Splitting functions <= anomalous dimensions

PO _ _i:fﬂﬂj P — _%ﬁ?f?l) p2 — _%ﬁzj
0 _ leo o _lpo o 1gpe
4 n 1 8 n o ? 16 L

When parameters calculated in MS scheme are used, we obtain PDFs
in the virtual photon up to NNLO in MS scheme
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QCD-improved Parton Model Approach

a SOlUtiOn q,l(z)(t)/[i”ag@z)}

873y 4

R () st (- 4)

o
’(0)(1‘)/[ ]: Mz KPSy pr ! {1—[QS(Q2)T+ } pral e 1-dr PP P 1-dr
83y o () Tl 4 dn (P ’ (0) - T
) Q) S a,(P?) K,ig[z T 1d L s oF 1o |

Prapn 1

70 |55 ] = {K“) ZP”E 2R 2 () KOV N T E

Pn (1) P 1 K(O)Z Pn “(U Py f\(U pr 1
! - ! b ml " B n n T n
*K()Zmﬁ Q-JUAEI)ZR} @ =N T B+ N =) 1=
7 1] T i
B Prapr 1 1
2y7 4 (1) ! n (1) _K® n
x{l—[ﬂs(Q )} } e Z‘D e Z 26 + AP — AF 1—dp Ky Z‘Di 1—dp

(%) =) pr
P

el pr B Lodr +230A”Z 23' o 7250A”‘12P"a“ 265, A7 ZP,”}
{K(O)Z R i 2K Z P } o + A A ;

Ml+dr G Cltdr L
x{l,[ (@) l}
S(P)

x{l [aS(QZ)T”} :
- 5P2 (0 B m (1 PHAUPH 1-d
o, (P?) { J( )ZP Ku Zﬁﬂi

+ A AR d’n

+ 28,AW |
n {1 n ~(1) pn (1) pn

+K<mﬂlzu, KO3 R RE R 1

" By e 2By + AT — AP 2d0+/\"7)\”)(2j9+/\”7>\”) ar

Pr 3 UPn 1
,K(l) P K(l} oty m T
"B Z + Z 2080+ A7 — AT d”

Pn = (UPn (Qz) an
. (1) In (1)1 B n gn s B
26, Al § BTN X + 25,40 § Prd; { [aﬁ(Pz)] }

o (P 0@ P pn @
*{KDJ(J)ZR 2 Kﬂou B savay

0

. 2 2 ¢ M P n 30 pr n_gn
4(n, @7, P7) = (1,2) component RS T e T e e

ql(n,Q* P*) = (1,1) component

N

P A A( JP;z 1

4 s(n, Q*, P?) = (1,3) component DY mm
0 Py P”A pr a,(Q?)d+1
+K ’Z (260 + A7 — )\“)(4do+;?7>\}j) 1+1d;1}{1* [as(%)]d }

+263,A2) " 8/26




Moment Sum Rule for F)

@ Since F=7"9C,

/O dz 2" *Fy (z,Q%, P?) for even n
Ca U] odn [ (ae@\
47 20, { as(Q?) zi:ﬁi [1 <as(P2)) NLO (@)
. g QZ di’ . o QZ di+1 .
T (@) e e ()|

ey fi- (223)

-G s
) o))
NNLO (aas)
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Moment Sum Rule for F)

1
7 0
NLO 1)
Py Pl 1 0)B11—d}
n _ _ 10 j e |C) N K(O)PnC( i
./47, Kn Z )\n )\n + 25 2,n dn 2, nﬁ d:b
J
+K£1)Pincéofr1di - 250An1)PinC§?fr)L
nA(l) n
B — KO Z AL RO
@ AT — A”+26 211+ dp
+ K<°>PT’LC§1) L gpag@ O 4

,nm n 11 Y2n 50 1+ d;”
" = 260(C35) + A - Cy)

’n 7n
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Moment Sum Rule for F)

NNLO

- - T A(IJ T
f'}% ,n"_'}Q 1 , d? on (0) pn (1) Jl (0) PJ’ In R (1) 1
n R W S g = _K©OprC K () L
K P an ( _32 "}O 1 — d?) (l 9 ) i 2713 dn b Z /\;1 _/\? —|—ng Z,nd?
prspr Bl —d 1 J
(1) pre(D) - (0) pr (0) |
Z X"J — /\n + 2 -}0 -}0 dn +Kn P], CQ,n d:; + Kn Pz 2.n JQ (1 )
1’1" i 2 (J) T F
Z D '” r C()_l(l dj +d) _K(UJZ b I CEO}.-‘j_ll_di
/\n /\n 44 '}O 2,n 3 1 — (]_T’ )\n /\n + QJ “2n :30 di:
Py p; 1 prapr 3
K ’ cy) K© L o]
* Z)\”—)\”+4? 2] (n THn Z/\” AP 4260 7" B
Z PnA Pjn A,n pPr Cém 1 —K(DJ Z P?‘,}T(ll}P.nﬁ, 1)P£.1 C(O}i
(AT = AP+ 200) (A = AT +46) T = df — A7+ 280)(AF — AT +28)  2"dy
PnAn Pn 1 PHA(”PR
FKOPO T 4 i35 O g _KWprc®P | g T o L
'3 Z A /\ + 2 '}[} — dz 2,n JD + Z )\n A? + 2'&0 2n d?
1 Pnjn ry 0) pratl) p
K PHCQ n + 2 '}(]A Z o o Cé,n —9 ;{(J) i F:'n ] 0(0} 23 _‘E(I}Pnc\t(o '3 dn
T—dr N\ + 2/, BoA] Z)\”—)\”+23 o+ 200 AL Cy
o
250 AP PrCY) jod” 26,A2 PrCy’) —96,AW Pncéli j
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Moment Sum Rule for FY)

NNLO

1 By d? .

no_ K(D}Pnc(g) K[O}Pjﬂ (1) -1 i n— 24 G.f{'z

F 2, nl dﬂ n i 2n g 30 1 4 dﬂ g D( 2n
PrA (1 1

Pl'm ; (1)

KW § j !
" AT — A28 21+ dy
B By 1\ dv

KOprcl (2L -2 *
N ,35 Bol+dr) 2
‘11 1 T Fs T

i

(0) P
—K. Z A — ,\; + 260 "Byl +dr

71,.._.(1} i ™o 1
KO R T
~ A — X"+ 453 "fo  1+d]

( Prin P o 1
+K L]
Z)\“ A2+ 413, 2n] 4 dr
TS, ) n*, } T
_|_K{UJ Z P;' F}n R'J‘ PIL C{UJ
m L (O = X5+ 260) (A7 — X+ 4/0)

'+ AY -l + AP - o)
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Factorization-scheme independent combinations

@ Since is the moments of F} are physically measurable quantities,

each term, ‘A7, -+, G | is factorization-scheme (FS) independent

@ In the NS sector, the following combinations are FS independent

Comb.I :

Comb.II :

Comb.III :
Comb.IV :

Comb.V :

Comb.VI :

Kys" + Oy WK™ + o WA 0%
(1)n

C;:;S{I}Jr ;}9 ; <= Bardeen-Buras (1979)
0

C_m-"* 5(1) A_vsl[l} _

~(2),n f"#r.S'{l} ~(1);n f"fs;z} ~(0),n 1, NS(2)_(0)n
Kyg + G5 Kys + G, Kys Cﬂ INS

" NS(1)_(1).n NS(1) nrvsu} / NS(2)
+OpNSW,Wn y op [C N _ g

, T

~2)5m

J T ]_ N 2 r
Con @ + BDCWS“} E{Cé"f{ﬂ + Ejﬂ , = Nucleon structure func

C;"NS{E} _i_A_'\. 5(1) C‘E'VSU} —I—ANS{E:' ?
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e

PDFs in MS scheme

= s Colis = ¢ls®Calas + CFlars

— {2 cP)

_|_{q”x(1}

:> q":"[']:'

- 0 ¥ — 1 )
s ® C.'( '+ O g C{ J‘W} :> q" }|MS

2 < ¥ 1} 7(0) o 2) v(2 T 7=
+{q ﬂ”mv‘i@c{ '+ g Yz @ s+ a7 ¢ C5 ‘MS} |:> QI{ }|MS

In the expression of FY |

put C“}|M’S = C[Z}Hfs =0 and CJlzps=0

cP =(1,0,0) = Qs
o =(0,1,00 = Gy

c =0,01) = ¢
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x qlis / 3nd(eh~e??](a/n)In(Q%/P?)

Non-singlet quark

1.6

—h
N

1.2

0.8

0.6

0.4

0.2

PDFs in MS scheme

(MS)

!

LO
LO+NLO

LO+NLO+NNLO ——

n=4 Q?=100GeV? P?=3GeV? A=200MeV
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Singlet quark

x q% / 3n(e?)(a/n)In(Q%/P?)

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

PDFs in MS scheme

!

LO
LO+NLO

LO+NLO+NNLO ——

n=4 Q°=100GeV? P?=3GeV? A=200MeV (MS)
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Gluon

x 9% / 3nge?)(ov/m)In(Q3/P?)

0.5

0.4

0.3

0.2

0.1

PDFs in MS scheme

n=4 Q°=100GeV® P?=3GeV? A=200MeV (MS)

LO
LO+NLO

|LO+NLO+NNLO ——
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Factorization scheme dependence

@ Scheme-dependent PDFs T

ot

w

MS = scheme g

Fé‘-'. — ﬁ}'ﬁ." I:E ﬁ; _ ?HTZ& I:E Z;].Er‘-'
R N
scheme ?,}. |ﬂ 6,}_ |ﬂ

independent

a = DIS scheme Altarelli-Ellis-Martinelli(1978)

F5 is given by the naive parton model expression to all orders
(hadronic coefficient functions are the same as the tree level)

a = DIS, scheme Gluck-Reya-Vogt (1992)

Photonic coefficient function in NLO becomes negative and
divergent for z — 1 | Itis included into quark PDFs.
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PDFs in DIS scheme

@ |n DIS scheme, the coefficient fns are those at the tree level

Colpis = €3 = ((¢%),0,1)

\"".r'
pis + O3 g

' F) = q"|pis@Cy
= ¢4|pis (€%) + qxslois + CF

MS
@ In the expression of Fy, put C3lys=0 and
c® = (1,0,0) Cé”ﬁ@(céls)M—s,C%M—s,O) Cé”%@(cé?M—s,C%M—s,O)
—) q¢|prs
cy” =(0,0,1) €5 (0,0,C{Renrs) 57 — (0,0, CiY exrs)
—> dyslprs
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PDFs in DIS scheme

n=4 Q°=100GeV® P°=3GeV® A=200MeV (DIS)

1.6 I T I I I
LO

1.4 - {LO+NLO —_— .
LO+NLO+NNLO ——

1.2

x g% / 3n(e®)(o/m)In(Q%/P?)
o
(00}

0.6 ]
04 | -
02 |} . . =4 o2=1(|30caev2 |°2=|3caev2 A=200MeV (MS)
V ol |I8mio —
0 i I 1 1 1 1 LO+NLO+NNLO ——
0 0.2 0.4 0.6 0.8 17
1L
X
Singlet quark g °°
& 06}
2 oal
v @[ AT ) g 4 9s(@F) o) e *
7= 4m as(Q2) " I am an ° 02 04 06 08 1
(NLO) (NNLO) .
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PDFs in DIs, scheme

In DIS, scheme, photon coefficient fn is absorbed into
quark distribution fns, sothat  C3|pis, = 0

Expressing ¢"Yips, and ¢'|pis, as
qﬁf{l)|DIS¢ — qﬂl”m"'—éq?{l”[ﬂ&-

q":"[z)hjl&F — q":’[z}|m + 5q"f{zj |DIS«\I.-
Then we get
@ (1 +( — (0
E@(”m = 0q"Wps, @ CY”
Qs (2 o (0) L s o - 0
(4w)20§( s = 09 P|ois, @ CY +5¢"V|pis, @ CYlars
_ _ 2 v,(1) .
cy¥ =(1,0,0), c§’ =0, c‘;*-sm_,.cgnmx% = & s,
(-
(0) (1) 2) (2) @ (G (e*)
o = 1,00, e = =0, 3 — (e - 0 E ) ]

= 7l
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PDFs in DIS, scheme

n=4 Q°=100GeV? P°=

3GeV® A=200MeV (DIS.)

T

LO
0.8 [ |{LO+NLO —
_ LO+NLO+NNLO ——
Q06
©
T 04
33
2 o2f
©
s 0f
T .02}
X
04 |
-06 “ ! ' ' !
0 0.2 0.4 0.6 0.8 1
X e
Singlet quark :
2 =
o= 2| T 0 oy %@ e s
dr [ os(Q?%) 7" K dr " g
(NLO)  (NNLO)

0.8 |

0.6 |

04

0.2

n=4 Q?=100GeV? P?=3GeV? A=200MeV (MS)

- |LO+NLO —_—

LO

LO+NLO+NNLO ——

0.2 0.4 0.6 0.8 1
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PDFs in D1s, scheme

n=4 Q°=100GeV? P?=3GeV?

A=200MeV (DIS,)

1.5 L0
NLO
NNLO e
LO+NLO S
1 |LO+NLO+NNLO ——

x q& / 3n(e®)(ov/m)In(Q?/P?)

(
4

X
forx — 1
3
yo) 3 —1 2O o3
5 X I - ) 9
8
C]g(z)msW X 5
qzv(l)m x 2[— In(1 — )|
q}(l)msw x —2[—In(1 — z)]

x 9% / 3n(e®)o/m)In(

05

Singlet quark

o o (Q%)
v(0) v(1) | Ss\w )
[aS(Q2)qn +qn + 47_‘_

(NNLO)

qg(2)

(NLO)

n=4 Q=100GeV? P?=3GeV? A=200MeV (MS)

LO

NLO
NNLO
LO+NLO
LO+NLO+NNLO ——

0.2 0.4 0.6 0.8 1
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PDFs in DIs, scheme

Large n behavior <= Behaviorat = —1

!
K(O),n -~ l C;(Ti) ~ —% — In(1 — x)
NS n
In3n
n In®n C7') ~ ——— = (1 - x)
NS n
K Om In*n
NS n
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x g / 3n(e®)(a/n)In(Q%/P?)

Summary

PDFs (quark and gluon) in the virtual photon were investigated
up to NNLO (v, ) in the kinematical region A < P? < Q°

. . n=4 Q?=100GeV? P?=3GeV? A=200MeV (MS)
1.6 T T T T
PDFs were studied in MS | =
"1 IBiNtomnL0 —— |
+ +
DIS and DIS, schemes —y
o
g 1
Scheme dependences appear 5
2 o8}
at large © § s
T 04t
02|
- O I 1 1 1 1 1
Slnglet quark 0 0.2 0.4 0.6 0.8 1
X
=4 Q°=100GeV? P°=3GeV® A=200MeV (DIS
n=4 Q?-~100GeV? P?-3GeV2 A=200MeV (DIS,) 16 = - o - —_
1 - . : , i LO
T 14 | |LO+NLO —
ol 1Enio — _ LO+NLO+NNLO ——
LO+NLO+NNLO —— b 12}
06 | G
£ 1F
I ®
0.4 N/§< 0s |
02} )
S o6
°T T o4l
x
02t
02}
04 | . — ;
0 0.2 0.4 0.6 0.8 1

-0.6 -
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Summary

@ Gluon distribution

n=4 Q°=100GeV? P?=3GeV? A=200MeV (MS)

0.5 [
LO
LO+NLO —_—
0.4 || [LO+NLO+NNLO —— |
N"\ .
Q
[aV]
g
,—E 03} y
3
N/\
Q
= 02 r ]
o
>0
O
x 01 L : .
0 | 1 1 ——— = |
0 0.2 04 0.6 0.8 1
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