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Introduction and Motivation

@LHC experiments has started in 2009

@"We anticipate the signals of the new physics will be discovered

Higgs particle in SM
SUSY particles
physics beyond the SM

Internationa Linear Collider

@Future linear collideexperiment(LC)

Two-photon process ete” — (6+€_’y’y) —ete X

Viewed asa deep-inelastic electron-photon scattering



Kinematics

A\~ 44

@We can studythe structure of photon
Fo (X, QZ, mz) and F (X, QZ, m2)
Q2
2p - q
—Q*=¢2<0 ;mass squared of therobe photon .
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m .quark masses /
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€ probe
large @* = —¢* > 0

T = ;Bjorkenvariable

Deep inelastic
scatteringt? — €X
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FZ! (X1 QZ) - |:2! (X’ Qz)pointlike + FZ! (X1 Qz)hadronic

Perturbativemethod Non-pertutbative



Photon Structure Functions

Absorptive part of photon-photon forward scattering g g
’ L '
1 o0 1/ 7
AT Q)W pr = dPS* M} M
( ) nvpT 271' Z "'Vul/pv -
k=2 |
@" Structure functions p - p

For the real photon target

WHF = (Trr)" 7 Wrr +(Tep)M 7 Wep + (TR Wi +(Tor )M 7 Wit
Fo = x(Wrr + Wir), FL = xWy

@" Projection operator

(Tr1)*' " = RWR”
(Tor M7 = kﬁlkll R”
RW =1 g + [pag(a'p’ + o p*)! o p'p']
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Photon Structure function:
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@NNLO QCD analysis performed with 3-loop splitting fns. and
2-loop coefficient fns. fomasslesguarks

Sasaki-Ueda-Uematsu(O07)




The heavy quark effects in DIS processes

@"In the case ofiucleon targetthe heavy quarks are treated as
beingabsent in the intrinsiparton componentsout radiatively
generatedrom the gluon and light quarks

@"For virtual photon targetthe heavy quarks are treated the
same way as light quareed generated from the photon
target (and also from gluon and light quar'~

@"Heavy quark mass effects fibre real neavy quark

photon case are studied up to LO

M. Gluck, EReya& A. Vogt,
F. Cornet, P. Jankowski & Mrawczyk A. Lorca, E.. virtual photon target

®@"Heavy quark mass effects are studied up to NLO inthe |
framework of OPE and mass independent renormalizati®me

group method Kitadono-Sasaki-Ueda-Uematsu(O09)
1

@The kinematical threshold effect§max = 1 4 am? T~ (p+ g)?! 4m?
QZ




The heavy quark effects in tiparton model

@The heavy quark mass effects on photon structure fns.
In parton model were calculated up to leading order

LN

| I R

Sasaki-Uematsu-Soffer(002)
Budnev-Ginxburg-Meledin(O75)
Gluck-Reya-Schienbein(O01)

@'Here we investigate the heavy quark mass effects with
one-gluon corrections in the parton model
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How to calculate

@"Using Cutkoskyrule @)"® (K1 m?)= ool oo

absorptive parts of photon-photon scattering are transformed into box diagrams
@"Take a trace of box diagrams and apply the projection operators

@"Structure functions can be written in a linear combination of
many scalar integrals

@"Scalar integrals are expressed as a linear combination
of fewer master integrals by reduction method

|BP |dent|ty /lew DVIDE?MDVBD ) =0

@"Discontinuities of the master integrals are evaluated

@Calculation of the leading order as a practice



LN
Leading order calculationw,, . ).o
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@"Cutkoskyrule (2!)" (k* ! m?) = k21 m2 + i#! k21 m2! i#

@ Box diagram
| | | | | | ! |

de1 4 " I ' )
“kl pr m k! m k! g m k! ! p! m

(210 e (! )Tr

Aprg =

@Relation between (Wp!"# )LO — DiSCAp!"#

@"Taking discontinuities of box diagram, we can get the absorptive yvy
part of scattering



Calculation of One-loop diagram {

q . »— P
@Applying the projection Opel’atOI(TTT )“!"# © - 8
I E > (
(Trr)"P" Apypr = €*(=)[e1nB(1,-2,1,0) + cop B(1, —1,1,0) + ¢3,B(1,1,1,0)

+enB(1,0,1,0)]

+eqpB(1,0,1, -2) + ¢34 (i@— ) + cpB(1,0,1,1)

Non-positive a irrelevant

B(11,!2,13,14)= d°k 1
T @ e mA [kt @2t mAef(k ! pl g2t m2af(k! p)2 m?
: I 8x2(x2+1
I.e.Clb: X (QX4 il )
@Taking thedisconitinuities
DiscB(0,! ,! ,1' )=DiscB(! ,! ,0,!)=0

B('1,!2,'3,14),< are written in a linear combination
of master integral®y reduction method



Reduction |

g > > — k
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@"IBP identity / dP] a?ﬂ(Ding’jD?D?) —0 I'aq] ik
=11 qg,I!' p! q,I! k b, K

From IBP identities
—(k=q)?(ra—1) = (D — v123aa + 1)27 — (ro — 1)4~ — (111" +1337)274~ etc.
2+(H) :operator thatincrease(decreay@ower of D 1

i ' 1
@Apply above operators to integral dD'DlllD!zzDggD?

@'We get many relations among scalar integrals
and solve these equations S. Laporta(®00)

We can express a scalar integral asinear combination of master integrals



Two-body phase-space integral

@Taking discontinuities of the master integral
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Numerical plot

Structure functions in leading order
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@" Heavy quark mass threshold effect
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Budnev-Ginxburg-Meledin(O75)

Gluck-Reya-Schienbein(O01)
Sasaki-Uematsu-Soffer(002)
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Xmax -

@"Heavy quark mass input m¢ = 1.3GeV



Structure functions in leading order

N el ™ |
F = 2"#! X 1 8x L@+4$x(1. X)

Numerical plot
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@"These results are consistent with the previous calculation
Sasaki-Uematsu-Soffer(002)



Calculation of One-gluon corrections

@Using dimensional regularizatiop =4 ! 2!)

InfraredandUltraviolet divergences appear

L

@" Renormalization

@" Kinoshita-Lee-Nauenburg theorem

e Yt R I 2-bod
Virtual correction [ 7 | g =) 2-body
: : ! phase space
I & o
L 3 —
. W M "W""“ :>3-body
Real emission —h Sy phase space



Virtual Correction

@Virtual corrections have-body phase space integral
@"UV are canceled bygounter diagrams

How to calculate

L1q" ‘ ™~ .

L1 N Foo&J @"Using Cutkosky rule

| —

. , 1 I .

A S @"Taking Trace

¢ |

N n ~,,: —1. @"Applying Projection operators

N> I

=) dStructure fns. can be expressed
as a linear combination of scalar integrals

$

There appear many kinds of scalar integrals



@'Using reduction method, the scalar integrals
reduce to the smaller number of master integrals

@"We perform reduction of two-loop integrals

[ ko ™~

(T o [ 1]
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~J p—q k~pta
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{ p L) o (AL

Master Integrals
@"Structure function can be written In

a linear combination of master integrals

@"UV divergence does not appear, but IR divergence appear

@As a check, the sum of UV from master integrals should vanish



Master Integrals
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@Virtual correction have 23 master integrals



Analytic continuatio

\. J

1
(12! D]"
We assumes, & are space-like

@"When the one-loop integrals | dP |

s<0, g°<0

D ispositivedefinite
Thel ! prescription can be dropped

@"The analytic continuation is performed by restoring the ||
s! s+ 1!

@"The one-loop integrals are expressed in terms of two types

of transcendental functions
1n 7 ! " A
In Xi Lig 1! Xj
i=1 i=1



Analytic continuation for logarithm

[ H $Il
In Xj ! In(X;)

Analytic continuation fodilogarithm
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Master Integral

@"UV divergence comes from gamma functions
d°k d (1)

@"IR divergence comes from Feynman parameter integrals

1
1
, BAT @

@"Most of the absorptive part of master integrals
can be integrated analytically

2 - 4m?2
L S Fails
| Qz S
P e® 1 ©dP 1
| (k! 2! m2+i!l (2P 121 m2+ il

|
@"For some of the mater integrals, it is difficult to perform

the phase-space integral analytically,
We perform numerical integration for these integrals




Conclusion of virtual gluon corrections

@Usingcutkoskyrule and reduction method,
structure fns. are written in terms of master integrals.

@Master integrals are evaluated analytically and numerically

T N

| @"UV are canceled
| - .
§ : @"IR are remained

@"UV are canceled
@"IR do not appear




Real gluon emission

@Real emission diagrams h&aAody phase space integrals

S N -
| @"The procedure of the calculation is
|
(e same as the case of the virtual corrections
|
| . Cutkoskyrule, projection operator, reduction
N\D ]
B NN

Y e

Master Integrals




Three-body phase-space integral
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Master integral for 3-body phase-space
K1

@The easiest master integral kyf
K
N = des® O XAVAVAVAVAVERRAVAVAVAVAVE O
§

can be evaluated analytically
r
@Other master integrals are difficult to calculate analytically

@Most of the master integrals for real emission are hard
to be calculated analytically

@Numerical analysis of these master integrals are in progress.

A
u

u=(s! 4m?1! t

tmax = (! P! 4




Summary

@'The heavy quark mass effects on the photon structure function
are investigated iparton model up to the NLO
@UsingCutkoskyrule and reduction method,
scalar integrals are reduced to the sum of the master integrals.
@The master integrals for virtual corrections are evaluated

Ultraviolet divergenceare canceled —— Y
. . I
Infrared divergencare remained % |
Canceled by real gluon emissions? N .

@Real gluon emission are discussed

Analysis Is In progress!



