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1. Introduction

@ Future linear collider experiment (ILC)
Two-photon process  ete™ — (eTe vy) — eTe™ X

Viewed as a deep-inelastic electron-photon scattering when P? < ?

We can study the structures €
of photon _ . /

e probe
F)(z,Q% P? and F}(z,Q?% P?) gl large Q> = —¢* > 0

Q
2p-q

x = :Bjorken variable

0<zx<1

Deep inelastic

scattering®y — eX

~Q%=¢?><0 :mass squared of the probe tc':zlrget , === I, 3
photon pPf=-p*>0 €

—P?2=p?><0 :mass squared of the target e

photon



F. in Perturbative QCD
Simple parton model

@ For real photon targgt (P2 ~0) P°<@ o o

NN r—
Fy (5,0 = :\@AJrBJrB’{O(%)} =L
(LO) (NLO) Hadronic piece

2 | Point-like contribution
~ In-= Witten (1977) dominates ~ In Q2

OPE+RGE A?
lowest order in o  Bardeen-Buras (1979) Walsh-Zerwas (1973)
—> NNLO extension Moch-Vermaseren-Vogt (2002, 2006)
@ For highly virtual photon target (A? < P? < Q?)

F)(z,Q* P?) = a A+ B+ O(ay) A : QCD scale parameter

1
C“S(Qz)
(LO) (NLO) Uematsu-Walsh (1981,1982)

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

@ NNLO ( aas) extension  Ueda-Uematsu-KS (2007)

Motivated by the calculation of 3-loop anomalous dimensions
Vogt-Moch-Vermaseren (2004,2006) 3127



LO n=4 Q’=30GeV’ P’=1GeV” A=200MeV e _ n=40%=30GeV? P’=1GeV? A=200MeV
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0.6 H__NNLO ) - 0.6 (o @ P) = o [By anCy]
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@ NNLO QCD analysis performed with 3-loop splitting fns. and
2-loop coefficient fns. for massless quarks

@ Here we investigate heavy quark mass and target mass
effects on virtual photon structure fns.
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The heavy quark effects in DIS processes

@ In the case of nucleon target, the heavy quarks are treated
as being absent in the intrinsic parton components but
radiatively generated from the gluon and light quarks

@ For virtual photon target, the heavy quarks are treated in the
same way as light quarks and generated from the photon
target (and also from gluon and light quarks)

@ Heavy quark mass effects for the real
photon case are studied in the literature

@ We study heavy quark mass effects
in the framework of mass-independent
renormalization group method

virtual photon target
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Naive QPM vs. PLUTO & L3 data

@ Effective photon structure function N,
Fgff(x’ Q27 P2) — Fg(ﬂ'), Qz’ P2) + g g(x’ Q2’ P2)
@ Naive QPM
8 structure functions: Wiy, Wer, Wrg, Wss, - - -
Fa(m, Q% P?) = (5 —8)e W — gWrs| + =5z [Wer = 3Wsq
- R . 14+86p
5 = Jl b-q? B Jl (p+q)2 L = In T 35
@ Heavy quark mass threshold effects: =z = . 1 — (p+9)?>4m¥%
1+ of + 5

@ Heavy quark mass inputs:
m. = 1.3 GeV my = 4.2 GeV

@ Box(LO+NLO) graph: all quarks massless, (g—z)k powers are neglected
2

BZI L#(ln%—mnm)

6/27



Y (x, Q°, P?)/at

Naive QPM vs. PLUTO data for F

ne=4, Q°=5GeV?, P?=0.35GeV?, A=0.2GeV, X, ,1,=0.93

1.4

‘QPM(u,d,s, massive-g) - | | 5 |

QPM(u,d,s,c)
1.2 - BOX(LO + NLO) ===i= e
PLUTO data e

precel ' QPM(massive-c) |
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1.5

Fﬂ{eff(xs Q21 P2)/0'~

0.5

Naive QPM vs. L3 data for F;

ne=5, Q°=120GeV?, P°=3.7GeV?, A=0.2GeV, X,4,=0.97

QPM(u,d,s, massive-c,b)
QPM(u,d,s,c, massive-b)
QPM(u,d,s,c,b)
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2. Evolution equations with heavy quark|

n ¢ :number of flavours
Let us consider the case: ny — 1 massless quarks and 1 heavy quark

The evolution equation:
d
d1InQ?

. . 1 q o
7@ ) = [ Lliw.eirr(Le)
Jo Y Y

+ k(x,Q?, P?)

an(manaPz) — (qzaqHaGﬁyaqTNS) o _
Splitting functions

_ : _ S T
[ a, = 4" Singlet quark Py Preu P 0
i=1 I"j — | Prr Pumn Puc 0
ny—1 — | P, Pgu Pgac 0
v 2 4 _ 0 0 0 PNS
{ Adns = ¢ dns Non-singlet quark "
1=1
) i TR Photon-parton splitting function
dns =49 — dy, —
\ ny—1 k = (kLakHakGakNS)
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Splitting functions Py starts from O()

~ ng—1 - ng —1 ~
P;;I = Pgq+ fnf Pj;a Prg = fnf P(}S;Ia Prg = (ny — 1)Peq,
S _ 1 HS D 1 PS D
Py = n—quqa Py = Pyq + Equa Puyc = Py,
PgL — IBan PGH:ijqa PGG:PGGa P;ES:PQQ°
Photon-parton splitting functions
ng—1 ) i i ng—1 i 1 ng—1 3
kp = Z Py, kg =Py,, kg = Pgy, kns= Z e? | Py — 7 P;,
=1 i=1 T =
Mass-independent renormalization group eq.
0 9 8 - (Q* m® _
p=—~4B(9) 5= + Tm(@m-— —(g:;a)| C)| =, —,5(1*),a| =
o dg om ij p2p

Coefficient functions
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The heavy quark mass effects in parton picture and OPE

T m?
F(z,Q*P)=q(yQ* P m*)xC|-,—.9(Q%
622
Photon structure function PDF Coefficient function >

Parton interpretation of twist-2 operators O,, mass dependence

No mass dependence

1

[ daa"'q (@, Q% P2 m?)

Jo e e
:ﬁn@,m( )’g(P2)>TeXpU dgvn(g,a)]

p? 3(Q?) B(g)

where

(V(PY)|On (1) Iy (P?)) = A (’; 2, _;“ ) 52 ))

Perturbatively calculable ! L Mass dependence
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3. Heavy quark mass effects|

@ We compute the deviation arising from heavy quark
mass effects on the photon matrix elements of twist-
2 quark & gluon operators and on the coefficient
fns. up to NLO in QCD

MJ](n,m?) = MJ](n,m? =0)+ AM,)(n,m?)

1
AM] (n, Q% P2,m?) = [ dza""2AF; (z,Q% P?,m?)

e el ()

i=+.NS

+ Y as 1(as(Q2)

i=+,NS aS(P2)

1-loop anomalous dim.

47 = \7'/280
(i = +,NS)

dt+1
) ] + AC™ J + O(as)
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In the massive quark limit
€H : Heavy quark charge

2 2 2 2 ng
AQCD LK Pr<m K Q (62>nf _ Ze?/'nf
=1
We obtain
AAT . = —1200e2, (€2, — (), ) (AAY . /ny)

0o,n
) _ 7 ’ . /\n
AAL = —12B0e} (€ )n, (AAY, /ny)—F

T — AR
ABYe =0, ABL =0, AC"=1280e%,(AAY,/ny)

where

n%+n+2 m? 1 1

AY = 2|- 1
nG/ s n(n + 1)(n + 2) VP2 i n n?2

4 B 4 B n?+n-+2 n 1-‘
—|_(n—|—1)2 (n + 2)2 n(n—l—l)(n—l—Z)Z'J

i=17
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4. Numerical analysis

Y. Kitadono, T. Ueda, T. Uematsu and KS
Prog. Theor. Phys. 121(2009) 054019

We evaluate

Effective photon structure function

(e, @) = (o, P+ (e, Q% P)

up to NLO in QCD and compare with the exisiting exp. data
from PLUTO & L3

Heavy quark mass inputs:
m. = 1.3 GeV (for PLUTO)
mp = 4.2 GeV (for L3)
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NLO QCD prediction vs. PLUTO data

FYo(x, Q°, P9)/a

1.4

1.2

ne=4, Q°=5GeV?, P2=O.35GeV2, A=0.2GeV, X,,=0.93

[

OPE(u,d,s, massive-c)
OPE(u,d,s,c)
QPM(u,d,s, massive-c)
QPM(u,d,s,c) -

BOX(LO + NLO)

PLUTO data
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NLO QCD prediction vs. L3 data

ne=5, Q°=120GeV?, P°=3.7GeV?, A=0.2GeV, X,,=0.97
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1.5 - L3data e [}t .
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5. Target mass effects|

Y. Kitadono, T. Ueda, T. Uematsu and KS
Phys. Rev. D77, 054019 (2008)

Our previous analysis on FJ (=, Q2 P?) up to NNLO
Ueda-Uematsu-KS(07)

@ The power corrections of the form (P*/Q*)" (k=1,2,--)
coming from target mass effects or higher-twist effects are ignored

@ For a real photon (P*=0)  --. no target mass corrections

@ For a virtual photon (P*#0) - - - target mass effects (TME)

@ The maximal value of x e = - +1P_2 e (rg?>0
Q2

@ The structure functions should vanish at TTmax

@ TME have been studied for nucleon structure functions
O. Nachtmann, H. Georgi and H. Politzer, S. Wandzura, H. Kawamura and T. Uematsu, .....

TME for the polarized virtual photon structure functions  H. Baba, T. Uematsu and KS
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Nachtmann Moments

@ OPE at short distance
f d'xe T (Ju(2) ], (0) = (; - “) > (ﬂj) G e, 2 CLaOF

q n=0
( —eve 9 n i )
+ (_.q,u.)\.q!/rrqz + G 4v4o + Goodudn — .q,u.uq)\qa) Z:} (Q_z) iy~ Z C ; n ()?/\ S
@ The photon matrix elements |
DO (D i e, = AL (2, P - ph — trace terms}

= ‘423(/!2 PQ) {pﬂ:l t 'p”“ }n .

-1 totally symmetric traceless tensor

@ Contraction .
Gy G, A" " ) = a"C W ()
Ao
M1, lplu_.“ 9 }_n _ ]_ (] _! _{
- onn—1) | Q? 01

+pp° a.”'_22(_}’_§:,)2 (n) +

Uy QA0 DD a" 202, () + ——a"8C Y, ()

A T 710
T+ DT
P TqP m 1--’1(_1?(.,,'1)3(?;)

Q?
where C{(n)  Gegenbauer polynomials
(1 —2nt +t3)7 ZC,”
1 g o
o= —§PQ N = PO
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Nachtmann Moments

tmaz 1 (343 +Dr+nn+2)r* 0 o
— Jo—gnt Fy(x, Q7. P
JQ"”’ A H :1;5f [ (-n.. + 2) (-n.. -+ 3) 2 (I Q% )

— Z Cg,'n, (Q2 PQ: (])*nr(PQ)

Without TME
1

UM — / dra"*F) (v, Q%, P?)

J 0

@ |nversion of Nachtmann moments

» 5 o 22 o oad s
Fy (x,Q%, P?) = FF(E) — EJHZFH(f) + 12&2?_?(_}(5)
, B 1 cTioo o :U;”
CO = o0 /_x dné {,,(,,_1)}

P2

K= — 1 c+ioo | A L“
Q? H({)= — / LY —
27, c—i0o n
1 e —n—1 57
F(f) - 271 Je—ioo dnf AIJQI,'JL
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Numerical Results (TME)

0.25
2 ~0/2 p2 2 _ 2_. 2 p2_ 2 P
Q°=30GeV~, P"=1GeV", x,,,,=0.968 n=4i Q°=30GeV*, B =1GeV*, X54=0.968
P ~
4 NLO + TME
/ 0.2 NLO + no TME // \
NNLO + TME
LO + no TME / \
// \
/ g 0.15 y
! ‘A
........ o "
,,,, S
----- X
:L-LJ 0.1 //
7
0.05 e e 5t 0 S S
/ \
V] [
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 X Xmax
max

up to NNLO ;) in QCD for massless quarks
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Flol(x, Q°, Pyt

6. Summary |

@ Heavy quark mass effects on the virtual photon structure functions

were investigated in the framework of OPE and the mass-
independent renormalization group method up to NLO ()

@ Heavy quark mass effects appear in the photon matrix elements of
the twist-2 quark & gluon operators and coefficient functions

@ NLO QCD predictions for F.(z,Q* P?) are compared with the
exp. data of PLUTO & L3

2 2 12 2
n=4, Q°=5GeV?, P?=0.35GeV?, A=0.2GeV, X5=0.93 ne=5, Q°=120GeV", P*=3.7GeV", A=0.2GeV, Xpqx=0.97
1.4 : : : : : : : : : : : :
OPE(u,d,s, massive-c) OPE(u,d,s,c, massive-b)
OPE(u,d,s,c) i OPE(u,d,s,c,b) i
1.2 - QPM(u,d,s, massive-g) e 2 - QPM(u,d,s, massive-c,b) -
QPM(u,d.s,c) e QPM(u,d,s,c, massive-b)
L BOX(LO + NLO) =mrmm QPM(u,d,s,c,b)
PLUTO data 3 BOX(LO + NLO) ===
- 1.5+ L3 data
0.8 MR o
LLLLLL L e o7
I e N
0.6 < ‘ L
o F i
{rE R N R R R |
0.4 : i R B NN SOOIV V. GV I R R SR g
..................... 05 : -_'l"“ -
0.2 = QPM(maSS'Vec)
o £ | o . QPM(massive-b)
0 01 02 03 04 05 06 07 08 08 1 0 01 02 03 04 05 06 07 08 09 {1
X
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@ We also analyzed the target mass effects on the virtual photon structure
functions up to NNLO («cv,) for massless quarks

n=4; Q°=30GeV2, P?=1GeV?,

N

ne=4, Q°=30GeV?, PP=1GeV?, X,,=0.968

0.5 1\ NLO + TME

d 0.2 NLO + no TME ===-s«=
NNLO + TME / o

NNLO + NO TME ======= / ________ 1
0.4 Camenntt

)
;“ti /M/ N‘i 015
ol -
o oL
NC; 0.3 r// g
3 — W $
FL?LC/\J
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Future works

@ Heavy quark effects and target mass effects should be
considered together
Y. Kitazono, T. Ueda, T. Uematsu, K.S. in preparation

@ We have only considered the twist-2 operators and
not the higher-twist effects. Hence we have not included
the kinematical threshold effects. So the next subject is
how to take account of these kinematical threshold effects
into the QCD analysis
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 Prediction for F with flavor effects

14 | | | [ [ T T T T
3 massless NLO QCD + ¢ massive
1oL 4 massless NLO QCD |
Q° = 30 GeV?

Nﬁ I p2_0.35 Gev? |
& o8} -
(a]
@]
x 06 r -
L 04 r -

0.2 ¢ -

0

0 01 02 03 04 05 06 0.7 08 09 1
X

when massive quark limit is satisfied

Abop €< P2 < m? < Q?
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QPM calculation of Wt

- , 1
Wrrlem = Wrrlpm——
ﬁf”v
2.4 a2 1 2 .2
_ L{—S% m' 6 {E 2r)2 m
B Q* 33 Q)?
= [(1- BB +3) - 8z {3 - 25° +3}] P
83 | Q?
435 + (222 — 4z + 1) + (8z — 11)5% + 3(22% — 4z + 3)] }
.f 4 2((1—22)2+ (4z — 1)3?| 2
y P {—wﬁm + [ )+ B m
1 — 3232 Q* 32 Q?

1 I _ _ J _ P
T (1= B°)(B* +26°5° — 3) + 8z {°B" — 2(8* +1)5° + 3} a0

o5 [(zdﬂ +1)3° + {207 + 45% — 65 — 5

{45%2 —8(B% + 1)z + 667 + 11} 57 — 3(22% — 4z + 3)] }
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Numerical Plot £ (z, Q% P?)

07  — LO n=4 Q*=30GeV? P*=1GeV? A=200MeV

0.6 | —— NNLO

— r Y 2 2\ A2 | / \ E
< F)(z,Q°,P°) =« + By + a,Cy /
=~ 0.5 L s d
c LO NLO NNLO
£
jﬂ/) r //
S 0.3 —~ — -
m . /
>—\N 7 /%
L
0.2 -~
0.1 //
= 0
] 0 0.2 0.4 0.6 0.8 1
Q X
Y
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