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1. Introduction

Deep—Inelastic Scattering:
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Structure Functions: Fy 1, g1.2
contain light and heavy quark contributions.



Theory Status of Heavy Quark Corrections

Leading Order : FQ,L(.CU, QQ) [Witten, 1976 ; Babcock, Sivers, 1978; Shifman, Vainshtein, Zakharov,
1978; Leveille, Weiler, 1979; Gliick, Reya, 1979; Gliick, Hoffmann, Reya, 1982.]

Leading Order : g1 (.CC, QQ) [Watson, 1982 ; Gliick, Reya, Vogelsang, 1991; Vogelsang, 1991]

Leading Order : (o)) (CL’, Q2) [Bliimlein, Ravindran, van Neerven, 2003 |
Soft Resummation: Fs 1 (x, Q%) [ Laenen & Moch, 1998; Alekhin & Moch, 2008]

Next—to—Leading Order : F27L(x, QZ) [Laenen, Riemersma, Smith, van Neerven, 1993 | 1995]
asymptotic: [Buza, Matiounine, Smith, Migneron, van Neerven, 1996 ; Bierenbaum, Bliimlein, S.K., 2007]
Mellin—space expressions: [Alekhin, Bliimlein, 2003.].
Next—to—Leading Order : g1 (LC, QQ) asymptotic: [Buza, Matiounine, Smith, Migneron, van Neerven,
1997 ; Bierenbaum, Bliimlein, S.K., 2009]
Next-to-Next-to-Leading Order : Fr(z, Q?) asymptotic:

[Bliimlein, De Freitas, S.K., van Neerven, 2006 .|
O(C\éi) . Light flavor Wilson coefficients: [Moch, Vermaseren, Vogt, 2005.]

— 3-Loop corrections needed to obtain the same accuracy
as reached for the light flavor contributions.



Need for the Calculation:

e Heavy flavor (charm) contributions to DIS structure functions are rather large
— Precision understanding of structure functions is required

e Precision determination of a,(M3%):

o, (M32) = 114170059 N°LO  NS-analysis [1]

o (M2) = 113510500 N2LO S+NS-analysis [2]

Aim: da,/a, <1 %.
[1] Bliimlein, Bottcher, Guffanti, 2007; [2] Alekhin, Bliimlein, S.K., Moch, 2009.

e Precise determination of the gluon and sea quark distributions.

e Calculation of the heavy flavor Wilson coefficients to higher

Coal orders for Q? > 25 GeV? [sufficient in many applications].
oal.
e Application to the polarized (NLO) and transversity

(NLO,NNLO) case.



2. The Method

e In Bjorken limit, {Q?, v} — oo, x fixed, at twist 7 = 2-level:
mass factorization of the structure functions into Wilson coefficients and parton densities:
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e Process dependent Wilson coefficients contain both light and heavy flavor contributions:
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e Heavy quark contributions given by heavy quark Wilson coefficients
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e Consider only one species of heavy quarks



e Factorization for Fi°%(z,Q?) at the level of twist 7 = 2:
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e In the limit Q% > m? [Q? ~ 10 m? for Fy, g1]: massive RGE,
derivative m20/9m? acts on Wilson coefficients only: all terms but power corrections

calculable through partonic operator matrix elements, (i|4;|j), which are
!
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e Formula holds for Completely inclusive quantities = Virtual heavy quarks are included.

e Similar formula for L(2 L) . Holds for polarized and unpolarized case.

e OMEs obey expansion
S,NS m? S NS S NS W (m?

[Buza, Matiounine, Migneron, Smith, van Neerven, 1996; Buza, Matiounine, Smith, van Neerven, 1997.]

e OMESs occur as well in the definition of a variable flavor number scheme starting from a

fixed flavor number scheme.

[Buza, Matiounine, Smith, van Neerven, 1998; Chuvakin, Smith, van Neerven, 1998.]



e Expansion up to O(a?) of Ly and H reads
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e n-dependence non-trivial: f(ns) = f(ns+ 1) — f(ny) , f(ns) = f(ns)/ny.

e Highlighted terms are (partially) due to virtual heavy quark loops and have to be included
for an inclusive description in the MS-scheme.

e Comparison to exact order O(a?) result: asymptotic formulae valid for Q* =20 ( GeV/c)? in
case of F§¢(x, Q%) and Q% 2800 (GeV/c)? for F&¢(x, Q?)



Renormalization

e Mass renormalization (on—mass shell scheme)

e Charge renormalization : MOM scheme for the gluon propagator.
MOM scheme — MS scheme:
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—> Accounts at NLO for virtual heavy quark loops.

e Renormalization of ultraviolet singularities

—> are absorbed into Z-factors given in terms of anomalous dimensions 7;;.
e Factorization of collinear singularities into I'-factors I'ng, I';; s and I'y4 ps.

Generic formula for operator renormalization and mass factorization:
_ —1 2 —1
Aij = Zy Al

—> O(e)-terms of the 2-loop OMEs are needed for renormalization at 3 loops.
—> All 2-loop O(e)-terms in the unpolarized case are known.
[Bierenbaum, Bliimlein, S.K., Schneider, 2008; Bierenbaum, Bliimlein, S.K., 2009.]
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4. Fixed moments at 3—Loop

Contributing OMEs:

Singlet Agy Agg Ay Ay .

| . o mixing
Pure—Singlet AQq Aqq,Q

) NS, + NS, — NS,v
Non-Singlet Ao Ao Auo

e Unpolarized anomalous dimensions are known up to O(a?) [Moch, Vermaseren, Vogt, 2004.]
— All terms needed for the renormalization of
unpolarized 3—Loop heavy OMESs are present.

== The calculation provides first independent checks on fy(%), 753)33 and on respective

color projections of 753)’1“8*, éz) and ’yg(,?l).

e The calculation proceeds in the same way in the polarized case.

e Calculation in Mellin space.
For fixed N: three—loop “self-energy” type diagrams with an operator insertion
— Calculation using MATAD |[Steinhauser, 2001] and FORM [Vermaseren, 2000].



(General structure of the result: the PS —case
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All terms but ag,;,Ps known for all N.

e There are similar formulas for the remaining OMEs.

11
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5. Results

Using MATAD, we calculated the terms ( ~ 250 days of computer time)

3),PS 3),PS 3
ASIPS L (2,4,.,12); ADES AW (2,4, 14);
(3).NSE RNE) 3) .
Ajlo 0 (2,3,.,14); AQ(q)g, Ajro (2,4,.,10);

and find agreement with the predictions obtained from renormalization.

Example: non—logarithmic term of AS’; for N =2
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The constant terms: N = 10 (3) ¢ o3

Qg q9,Q"
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e We obtain e.g. for the moments of the %3) anomalous dimension

N ‘/éi)/TF
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988267500 323600780868750 27225 27225 3025
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: : (2),NST, S, PS _ .
o Agreement for the terms oc 1% of the anomalous dimensions 7, with

[Larin, Nogueira, Ritbergen, Vermaseren, 1997; Moch, Vermaseren, Vogt, 2004.]
e How far can we go 7 N = 14 in some cases; generally: N = 10 = Phenomenology

e Unfortunately not enough to perform the automatic
fixed moments — all moments turn. [Bliimlein, Kauers, S.K., Schneider, 0902.4091 [hep-ph]].

e With B. T6dtli: Calculation of moments N =1, ..., 13 of the
transversity heavy OMEs A% *®) [Bliimlein, S.K., Todtli, 0909.1547 [hep-ph]].
—> Agreement with anomalous dimensions 734(1’2) from

[Kumano, 1997; 2-Loop: Hayashigaki, Kanazawa, Koike, 1997; Vogelsang, 1998; 3 Loop, N< 8: Gracey, 2006]
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6. Conclusions

The heavy flavor contributions to F5 are rather large in the region of lower values of .
QCD precision analyses require the description of the heavy quark contributions to 3—loops.

Complete analytic results are known in the region Q? > m? at NLO for
F2QIC;2 (z,Q?), g?g (z,Q?). They are expressed in terms of massive operator matrix elements

and the corresponding massless Wilson coefficients.
F29(2,Q?) is known to NNLO for Q2 >> m?.
The calculation of fixed moments of the massive operator matrix elements at O(a?) has

been finished for N = 10,12, 14

— F29(z,Q?) to NNLO for Q2 > m?2.
— Logarithmic terms are known for all N.

We also calculate the matrix elements necessary to transform from the FFNS to the VENS.
First phenomenological parametrization to come up soon.

Moments of the fermionic contributions to the 3-loop anomalous dimensions have been

confirmed for the first time by an independent calculation.



