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QCD analysis of o(7y — QQ): conventional approach

In the conventional approach the NLO QCD approximation is defined by
taking into account the first two terms in expansions of direct, as well as
single and double resolved photon contributions

oar = o+ olau(un) + ol (M, )’ (1) + oS (M, e (1) + -+
oo = oD (M) (1) + 0@ (M, ) (1) + o83 (M, p)a (1) + - -,
oo = oD (M)a? (1) + o5 (M, ) (1) + -

to the total cross section

0-(77 — Q@) = Odir T Osr + Odr-

(0)
d

where 0., comes from pure QED and equals

4m?2 8m* 1 4m?2
) 1y e ey IO g T )|
s 52 1-73 s

Udir = 00
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PDF of the photon satisfy the system of inhomogeneous evolution equations

d¥(z, M)
W 52kq+qu®E+PqG®G,
dG(z, M)
FIPYYE = kG—I—PGq(X)E—I—PGG(X)G,
dgns(xz, M)
Tz ONskq + Pns @ gns,
where dns = 6ny ((e*) — (€?)?), ds, = 6ny(e?) and
i 2
oo o M) as(M)\" @)y 4
kQ(x7 M) 27_(_ kq (x) + 27_‘_ kq (a:) + 27_‘_ kq (CU) _|_ )
(8% [ aS(M) (1) aS(M) 2 (2)
M = = s\
kG’(x7 ) I 27 kG (CIZ’) + I kG (33) =+ )
as(M) o) as(M)\* 1)
Pij(xaM) = 73;‘ (z) + Tor Pij () +---.

Due to the presence of k, general solution of these equations can be split into the
hadron-like (HAD) and point-like (PL) parts.

D(va) — DPL<x7M7 MO) +DHAD(xaM7 MO)
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All complications of hard collisions of photons stem from D" (x, M, M) which

results from the resummations

X, T
Irs (X, M) coeo
VVV< + ..
X T
X, T To0Y
GPL
+ ..

Figure 1: Diagrams defining the point-like parts of nonsinglet quark and gluon
distribution functions. The resummation involves integration over parton virtual-
ities 7 < M? and is represented by the junction of the blob and the v — ¢g vertex.
Partons going into the hard collision are denoted by x, 7.
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‘Deﬁning the NLO approximation'

Recall the definition of the term next-to-leading for o(eTe™ — hadrons)

had(Q) = 2 (Q) + s (1)L (Q) + 2 ()T Q) + - = o\ (Q)(1 +1(Q)),

where a}(g)d(Q) = (4ma?/Q*) > f efc comes from pure QED whereas genuine
QCD effects are contained in

Q) = Lol [1+&< 1 (@) + ] (1)

For this quantity the terms LO and NLO are applied to genuine QCD effects!
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NOTE: inclusion of first two term in (??) is needed in order to work in a

well-defined renormalization scheme of «o,!

For purely perturbative quantities like op,q(Q) the association of the term NLO
QCD approximation with a well-defined RS is a

, worth retaining for physical quantities in any hard scattering
process, like the point-like part of ) (x,Q?), measured in DIS on the photon:
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and discussed in detail in
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Direct photon contribution to o(yy — Q@)
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At the order o*o? diagrams with light quarks appear and we can distinguish (to
all orders) three classes of contributions, differing by the charge factor C'F :

Class A: C'F = eé. Comes from diagrams in which both primary photons
couple to heavy quarks or antiquarks.

Class B: CF = eéeg. Comes from diagrams in which one of the primary
photons couples to a heavy and the other to a light quark-antiquark pair.

Class C: CF = 63. Comes from diagrams in which both photons couple to
light qq pairs.
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e For classes B and C the corresponding diagrams involve (and massless light
quarks) initial state mass singularities that must be subtracted and put
into the corresponding PDF of the photons.

e Because of different charge factors C'r classes A, B and C do not mix under

renormalization of o, and factorization of mass singularities.
e The order a?a? direct photon contributions of all three classes are
needed for theoretical consistency:

for the calculation of class A direct photon contribution (which does not
mix with any other) to be performed in a well-defined RS

For factorization scale invariance of the sum of direct and resolved

photon contributions.

dtto.

e Classes B,C can be defined also for the PL parts of single and class C for

PL parts of double resolved photon contributions.

e Classes A,B,C can be treated separately as they do not mix.



PHOTON 2001, Ascona, September 4, 2001 J. Chyla

Class A direct photon contributions'

In the conventional approach the ”leading” and ”nexto-to-leading” order

approximations of og;, are defined as follows

aé?z, which is of purely QED origin

o =l + a ()l

But the latter expression has the same form as the first two terms in opaq(Q)

U
Jé?rl ) cannot be associated to a well-defined RS
U

does not deserve the label NLO!

For QCD analysis of o4;r in a well-defined RS the the third term in og;r,,
proportional to o?(;) is indispensable. We need in particular the diagrams
involving loops which contribute to the renormalization of o (). The regular,
p-dependent parts of their contributions provide the In ;1° term canceling the g

dependence of o (1) in the second term of J((i?rl ).

10
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The lesson from Q) production in pp collisions'

Recall how factorization operates for heavy quark production in pp collisions,
where at the NLO

N0 (Bp — QQ) = Di(M) @ |a(1)o® + ol (1)a D (M, )| @ Da (M),

and D1(M) and Do (M) satisfy the homogeneous evolution equations.
Factorization scale invariance of this expression requires that

doNO(Gp — QQ) .. [dDy(M) dDy(M)
= D el 2 @ Do (M) - D+ (M (2) o 222\
dIn M O‘S<“)[d1nM ©0 7 @ Dy(M) + Di(M) @ o @ = et
do® (M
s () D1(M) & dT(M) ®D2<M)] +

dDy (M)

s dln M dln M

which is guaranteed by the fact that

o () (le_(M> ® 03 ® Dy(M) + Di(M) ®c® ® ) x ' Dy (M)QDo(M)

dD;(M)

2 —/
[ ..... } x o, ( ..... )ocozs due to Tl M

X s (M)D;(M)

11
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Resolved photon contribution to o(vy — Q@)

There are 5 classes of resolved photon contributions:

e Single resolved photon using

— hadron-like parts of PDF (og41),
— point-like parts of PDF (o).

e Double resolved photon using
— hadron-like parts of PDF on both sides (oqrhn),
— hadron-like parts of PDF on one side and point-like on the other (o4rnp),

— point-like parts of PDF on both sides (cqypp)-

With this subdivision of og, and o4, in mind we can write

0(77 — Q@) = Odir + Osrh T Osrp + Odrhh + Odrhp + Odrpp-

Only cross sections involving point-like parts of PDF will be considered further

12
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Q@ production in single resolved photon contribution
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Class B single resolved photon terms mix with direct photon ones

doli?) dG(M) do@ (M) dD(M)
Isrp_ _ (1) g 27/ — V) DIM ) (M

amar -~ [" ® qmar T oW T @ P+ aslp)o (M) dlnM]

dG(M dq(M

dl(M) X Qg dql(]w) X «, but [} X (v

n n
only by including class B direct photon contribution which have the form
da?(pn)o (B
ozs(u)aén?(B) o« aa’ () In M = O%E“)HUX;( ) x an’

can the factorization scale invariance be guaranteed!

13
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Phenomenological consequences'

Conventional expression for the NLO approximation

conv — (01 3
o = g Q0 () + [0 (M, 1) + 0530 (M, )
where first term does not mix with the sum in [..], is incomplete because
e the direct photon contribution aé?rl ) is of the LO only,

e the resolved photon contribution is not factorization scale invariant.

Both shortcomings stem from the absence of direct photon contributions
of the order a?a?. These come in three classes, each of them needed for

different reasons to make the expression
02 23 02 02
N0 = 03D (4 M, )+ |00 (M, ) + 0 (M, ) + 057 (B, M, ) + 05 (C, M, )|

genuine NLO QCD approximation. What to do when 0513 is not available?

Check the stability of o™ by

investigating its factorization scale dependence!
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