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1. Introduction and Motivation

Why photon structure Is interesting?

e Provides a good probe to study QCD dynamics In
perturbation theory

e In the future linear collider (ILC) two-photon-
process In the new kinematical region studied

e Unpolarized virtual photon structure functions
studied up to NNLO in QCD for massless quarks

e Here we Investigate heavy quark mass effects
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Virtual-Photon Kinematics

> ‘Probe Photon’
. . 2 2 Q
: Bjorken variable q=-Q<0 &

Q2
Ir = Q
2p-q >
Q? = —qg? > 0 : Mass squared of probe photon y..“uulunn

< 400000000000000%
&

P2 — _p2 > 0 : Mass squared of target photon 100000000000000€
In the kinematic region: e'(e) Pzz-Pz%
J . > “Target Photon’

A< PP Q?
e*e~collision
structure fns. 3 and Fy

~ & QCD interactions
gi and g3

perturbatively calculable !
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NNLO QCD analysis of virtual photon structure
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— NLO — NLO
06 Ho NNLO J-oe F g /A 0.6 F E = d\
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K. Sasaki, T. Ueda and TU, Phys. Rev.D75 (2007) 114009
e NNLO QCD analysis performed with 3-loop splitting fns. and
2-loop coefficient fns. for massless quarks ; PDFs also studied

. . Eur.Phys.J.C62(2009)467
- Target mass effects studied to NNLO in QCD =1-Phs-J-£62(2009)
Y. Kitadono, K. Sasaki, T. Ueda and TU, Phys. Rev.D77 (2008)054019
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The heavy quark effects in DIS processes

Any difference? Nucleon vs. Photon

e In the case of nucleon target the heavy quarks
are treated as radiatively generated from the
gluon and light quarks

e For the virtual photon target, the heavy quarks
are treated in the same way as light quarks

radiatively generated from the photon target

 We study heavy quark mass effects in the
framework of mass-independent renormalization
group method
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e Heavy quark mass effects for the real photon case are
studied in the literature

M. Gluck, E. Reya & A. Vogt; F. Cornet, P. Jankowski & M. Krawczyk, ...

e Here we treat the heavy quarks on the same footing as the
light quarks except for the initial condition: evolution starts
at u’=p” for light quarks, at u2=m2 for heavy quarks

heavy quark

2.2
n=m

e’(e)

virtual photon target virtual photon target
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2. Evolution equations

A

n ¢ ¢ number of flavours

Let us consider the case: ny — 1 massless quarks and 1 heavy quark
: : q;}, izlﬁ"'anf_l qngqFYH
The evolution equation:

-1

d dy . T =
0@ QNP = [ L.t PYPE.QY) +Ew, Q%)
9" = (dis> 9rs G5 dins) Splitting function
nyg—1 S
[ aq? . = 7 light singlet quark Pog Pur FPor 0
9Ls ; % g dgietd p = Pru Pom FPgu 0
- Prc Puneg PFPcc 0

ny—1
dins = Y €1qins light non-singlet quark
1=1

Photon-parton splitting function

0 0 0 PNS
qq

Gins = @ — ——a} e
\ LNS i nf_]- LS k — (kLSj ng ij kLNS)
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Splitting functions

~ ny —1 - ng —1 - ~
S f S f S
qu = Pyq + qu’ Prn = qu, Pre = (ny —1)Pye.
'n,f 'n,f
PEIL — Pchﬂ PHH—qu—I_ P(‘]Sqa PHG—Pan
'nf nf
PS, = Pgqs P = Pgy, Pcc = Pca, P;ZS = Pyq
Photon-parton splitting functions
ng—1 nyg—1 1 nyg—1
krs = Z Piy, kn = Py, kg = Pgy, kLNs = Z e; | Py — n Z Pj
=1 =1 ny— j=1
Mass-independent renormalization group eq.
Q2 m2

Cgr, (ﬁa Fag(ﬁ’?)aa) =0

Coefficient functions

o 0 o
g+ (@) 5+ (g — (g, )]

(¥
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The heavy quark mass effects in parton picture and OPE

r m?
F (@.Q" P = 7 (0. Q* Pm?) @ & (2. 7 50"
Photon structure function PDF Coefficient function D

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

No mass dependence

1
/ drz" 7" (2, Q%, P, m?) V4
JO
. —2( p2 .g(P?) "
_ i (Lm ( ),g(P2)> T exp [/ dg” (9&)]
/g

P2 7(Q2) B(g)
where
(V(P?)|Gn (1) Y (P?)) = A, (’; 2, (f ) G ))

Perturbatively calculable ! L depend
mass dependence
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3. Heavy quark effects on structure function

e \We compute the deviation arising from heavy
guark mass effects (HQE) on the photon matrix
elements of twist-2 quark & gluon operators and
corresponding coefficient functions to NLO QCD

M3 (n,m?) = M) (n,m? =0)+ AM](n,m?)
1
AM(n, Q% P*,m?) = [ dva™ *AF] (2,Q? P, m?)
Jo

di*71 1-loop anomalous dim.
o 1 QS(Q2) '
SELE . AA” |1 — n_ yn
| DL () | e
L 1= ? L= ?

oy \ AP 41 |
+ Y aBr|i- (QS(Q )) ] L ACT | + O(a)
i=+,NS

o (P?)
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Master formula

1 Oés(Q2)
Mg(n,Qz,Pz) = /0 d$F3($3Q2aP2) " as(P?)

a 1

_ 47 n o d?—{—l n B d?
= r 250 [as(Qz)Zi:ci(l r )+Z:Ai(1 7

+Br(1 — rdE L) 4 cn] 1+ O(a)

FQ’(:::,Q2, P2) — Fg(maQ2aP2)|massless + AFg(m,Q2,P2)

AF) = (e))1Aq] s + €2, Aql, Heavy quark mass effect
8 ~ n
AM;(n)/&TBO = 28o((e?*) — e%)AA’;‘I(l - rd¢)
(0),n — A"
28 (e?) —AA7 (1 —riT)
Xj'_ — A"
Ty = N
AN dam™
in T —2fB0(e?) == —AAL (1 —1r"")
AAY = Ge?HAAnG/nf A" — AT H
+280e2, AAY,
RADCOR09/10/27/ Heavy quark mass effects on the virtual photon structure in QCD 12/28

Tsuneo Uematsu



In the massive quark limit

ng

Aep K PP m? € Q> (€n, =) ei/ng

1=1
We obtain er :Heavy quark charge
AAT . = —1280e2,(e2, — (e2)n,)(AAY /1))
0,1
5 ,7 ’ _ A'n,
AAL = —12f0e; (%), (AAL G /np) S—F
T -z
ABY. =0, AB. =0, AC"=1280e%(AAY,/ny)
where
- n®4+n+2 m? 1 1
AAY /n; = 2|— tn In — + — — —
nn+1)(n+2) P2 n n?
4 4 n?+n+2 |
+ 2 2 Z )
(n+1) (n + 2) n(n + 1)(n + 2) el
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Numerical analysis

Y. Kitadono, K. Sasaki, T. Ueda and TU,

Prog. Theor. Phys. 121 (2009)054019
We now evaluate

Effective photon structure function

3
Flx(2,Q°,P?) = Fj(2,Q" P + SF](x,Q* P?)

and compare the exisisting exp. data from PLUTO & L3

Heavy quark mass inputs

m. = 1.3GeV (for PLUTO)
mpy = 4.2GeV  (for L3)
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: Y
Heavy flavor effects vs. experimental data for
1 3 massless NLO QCD + ¢ massive 3 4 massless NLO QCD + b massive
4 massless NLO QCD - ) ) 5 massless NLO QCD -
08} Q?=5GeV? PLUTO data ® 25| Q° =120GeV L3data m
: . P? =37 GeV?
3 P? = 0.35 GeV? 2 L
o 06 ND‘.
G G 15} "
3% 04T % 1
T o i . 1
0.2 ¥ 3 05| j—-"’"'d—ﬂ,{ ™
: Fp = F3 + D F] I A
° 0 OI.1 OI.2 OI.3 0.4 0.5 0.6 0.7 d.B OI.9 1 ° 0 OI.‘I 0‘.2 OI.3 OI.4 OI.5 DI.6 DI.7 OI.B OI.Q 1
X X
OCD prediction vs. PLUTO data QCD prediction vs. L3 data
n=4, Q°=5GeV?, P?=0.35GeV?, A=0.2GeV
T OPE(uds, massve ) == In the massive quark limit
r2f OPE(uds.c) 1
I - Adep € PP < m? € Q7
s F PLUTO data
& o R Heavy quark mass
2 s E == threshold effects
T (N i, N illustrated by PM
A \ _ :
%o 02 0.0 06 03 N—l__ PM Box Lmax = 1+ 4m2
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Theoretical prediction for F with flavor effects

ni=4, Q°=30GeV?, P?=0.35GeV?, A=0.2GeV
1.4

T T T T T T T 1 .6 L I I I 1 I
3 massless NLO QCD + ¢ massive OPE(u,d,s, massive-c)
4 massless NLO QCD - 14 L OPE(u,d,s,c) i
1.2 - i QPM(u,d,s, massive-¢) e
Q’=30GeV? 1oL QPM(uU,d,8,C) e
= P? = 0.35 GeV? 2 4L e,
% o8t e | =
G T 08
d = ‘ e
\% 0-6 i >I::ﬂ§ 0.6 [~ T T \ “\‘ ‘\..‘ ‘‘‘‘‘‘ ey
L 04+ 0.4 g R
- 1 mnassive- 1
02 kL 0.2 [y . | \
0 ' ' ' ' ' ' ' ' ' 0(; (;1 052 or (;4 05 06 0;7 08 09 /1
0 01 02 03 04 05 06 07 08 09 1 ' ' / ' x ' ' T '
X
mn‘lax

2 2 2 2
Q = 30GeT_V P —_0°_35G‘_3V_ parton model box contribution with
For which massive quark limit satisfied heavy charm threshold effects

Adcp € P2 < m? € Q?

The general case for which P2 and m? are of same order is now under investigation
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4. Parton distributions

q;;Y (z2=1,.-- s Ny — 1) light quarks (massless)

qFYH (ql ; — qﬁYH ) heavy quark (massive)
decomposition

‘ (TY — (qua qfYHa GFY: quS)

’Tlf—
[ dis = Z a; light singlet quark
ny—1
< dins = Z e2qi e light non-singlet quark
(2ins = 4 qr.
ng — 1
. G gluon
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one-loop anomalous dim. matrix

(0),m (0)9'"'
[ Yy 0 ey 0
0 (0),n (0 n 0
’Y
~(0) P 1,;:
Tn ng—1_(0),n (0),n (0 n 0
ny TG ’Y«pG
\ 0 0 o [+
diagonalization AT = O
~(0 _ n l ,n ,TL ,TL ,TL , T2
W= > AR ar= b a0 -8 )
1=1,+,—,LNS .
L Ains = Yon™ eigenvalues
projection operators
1 - olo 0 0 010
ot " 0O 0 010
ny—1 ny—1 n
pr=| " n 0|0 Pins =10 0 0o
0 0 01]0
nyg—1 0,n n 1 o,n n o,n
TN f — ,T n 1 n )T
pr=—— | T Oy m AP arlue SAR) ey O
AL — )‘1 _':?"Yw,g ng ’Yqbg VGG — ’\2 0
0 0 0 0
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Deviation due to the heavy quark mass effects

light singlet quark

Agjs(n)/ 8:50

heavy quark

87

8’Tl'ﬁo

Aqy(n)/
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—1 - n
280 " AAT (1 — 1)
ny
(0)9'"' n
1 — A - n
1y 2507‘”?1 ——AAY(1—r%)
(0),n n
ny =l Ty — A\ 5 ar
— 2B —t——TAAR (1 — r?%)
nf /\_ — A+
280l T AAT (1 — %)
nf
0
— AAT (1 — rd+
y B ST 1 ( )
I N
— 2 AAT (1 —ro=
y Bo ) 11 ( )
+280AAY, AAT, = 6e2,AAY, /n;
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gluon

0,n
AG™ (n)/ o — 2o a Ay { Syt 4 TS
87 Bo D n o An
Aqrns(n)/ o 60 =0 <4ummmm no correction !

light non-singlet quark

A}i}} = ﬁe%AﬁiG/nf

In the massive quark limit: Adep € P2 < m? € Q?
~ n?+4+n+2 m? 1 1
AAY /n; = 2|— Tt o, +--—
n(n + 1)(n + 2) P2 n?
4 4 n?4+n+2 s 1-|
+ 2 2 Z N
(n + 1) m+2)2 nnm+1)(n+2) jzng
AB} = 0, ABZ =0, AB!=2AB}/n;=0.
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Numerical analysis

without HQE (massless with HQE (massive)
3‘ I 7 3
: - I.'I T | T T T ]
qs / ¥ - i
i / dar.s
25 1 4¢ / 25 H aqf
i Q_N'S j{l q:G ,."II.I
. 21 / 2 4 9LNs T / ]
= [ ny=4 / E ng=4 /
s VS P—ao 2 / = 15—
5 QT HGeV / S Q* =5 GeV? /
1 [ =035 Gev — 1 [~ =0,35GeV2 .
i - d m, =13 GeV /
0.5 s : )
) '______.--' -—t B e - 0.5 ] -
0 bome b et : 0 T R T I
0 0.2 0.4 0.6 0.8 1 0 02 0.4 06 0.8 ]
i
.

PDFs for the massless quarks (MSbar) PDFs for the massive ¢ quark (MSbar)
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PDFs for the heavy quark (DISgamma) n=4, P%=0.35GeV?, A=0.2GeV, m.=1.3GeV

2 p2 _— :
a3 (z, Q%, P?) without HQE (massless)
--------- with HQE (massive)
Q%=5GeV? Q%=30GeV?
06 T T . 1.2 T T T
05 1
2 \
N;? 04 0.8 S—
~C
O 03 06
3 9 T R T i \ ] - \
T 02 - 0.4 '.
= / \ / u
X 0.1 0.2 —F - 1.11 III
00 0.1 02 03 04 0.5 06 0.7 D.é 09 1 UU 0.1 02 0.3 04 0.5 0.6 07 0.8 09 1
X X
RADCORO09/10/27/ Heavy quark mass effects on the virtual photon structure in QCD 22/28

Tsuneo Uematsu



PDFs for the gluon (DISgamma) n=4, P?=0.35GeV?, A=0.2GeV, m =1.3GeV

——  without HQE (massless)

G" (z, Q% P?) _ _
--------- with HQE (massive)
Q%=5GeV/? Q%=30GeV?
08 . 1.2 | v v
|
0.7 p-—— ||
\ 1 \
EE 0.6 ", 'ﬂﬂ
N: 0.5 I'.\ 0.8 p--5
o 04 - 0.6 e \
C \
3_<: 03 04 h
TD 02
< \\\R 02 <] e -
0.1 e e T e S
0 = T . _ e T——— — 0 - T -
0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1 0 0.1 02 03 04 05 06 07 08 09
X X
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PDFs for the LS and LNS quark (DISgamma)

a1 s(z, Q% P?)

0.9 r r
Lé(mass!ess:
5 oz b LS{mass!\re) E—
— :
—
(&
o
ke
>
—
b
w
—
x 0 i H H i
0 01 02 03 04 05 06 07 08 089 1
X
L%{massiess} —
S 14 LS(massive) ----- 4
~ !
—_
Nn- .......................................
ke
>
~—
?‘ .........
w
1
D‘ ......................
x
0 ] I 1 ] i ]
0 0.1 0.2 03 04 0.5 06 0.7 08 09 1

X
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0.12

0.1 p—-—o

0.06 b i

Xq, ns' (X, Q% P%)o

——  without HQE (massless)

with HQE (massive)
n=4, P?=0.35GeV?, A=0.2GeV, m=1.3GeV

quS (z, Q?, P2)

LNS[ma ssle 55) "
LNS(massive)

0

0.08 e PP T i s i T

e e e L G a2\

0.02 /

0 0.1 02 03 04 05 06 07 08 08

X

1

02 LNS(massless) -
LNS(massive) -----
0.15 b LI T
e \
o1} L N R .l
0.05 / - 'Q2=3OGeV2 \
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0 01 02 03 04 05 06 07 08 09

X

1
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Initial condition t=0

Bo . as(Q?)
(j’Y(n,O) — (Oa qH(n)a 0, O)
such that 2 au(P?)
ahy(t = tm) = 0. " B " an(m)
Note that Q* =P = t=0

Q2:m2<::>tm:0

We can reproduce the deviation if

A a ~n
g (n) = -AAY holds

o ~ 81 ~
OH 2—p2 = — AT} |massless —AAY
Note  (v(P)|O, (1) V(P lu2=p> = | —Afjlmassiess + —AAY
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Moment sum rule of polarized structure fn.

1 st moment of g7 (=, Q*, P?)
| 3a mn¥f
[ dngl(@.Q* P = — 223" et + O(au)
/0 T =1
HQE for the coefficient fn. )
Tf—
C™=1 + AC™T! = —12B(ny ety — ef) = —1280 Y €]
=1
since AC™=! =12fpey

Heavy quark decouples from the sum rule as

ng—1

1 3o
[ dagl(@.Q* P = =22 3" el + O(a)
/0 1=1
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5. Summary and outlook

e The heavy quark mass effects investigated in the
framework of parton model/operator product
expansion based on the mass-independent
renormalization group

e Heavy quark mass effects reside in the photon
matrix element of the twist-2 quark & gluon
operators and coefficient functions

 The deviation due to the heavy quark mass
effects on the structure function and parton
distribution functions studied
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Although we take some approximation, our
theoretical prediction shows a right trend of
describing the experimental data

We should investigate the general kinematical
region where P?2and m? are of same order

We have not included the kinematical threshold
effects which should be taken into account in the
future investigation

General Mass Variable Flavor Number Scheme

(GMVENS) should be implemented in the present
analysis which is under investigation
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