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@ ete collider experiments
Two-photon process  eTe™ — (eTe vy) —ete X

Viewed as a deep-inelastic electron-photon scattering

Brodsky-Kinoshita-Terazawa, Walsh (1971)
We can study the structures

of photon €
- N /

Y J € probe
= 2 and Iy large @* = —¢* > 0
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Two-photon process

@ Differential cross section
BB (dna) 1
T2ERE2Y P 40 L -m2

o

@ Leptonic part »1 and 05’
€ — e+ QED vertex
@ Hadronic part 1V/,,,,  photon structure tensor

7Y — X
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Spin-averaged photon structure functions

@ Spin-averaged structure tensor probel )
14
1 . B}
W/;yl/ (p? Q) — 5 Z 6?)\) (p)W,ul/p'rG()\) (p)
g 1%
1 Uy pT

d*z """ (y(p)| () Ju (0) |7 (P))spin ave.

T 2r
T p v p P
target
@ Structure functions F) and F/ Fr, = F, — zF,
1 1 :
W, = e,UVEFZ(:‘C? Q2% P?) + dquFg(% Q?%, P?%) Inanalogy with the nucleon
Qu v Qubv + Py PubLq’
Cuv — Guv — — 5 dy:—gy+ _
T g2 8 8 P-q (p-q)?
Q2
T = :Bjorken variable 0<z<1
2p-q
—Q%>=¢><0 :mass squared of the probe photon
—P2=p2><0 :mass squared of the target photon
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Measuring the photon structure functions

® Single tag

Real photon structure functions

3o 2ra?

dQ?dxdz - rQ4

dNT
dz

{1+ -v?|F -2} x
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d‘\‘Y _ @ 1+(1-2) In Pmax — 2771.2:( ! — L)
dz 27 “A\P? 1
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P, min max
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Flux of collinear real photons

2= (Ey — E})/E, y=1—(E}/Ey)cos®6,/2

® Double ta 3
g Fgﬁ ~ F; —|' §FZ

Virtual photon structure functions
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@ For real photon target (P2 ~0)

Structure function £ (z, Q?)

vy q q u ;e‘
® QPM calculation:  walsh-zerwas (1973) =
TSP p =P

Point-like contribution
dominates ~ In Q?

Pointlike piece

_ calculable in pQCD
® pQCD calculation ( OPE+RGE)

ey B

F)(z,Q%) = [.—' UiB1B +0 s] e fro
7 (7,Q7) = « ?i(@'ﬁ (as) P > =
(Lo) (NLO) Hadronic piece
Q? not calculable in pQCD
e Witten (1977)

Bardeen-Buras (1979)
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Moments of F)(z,Q?)

1

d;zf;z'n_QF;(;l‘. Q2)|pointlike = ay, + by, + O((‘s(Qz))}

(o

1
dza"?F (2, Q%)|hadronic = ahn(as(Q?))

J
J

® For n>2, the hadronic moments #,(a(Q?)) vanish in the large @2 limit
® At n=2, the hadronic energy-momentum tensor operator comes into play
® b, shows a singularity at n=2, and h.—2(as(Q*)) does not vanish at large ()2

Definite information on the NLO second moment is missing
To predict F)(z,@?), we need to rely on some nonperturbative methods

® For highly virtual photon target (A < P* < Q”) % _—

P2+ m?
1
/0 drx™™ 2FW( Q2 P2) = a{ (ln‘l‘b +0(05(Q2))}

as(Q?)
(LO)  (NLO) Uematsu-Walsh (1981,1982)

A : QCD scale parameter

Hadronic piece can also be dealt with perturbatively
Definite prediction of Fx(z,Q? P?), its shape and magnitude, is possible



Real photon vs. Virtual photon

® Moments of F) with arbitrary p2 but P? « @?

1
/Odm"‘QFJ(r,QQ,PQF > Ci;.(QQ/M'QE(#Q),O')(’)’(p)Isz(#?)Iv(p))

_ j:S’G’NS’? _ } Photon matrix elements
RG improved coefficients

Calculated in QCD with massless quarks with 7 flavors

hadronicops. G — (05,06 ,0N5) photon op. Oy
quark : Of (flavor singlet) gluon : O,?
Or}y S (flavor non-singlet)
: | | 88 24
® Note: (v(p)|OL(1*)|v(p)) =1 dz==dy  dgz=d
SZ ST

® Photon matrix elements of hadronic ops.
renormalized at x?2 = Q2 with A? < Q2 <« @?

IO @), = 1= An(@F P

n2=Q3
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Real photon vs. Virtual photon

® \When photon state becomes far off-shell and P? approaches Q2

Xn(Qg; P?) : considered to be point-like and calculable perturbatively

A.(QuP=q) = AV On
® For P?inthe range 0 < P2 < Q2., we devide Xn(Qg; P?) %ﬁ

into two pieces
At one-loop

= 5
Xn(Q(Q)’aPQ) = Avl(Q(Z);PZ) + ngl)

% ¢
® 4,(Q% P?) -contains nonperturbative contributions for 0< P?2<Q3

_>

< 5 . —
and An(Qg?Pz = Q(Q)) =0
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Real photon vs. Virtual photon

® Moments of F)(z,Q? P?) at NLO for arbitrary pP?with 0 < P2 < Q2

[ et () = S - (S8 ] o
SR - (H9)" ]+ ! (2425) ] +er wo
+—AV)n,(Q8;P2)-ZP{"B,,(I,O)(QS(Q)> with i=+,—,NS

QS(Qg)

A\ nonperturbative contributions Uematsu-Walsh (1982)
Gluck-Reya (1983)

» P2 — 0 real photon target F3 (z, Q%)

. : o . 1 B as(Q?) az= :
Problem of a singularity at n=2 is solved: = [1 (a-S(Q?,)) ]—)ﬁmte

as =2 5

» P> — Qf virtual photon target £ (z,Q2,Q?)
nonperturbative contributions disappear
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Measurements of F,

From talk of R. Nisius at Photon 2009

® 1981: The first measurement of FZ”Y by PLUTO

1986: The first extraction of A (or os) from F) data

1990: Start of FQ’y measurements at TRISTAN

1994: Start of F) measurements at LEP

2002: NLO extraction of cy¢ , based on a large set of data
Albino-Klasen-Soldner-Rembold

® 2005: The final LEP2 results were published

In the talk at Photon 2015, F. Kapusta said

“LEP, The Lord of the Collider Rings, was dismantled abruptly in 2000, leaving
physicists without additional high energy ete™ collider data and the possibility to

develop a demonstrator of real 77 collisions. And still now we miss a high energy
_|_

e’ e collider”

Without new data, interest on photon structure functions has diminished gradually

Review reports: Nisius(2000), Krawczyk-Zembrzuski-Stanszel(2001), Klasen(2002),
Schienbein(2002)

Recent review, “Photon Structure Function Revisited” Ch. Berger(2015)



® First attempt for NNLO analysis of photon structure

Moch-Vermaseren-Vogt (2002)
They obtained

» Photonic coefficient function at order g

» The low integer moments of photon-quark and
photon-gluon splitting functions at order aaﬁ
Later, compact parametrization of these functions (2006)

They analyzed parton structure in photon at NNLO
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® NNLO (O(aa,)) analysis
of virtual photon target F)(x, 02, P?)

Ueda-Uematsu-K.S. (2007)

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

07 b= Box = Jooroi... M4 Q?=100GEV2 P2=3GeVA
=== LO PR
0.6 ----NLO gl P
— —— NNLO
‘é 0.5 B (S
Definite prediction - T N R
its shape and magnitude Y% 04 e P
<9 - _",.-—" :
£ 03 [ 2
Y
w
1 e e e S .
i
NNLO corrections reduce S
F)(x, Q% P?) atlarger x P A P RS S S
0 0.2 0.4 0.6 0.8 1
X
y(box) 2 p2 3a 4 2 2 ’
F]™(x, Q% P?) = —ngle* 1 x[x* + (1 — x)*[In—5
T P

— 241 —3x + 32 T (1 —2x+ 2x?%) Inx]
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® | O --—-oforder ¢

Longitudinal photon sf. F]

; NLO ---- of order axax

» Real photon target

» Virtual photon target

LO Witten (1977)
Bardeen-Buras (1979)

LO Uematsu-Walsh (1982)
NLO Ueda-Uematsu-K.S. (2007)

- BOX

|- Lo

_i|----NLO

' n,=4 Q2=100Ge

V2 P2-1GeV

,,,,,,,,,,

F1* (5, Q% P?) =

Sa ns(e*W4x*(1 — x)}
T
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Parton distribution functions in photon

® QCD improved parton model
Fi(z,Q* P?) =) C'0q +C0G"+C" eI

® DGLAP parton evzolution egs.

dq?(;lf,Qz, Q32) « Qg ’Y -
(1111(22 - %Pqiv+%{zkzpqiqk ®qk+Pin®G }

(IG‘Y (I« Qzﬁ Q(2))
dIn Q2

® Solve DGLAP egs. with 52 S 4 5 S

initial conditions Q @ g;

@ (2,Q5,Q3)  G'(@,Q5.Q0) e

Q@ g e ~
= %PG7 + Q—W{XI;PG% ®Rqp + Pec®G }

Parton distributions in photon
in VS factorization scheme :




Parton distribution functions in photon

® DISy factorization scheme

Gluck-Reya-Vogt(1992)

Photonic coefficient function ¢ is absorbed into quark distributions

" |Is negative and diverges in large x

g -
CQ

as r—1

c3Y ~ A1 - 2)

® Real photon :

25

(8] (1)
— _0‘7(
4 2

o' xx?
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MS, =g,

T

L B A

(z) +

Qeg

NNLO

04 F

g7
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08 |

0.6 F

23O+

with A; >0

(2002)
Moch-Vermaseren-Vogt

1.6 T T
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_l -
o xL!
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L I

./' /
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The mmhomogeneous LO, NLO and NNLO contributions

7 9
at u3 =50 GeV= for Ny=3
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Parton distribution functions in photon

® Virtual photon NLO:  Gluck-Reya-Stratmann (1995)

NNLO: Ueda-Uematsu-K.S. (2009)

n=4 Q’=100GeV’ P’=3GeV’ A=200MeV (MS)

=4 Q°=100GeV’ P’=3GeV’ A=200MeV (MS)
nf-4 1 |

1.6 I r 05
Lo 1)
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'y LO+NLO+NNLO —— / 0.4 LL|LONLOsNNLO ——
5 '? / S
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Parton distribution functions in photon

Quark distribution shows quite different behaviors in two scheme,
especially in large-x region

In DIS,, scheme, NLO and NNLO contributions to quark distribution are
small for moderate x --- appropriate behaviors from the viewpoint of

“perturbative stability”
Near x=1, NLO quark contribution ¢%"|pis, negatively diverges as In(1 — x)
while NNLO quark contribution g% |pis, positively diverges as [~In(1 —x)].

This may hint the necessity of considering the resummation near x=1

Gluon distribution is very small in absolute value except in small-x region

Keep in mind that parton distribution functions in photon are not physical
quantities and factorization scheme dependent 17/27



Heavy quark mass effects

® Heavy quark contribution starts at 172 = ? (l — 1) (2mp)?

T

® Two standard schemes
» FFNS: Heavy quarks appear only in the final state
not appropriate when ? > m?

> ZVFNS: For Q* > mj a new massless parton density is added
gr(z,Q* <m?2) =0 not appropriate when Q?* ~ mj3

» Combined scheme—ACOT( )

Introduce the parameter xn == [1 + } <1

Integration range of convolution is modlfled
1

——h 7/&@’7 7/&—/7 /Ild_Uf(l/) (l/):>/ d_qf(zl) (l/)

. Xh- ._

—lmh

S

Bethe-Heitler G

$

q h

éé % &:QQ< Laenen, Riemersma

Smith, van Neerven(1994) ZVENS 18/27




Heavy quark mass effects

® Data analyses with heavy quark mass effects

» Dortmund group: Gluck, Reya, Vogt, Stratmann, Schienbein
(1992), (1995), (1999)

» Laenen, Riemersma, Smith, van Neerven (1994)

» Cornet, Jankowski, Krawczyk, Lorca (2003) (2004)

» Aurenche, Fontannaz, Guillet (1994) (2005)

» Slominski, Abramowicz, Levy (2006)

For more details, see
"Experimental Review of Photon Structure Function Data”
R. Nisius at Photon 2009

> Kitadono, Ueda, Uematsu, K.S. (2010) /5 W /5 Y
[q"],; (0) = —%L(O) lnp—: — qn(z,Q* =mj) ~ 0 Q\H ;@
We need more data to refine models for

the treatment of heavy quark mass effects 19/27



Behaviors near x=0 and x=1

® Near x=1
> n'*"-th order splitting functions and coefficient functions in DIS
()" In*" {1 —2) as z —1

I:> these logarithms require an all-order resummation
Vogt and others

® Near x=0

» A new approach for study of photon structure functions at small x
A. Watanabe and Hsiang-nan Li (2015)

« adopt the Pomeron exchange picture
in the framework of holographic QCD
(AdS/CFT correspondence)

* realization of the vector meson dominance
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@ Build a new e™e™ collider machine ---- CLIC, ILC
FCC-ee, CEPC

® Before e+ beams are ready,
other options are possible:
» an e e option
> an e v option

use one e- beam to produce high energy photons
|.Gizburg, G.Kotkin, V.Serbo, V.Telnov

A.De Roeck: hep-ph/0311138v1(2003)
® Highly polarized beams may be possible V.Telnov: Photon 2015
Then, we can study the spin structure of photon
Eam125GeV, Fram2 33V
L (Eep=250 GeV, Ej geer=1.17eV)

Polarized photon structure function giy

red P, e2-PLa.ser =1

Recent review
“Polarized structure functions and two photon physics
at Super-B”

Shore (2013) Energy spectra of the laser light backward scé'let?é%

6
5
4
3t blue  PoPraser = —1
2
1
9




Polarized photon structure function ¢/
@ QCD analysis of 4]

® Real photon target g7 (z. Q%)

LO: K.S.(1980) NLO: Stratmann-Vogelsang (1996)
® Virtual photon target 91 (z, Q% P?) o« 1 Q=30Gev? Real Photon -
o~ ng =3
NLO: Uematsu-K.S. (1999) :rg
A0
W g
N(g N8—1-
Sl 2
0_.
_2.l

Pointlike piece

gf(x, Q% P 2)/3nf <e*>
|

b

o
—_
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Polarized photon structure function ¢/
@ First moment of 7

® Real photon target g7 (z. Q%)

1 Bass (1992)
/ dzg] (z, Qz)d;l‘. =0 by gauge invariance Narison, Shore, Veneziano (1993)
0 Freund, Sehgal (1994)

' Bass, Brodsky, Schmidt (1998
® Virtual photon target g1 (z, Q%, P?) ass, Brodsky, Schmidt (1998)

/01 d;rgiy(IﬂQ2*P2)dI _ _% [Z?:fle? (1 B Ozs(QQ)) 2 (2?2165)2(0'3(P2) B as(Qz))]

T B E m T
LO NLO Narison, Shore, Veneziano (1993)
QED axial anomaly QCD axial anomaly
NNLO Ueda, Uematsu, K.S. (20006)
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@ Future investigation on photon structure

We still need to understand

hadronic contributions to photon

heavy quark mass effects

transition from real to virtual photon target
factorization scheme dependence
behaviors near x=0 and x=1

spin structure of photon

VVVYVYVY

To that end new data are essential !l!!
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