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| ntroduction
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® Deep-inelastic lepton-hadron scattering®, e*n, vp, vp, ... -
collisions)

k lepton’
lepton lepton

Gauge boson —p» \ q

P
hadron {

)( hadron

I

® Kinematic variables
® Gauge boson: 5 5
+. Z0-NC & momentum transfep = —¢= > 0
Wt -CC » Bjorken variabler = Q?/(2P - q)
» Inelasticityy = (P -q)/(P - k)
Ll Particles:POLARIZED or UNPOLARIZED J
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Cross section:  do ~ LMW,

\CI
Gauge boson —3

hadron

= W,,-hadronic tensor

|
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Cross section:  do ~ LMW,

\CI
Gauge boson —3

hadron

= W,,-hadronic tensor

ForunpolarizedDIS:

1 1 PP

Wuu — eul/%FL(xa QQ) + duyﬁﬁb(xa QQ) + ieuuaﬁp—zFS(xa Q2)

® ¢, d, -tensors, depend af ¢. symmetric undep <« v

\_ ® main objects arngijg structure functions J
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® PolarizedDIS : lepton and hadron are polarized

f | Spin <Sp_m —‘

o /
lepton hadron
k N p
S — ¢ =
No=o0c—"—0
Spin
Spin )
> /
lepton hadron
Kk N =

® Example: lepton-proton scattering, exchange via virtinatpn-
..., ZljIstra, van Neerven '93
d’ Ao B 8w’
dedy — ¢2

2M x
E

{2 —y— Mzy}lg(z,Q%) — ga(, QZ)]

\— M- mass of the protor¥, - energy of the lepton J
M = 0 = ONLY g, (z, Q?) polarized structure function
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Structurefunctionsin QCD improved parton model

-

® Wilson coefficient functions’; ,q,ton

2
ZC Q2 Z / PDFparton(€ H ) zparton(z O‘S(M2)7%)

parton

® Parton distribution function® D F,,on
o NOT calculable in perturbative QCD, extracted from expembidata

» evolution of PDF’s via DGLAP evolution equation with help of
splitting functionsP, . ton . parton’
q
9

@ la|_
0Q% | g
® The same features for polarized structure functign:, Q?)

o |
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Chain of calculations

®  Poartonparton’s Ciparton: @l IN hadronic tensov,,,
and alsd!! in its analogue — partonic tensoy,,,

o |
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Chain of calculations

®  Poartonparton’s Ciparton: @l IN hadronic tensov,,,
and alsd!! in its analogue — partonic tensoy,,,

4

® Foruw,, use ofOPTICAL THEOREM: w,,, (p, q) & Imt,,(p,q)

o |
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Optical theorem

#® The partonic tensay,,, (p, q) Is related to the imaginary part of the T
partonic forward Compton scattering amplitutdg (p, q)

# o calculation in DIS with help ofoop technology

v'(a) BE 2 vk(q}? OiW(q)

f(p) f(p) f(p)
1

Wy (P, q) = %lm tuw (P, )

ADispersion relation irx : coefficient of (2p-q) < N-th moment

AN = folda:a:N_lA(x)

o |
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Chain of calculations

®  Poartonparton’s Ciparton: @l IN hadronic tensov,,,
and alsd!! in its analogue — partonic tensoy,,,

4

® Foruw,, use ofOPTICAL THEOREM: w,,, (p, q) & Imt,,(p,q)
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Chain of calculations
Pparton,parton’s Ci parton: @re in hadronic tensov,,,

and alsd!! in its analogue — partonic tensoy,,,
Y

Forw,, use ofOPTICAL THEOREM: w,,, (p, q) o< Imt,,(p, q)
Y

t,w(p, q) - generation of all possible diagrams up to 3 loepsQGRAF
Nogueira '93

|
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QGRAF

-

® Example: diagrams for the polarized splitting functions

o |
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Chain of calculations
Pparton,parton’s Ci parton: @re in hadronic tensov,,,

and alsd!! in its analogue — partonic tensoy,,,
Y

Forw,, use ofOPTICAL THEOREM: w,,, (p, q) o< Imt,,(p, q)
Y

t,w(p, q) - generation of all possible diagrams up to 3 loepsQGRAF
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Chain of calculations
®  Poartonparton’s Ciparton: @l IN hadronic tensov,,,

and alsd!! in its analogue — partonic tensoy,,,
Y
® Forw,, use ofOPTICAL THEOREM: w,,,(p,q) o< Imt,.(p,q)
Y
® t,.(p,q) - generation of all possible diagrams up to 3 loepsQGRAF
Nogueira '93 [l

® Depending oiNC/CC, polarized/unpolarizedse of symmetries to
reduce number of diagramgocedure of Moch, Vermaseren Vogt 05

A Symbolic manipulations- Form andTFoRM Tentyukov, Vermaseren '07

o |
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Use of symmetries

-

Moch, Vermaseren Vogt '05

® Number of diagrams for the polarized DIS after treatmeniryedure of

legs tree 1-loop 2-loop  3-loop
qYq7Y 1 3 359
gygry 0 4 900
qeqy 0 4 3890
gpgy 2 31 29383 !!!

Original QGRAF output has up to 4 times more!

o

Combu

tational

-

|
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Chain of calculations
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Chain of calculations
®  Poartonparton’s Ciparton: @l IN hadronic tensov,,,

and alsd!! in its analogue — partonic tensoy,,,
Y
® Foruw,, use ofOPTICAL THEOREM: w,,, (p, q) o< Imt,,(p,q)
Y
® t,.(p,q) - generation of all possible diagrams up to 3 loepsQGRAF
Nogueira '93 [l

® Depending oiNC/CC, polarized/unpolarizedse of symmetries to
reduce number of diagramgocedure of Moch, Vermaseren Vogt 05

A Symbolic manipulations- Form andTFoRM Tentyukov, Vermaseren '07

4

® Calculation of diagrams- done in Mellin{V space

» Method of projectiorGorishnii, Larin, Tkachev '83: Gorishnii, Larin '87

o fixed Mellin-moments— MINCER In Forwm
Larin, Tkachev, Vermaseren '91

» symbolicN calc. and inverse Mellin transf. to Bjorkenspace—

recipe of Moch, Vermaseren, Vogt '04
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Method of projection & MINCER

Method of projection in pictures Mg;j . }T

® I|dentify scalar topologies =

P 0006000000 M

® Scalar diagram with extern } :/ﬁ D] 1 1
momenta” and@ - "(P—11)2 13 ... 12
# N-th moment: _(2r-Q)"
— coefficient of(2P - Q)" } (Q2)Nte N
. 1 (2P - 1) (2P - 1)N
o — . \
Taylor expansion AL Z iy T

® Feed scalar two-point
functions in MINCER =
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Mincer

® [dP2-[(P—1)" xI(lh,.., P, ..)]=0-integration by part identities

f t'Hooft, Veltman‘72; Chetyrkin , Tkachov ‘81 T
Leibniz, Newton :-)

o |
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Mincer

9 fdPapu (P —1;)* xI(l1,..,P,...)] =0 -Integration by part identities
f t'Hooft, Veltman‘72; Chetyrkin , Tkachov ‘81 P j2 P, T
Leibniz, Newton :-)

541 d() 0:2
Triangle rule
Define

1
(g, B1, B2, 01, 0) =

/d U (P PP (PR (P + P ()

and act the integrand witfz- P, = D + P, 53-. Result=

Recursion relation .

I(ao, 81, B2, 1, a2) X (D — 200 — B1 — B2) =
Br(I(ag — 1,81 + 1, B2, a1, 0) — I, B1 + 1, B2, 1 — 1, 02))
Bo(I(ag — 1,081,062 + 1,01, 00) — I(a, B1, P2 + 1,1, 090 — 1))

o |
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Mincer

9 fdPapu (P —1;)* xI(l1,..,P,...)] =0 -Integration by part identities
f t'Hooft, Veltman‘72; Chetyrkin , Tkachov ‘81 P j2 P, T
Leibniz, Newton :-)
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Triangle rule
Define

1
(g, B1, B2, 01, 0) =

/d U (P PP (PR (P + P ()

and act the integrand witfz- P, = D + P, 53-. Result=

Recursion relation .

I(ao, 81, B2, 1, a2) X (D — 200 — B1 — B2) =
Br(I(ag — 1,81 + 1, B2, a1, 0) — I, B1 + 1, B2, 1 — 1, 02))
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In pictures

DO
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Classification of loop integrals

- N

® (Classify according to topology of underlying two-point @fion
o top-level topology types ladder, benz, non-planar

1D ) &

o |
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Classification of loop integrals

-

-

® Classify according to topology of underlying two-point @ion

o top-level topology types ladder, benz, non-planar

{

> ) &

®» UsingIBP identities more complicated topologies are reduced to l&imp
topologies

<

~

~

~
~
~
~
~
~
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(O D <
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Symbolic N calculations

- B

® Combine identities: integration by parts, scaling, Passaveltman type

= Difference equations fof (V) [recall: coefficient of(2p-q)™ ]

ao(N)I(N) — -+ = an(N)I(N—n) = Io(N)

Simple scalar example [red line: flow of massless parton nmbnmep |

1 1 1 1 1 1 1 1 2
1 1 N+34+3€¢ 2p-q 1 1 2 1
1 1 -+ 1 1 = 1 1
N+2 q? N-+2
1 . 1 1 1 1 - 1

1

®» Successive reduction to simpler (lower topologies or ‘lesk) integrals

o |
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Examples of results



CC DIS: 10’th Mellin of F3 structure function Moch, Rogal '07
1953379 o 537659500957277 5 of 997399446375524589
asCpne | — F

= 14asCp—— + + a?
|3”J'L > 138600 15975002736000 147609025280640
7202 5832602058122267 99886 ¢ )
3

T 905 C3> +G’SOACF< 29045459520000 1155
+_a367ln52(51339756673194617191_+ 48220 3)
sYFTF T 996360920644320000 18711
o2, (__125483817946055121351353 _ 59829376 24110<4>
sUE T 209235793335307200000 3274425 693
+_a3c3<__744474223606695878525401307 | 28630985464358
sUF 7088908678200207936000000 24960941775
151796299 53708
2004150 T 99 C5>
OO <__185221350045507487753 L somioor 24110(4)
s “AYFTf 226445663782800000 39690 693
; 2(19770078729338607732075449 619383700181
+a;C4Cr — 3
8369431733412283000000 5546875950
151796299 37322
T 5336100 T 99 <5>

. 03798719639056648125143 43202630363
—I-CLSCA CF - C?)
36231306205243000000 20582100
151796299 . 195422
16008300 >+ " 231 °)°
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Polarized DIS: The spin splitting function

-
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Vogt, Moch, Rogal, Vermaseren '08
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Polarized DIS: The spin splitting function Aqu to NNLO
Vogt, Moch, Rogal, Vermaseren '08

- N

0.2 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 0.4 1 1 IIIIIII 1 1 IIIIIII 1 LI

ARy, (X)

0.1

=

0.1 -
...... LO - L, .
- NLO j NLO + LL(aJ) :
-0.2 —— NNLO 4 12b —
[ ] I . N, =3,05=0.3
-0.3 e I M B
0 02 04 06 08 1 107 107 107t 1
o X : |
NNLO corr. < 15% for 0.005< z < 0.9
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Summary

-

® Therecipe for higher order DIS calculations has been described T

® Application examples:

# Charged CurrerdIS
S. Moch, M. Rogal, Nucl.Phys.B782 07
S. Moch, M. Rogal, A. Vogt, Nucl.Phys.B790:317-335, '07
M. Rogal, arXiv:0711.0521 [hep-ph]

» 3-loop splitting functions fopolarized DIS
A. Vogt, S. Moch, M. Rogal, J.A.M. Vermaseren, arXiv.08(Z38
[hep-ph] 08

o |
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