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J. BlUmlein

1. The Major Goals

e Precision Measurement of the Strong Coupling Constant as(Mg)

e Precision Measurement of the Unpolarized Parfon Densities

e Precision Measurement of the Polarized Parton Densities

e Who Carries the Spin of the Proton?
e Higher Twist Effects

e Is tThere Saturation in DIS at small x 7 — answered by experiment.
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Theory of DIS

‘69, QCD: '72 +

Y ‘69 — 72

Parton Model Light Cone Expansion [f]
N ]
Twist 2 Higher Twist
polarized * unpolarized +N 7
< > Fixed Order PT: QCD Twist 3
Twist 4 ...
! : !
_ _ Sum Rules
o Splitting Coefficient ‘60ies
° functions functions - now
O(ad) O(a?) O(a?) |
73,'74,'80,'97 '73,'82, '04 ‘82,'02,'05,'09

Special Kinematics [..5 g6
Domain; Small x '

Resummations ?

More Genera View

Higher Orders

00 - ‘08 / Non—forw.*scalterlng
Diffractive :
Scattering Angular Momentum: g, G

New Algorithms
— Novel Mathematics
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Status of Highest Order Calculations

® RUﬂﬂIﬂg g, O(C%;l) Larin, van Ritbergen, Vermaseren 1997
e Unpol. onomolous dlmen5|ons and Wilson coefficients: O(a?)

Moch, Vermaseren, Vogt 2004/05 )

) Unpol. NS onomolous dimension 2nd Moment: O(Oz;l) Baikov, Chetyrkin 2006
e Pol. anomalous dimension: O(Oz?),‘ Mertig, van Neerven, 1995; Vogelsang 1995;

AP qqAPqG: O(Oz?) Moch, Rogal, Vermaseren, Vogt 2008 5%
e Pol. Wilson coefficients: O( ) ACNS? Ach;' van Neerven, Zilstra 1994

e Transversity: O(a?), some moments Onom dim.: O(a?), Hoyeshigak, Kanazawa, Koike:

Kumano, Miyama; Vogelsang; 1997; Gracey 2006, HQ: JB, S.Klein, B. Todtli 2008 ¢
L UhpOl HeCIVV F|CIVOF WI|SOﬂ CO@ﬁlClenTS O(&g) Laenen, van Neerven, Riemersma, Smith, 1993
Fast Melin Space code: Bitmiein & Alekhin, 2003 5¢
e Pol. Heovy Flavor Wilson Coefficients: O(al) wotson 1982
e ? > m? Unpol. Heavy Flovor Wilson Coefficient Fr: O(a?)

S

Bllmlein, De Freitas, van Neerven, S. Klein 2005 ¢
] Q2 > m2 POl HeCIVV F|CIVOF WI|SOﬂ CoefﬂC|enT O( ) van Neerven, Smith et al. 1996,

Bierenbaum, Blumlem & Klein 2007 \7e*

e Q% > m? Unpol. Hec:vy Flavor Wilson CoefﬂmenT Fy: O(a?e): all operators

(also polorlzed) Bierenbaum, Blimlein, Klein, Schneider, 2008; O(CVZS))) Moments 2 10(12,14)
of the operator matrix elements, HQ Wilson coeﬁ‘. Bierenbaurm, Bitimiein, Kiein, 2008 (¢
/0@ ' — NJLA
s = done at DESY (or in DESY collab.). _— e ZEKE o
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DIS Structure Functions @ Twist 2

2 ‘ Q°
Fi(x,Q") = 0’ (as, F,ZE)
T sub — system cross — sect.
; M? M?
= Fk (aS(R2>7 ,LL2 9 R2)
finite ;dfsz
2 2
k oy @7 M
®Cj (CYS(R )’ﬁjﬁ’x>

\ 4
Ve

finite Wilson coefficient

Move to Mellin space :

Fj(N) = /O 1 dzz™N 1 F;(z)

Diagonalization of the convolutions & info ordinary products.
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Evolution Equations

0

Mg+ Bla) 5~ 216l0)| FiN) =0

M5+ B(9) 2 + 7 (9) — 29u(9) | fu(N) =0
M5+ B(9) L — Y (9)| CHIN) =0

CALLAN—SYMANZIK equations for mass factorization % =
ALTARELLI—-PARISI evolution equations

X-space :
d gt (z,Q%) \  as o gt (z, Q%)
dlog(u?) ( G(z, Q?) >_ 27rP( ’ S)®< G(z, Q?) )

P(z,as) = PO (z) + 22 p () + (%
2T 2T

) PO(@)+ ...
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Anomalous Dimensions and Wilson Coefficients

O T A
0.253
0.23
0.153
01

0.05 [/

Vermaseren, Moch, Vogt 2004 %
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The Basic Functions of massless QCD to w=5:= 3 Loops

J. BlUmlein

Representafive : S1(N) = ¢(N + 1) + vg and its derivatives.

In(1 4+ x)
aht w3 Fi(N)=M
Weight w=3 : 1 (V) { Tz

(N)

R =M |22 ), B =M [(Liz(f”))J ()

Yndurain et al., 1981: F»(N)

Weight w=4:

Fav) =M | 220 ), p() = M [(Sfﬁ(? ) J (V)

F3(N) — F5(N): J.B., 2003; J.B., V. Ravindran ,2004

PDFs for the LHC Vienna, December 2009
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Weight w=5:

Fo 10(N) = M (Sz,z(x)

1+x

><+>] (V). Fa(v)=M|

Fi213(N) =M

(ln(x)Sl,g(—x) — Li%(—x)/2>
L& (+)

Fs(N) — Fi3(N) : J.B., S. Moch, 2004.

Massless QCD to 3 Loops depends on 14 Functions.

Weight w=6 :

= Representation for 3 Loop Wilson Coeff.: 35 Functions, J.B., 2009. &

J. BlUmlein

(5%)
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Complex Analysis of these Functions

e Construct exact analyfic continuations to complex N

e The functions are meromorphic
(up to soft corrections, which have a simple structure)

e Asymptotic Representation

e Recursionz +1 — z

e Solve the Evolution Equations fully analytically and form an
analytic expression for the Structure functions in Mellin Space at

all Q?

¢ INCclude the heavy flavor Wilson coefficients in Mellin Space
—> nearly accomplished 1o O(a?) I. Bierenbaum, JB, S. Klein (2009)

e Perform a single fast, numerical Mellin inversion
(at high precision)

—> Fastest and most Precise Way of Analysis

J. Blumlein PDFs for the LHC Vienna, December 2009 ~p.10



3. Unpolarized Parton Distribution Functions

+ . .
HERA I e p Neutral Current Scattering - H1 and ZEUS HERA I ¢'p Neutral Current Scattering - H1 and ZEUS
< ™ 7
o r _ 10
x 14 - x=0.002 % ,i F oo X=0.000032, i=22 ® HERA I (orel
\61- [ % + NO F eoe x=0.00005,i=21 - (prel.)
r e HERA Ie p (prel.) T100 | et 00NN O Fixed Target
[ — E e x=0.00020, i=18 ———  HI 2000 PDF
12 - o ZEUS o oo ——  ZEUSJETS
r 10° ...”’"'.‘_ X =0.0005, i=16
L HE %? E .,-—"""..'m X =0.0008, i<15
L n M X=0.0013, =14
L 1045 Wn“‘" x=0.0020, =13
L E R Xx=0.0032, =12
L [ W x=0.005, i=11
L 103? /M./.Mm x=0.008, i=10
£ x=0.013,i=9
0% L o L W X=0.02,i-8 g
E e W 2
[ ? 3 107 . x=0032,i=7 ]
L ?o E Saso s PN X =005, i=6 gb
T E;Q § 10 ; EaEEs - oo x=0.08, =5 "g
I #%i#i § % ' veevess M x=0.13,i=4 =
i * #i& g 1 L e s R L ccosim é
=] = =1
04 é E o _\!\; Xx=0.25,i-2 5
I = Al I ﬂ 2
[ L 10 & x =040, i=1 g
L E E ~=m 2
Q E Q
2 E 2[ iy ﬁf—%ﬁ\ 061 £
[ 10 & D) x=0.65,i=0 ©n
i 2 : 3
0 Ll Ll Ll Ll I = 10-3\\ Lol Ll Ll Ll Ll L]
1 10 10° 10° 10* 1 10 10° 10° 10* 10°
2 2
Q*/ GeV? QY GeV
DIS08 Joél Feltesse DIS08 Joél Feltesse

New ZEUS + H1 averaged F»(z, Q?)
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F, (x, @)

J. Blimlein
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Direct F(z, Q%) Measurement at HERA

H1 Preliminary FL

medium & high Q?

3 Q® = 12 GeV? 2 Q% = 15 GeV* 3 Q® = 20 GeV* Q? = 25 GeV?
3 Q% - 35 GeV? I3 Q%= 45 GeV? "' Q% = 60 GoV? I Q = 90 GeV?

\fﬁ\_

3 Q.E - 1T G;VE 3 Q2 - 150 GeV? - 200 GoV? Q;E - 250 G.eVE
3 Q° = 300 GeV? I3 Q2 = 400 GeV? _ _ 500 GeV? Q-650GeV? |
E ey 10° 102 10" 10° 102 10" 10° 102 10"
® Hi (Prelim.)
. o E,, = 460, 575, 920 GeV
10° 102% 10" — H1 PDF 2000
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Direct Fy(z, Q%) Measurement at HERA (H1-prel.)

H1 Preliminary FL

1
ﬁé‘ — HIFDOHE 20049
b e HI(Prelim) - CTEQ 64M
":'j_"l | Ep =460, 575, M Gey -— Alekhim MMLD
L METW ML
B B METw NNLO
| 2 E e Rh - @ ot -
JEREIRIR IR
9.5 = = e~~~ R~ R~ R~ =
a—

Q?*/Gev?
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Parton Distributions: Overview

[ TTTTIT T TTTTTT T TTTTI T TTTITI T TTTmT T TTTTTT T TTTTTT T TTTTT
08/ - -
06— - =
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02/~ - =

OFFFAITT Lo 1 FHUIIE 1 E TN FHE) ] 4 ) T
08— - =

: T 1 c
06 —+ — S

: T 8
04 T -8
02/ - -3

- S =

07\\\\\\ [ \HHH} [ \HHH} [ \H\HTiHHH 3‘ ‘HHH‘ 2‘ ‘HHH‘ 1‘ 7I

B 110 10 10" 1

o ] 2 2 X
L 1 H1PDF2000: Q" =4GeV
; — FittoHldata
- experimental errors
_] model uncertainties
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World Data Analysis: Valence Distributions

05 — NNLO Fit
- —.— MRSTO4

World data:
NS-analysis

]
3 ‘_2‘ ‘_1 : : . " W2 >~ 12.5 GeV2,Q2 > 4 GeV2
10 10 10 X 10 10 10 X
05 05
04 |- xd, (X) N3LO :
b — | | 2 0.0020
) NNLO CVS(J\IZ) — 0-11411_0_0022
L —— MRSTO4
02 | /
- — — AO6 /
01f S "
: J.B., H. Bottcher,
oL SR A. Guffanti,

n® 10 '  x 1° 10° w0 x(hepph/0607200)

J. Blumlein PDFs for the LHC Vienna, December 2009 —p.15



Why an O(«%) analysis can be performed?

assume an £100% error on the Pade approximant — +2 MeV in Agcp

(2)2
approx:3 __ Tn
n (D)
Yoy
Baikov & Chetyrkin, April 2006:
N 32 0440 , [3936832 10240 } ;
’ — - + _ + —
12 g 5T g3 s 6561 g1 3| %
1680283336 24873952 i | 5120 : 56969 o] ot
_ — a
1777147 6561 > ' 3 % 943 |7

The results agree better than 20%.
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Valence Distributions

i ° H1 i
2 i L )
10 b F5(x,Q%) % 2 S . BCDMS
- ~ 10 ¢ + NMC
[ \l/ ~ BCDMS -
I T —. x=0.30,i=3 :
: =0.30,i = x = 0.350,1 =4
1 ¢ =-:-: ) ;
E B N oA, 1 -
- x = 0.40 : x = 0450, =3
i i=2 L
1 I —~  x=0550,i=2
- -1
10 2 10 ¢ Yg, \L W > 12.5GeV
: E oSt TR
i x = 0.65 : . €665 x =0.650,i=1
L j=
2 .
10 10” 3
g F _acp Sal
r - - -QCD +TMC '=0 E ___ qcp+TMC Ben,  x =0.750,i=0
| . QCD + TMC + HT - QCD + TMC + HT
-3 3 ! ! ! !
10 vl vl el 2| Ll 3| Ll 4| Ll 5| Ll 10 e Ll L 2' o 3' e
1 10 10 10 10 10 1 10 10 10 ) )
Q?, GeV? Q°, GeV
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Valence Distributions: higher twist

14 ol
PROTON I DEUTERON

12 F -

 C..(x) [GeV] 0T ¢ .0 [Gev] +
10F 4.0GeV2<W?<12.5GeV? [ 4.0 GeV? <W? < 12.5 GeV? |

8 |

i 6

L A NLO I

[ B NNLO S

0

02 03 04 05 06 07 08 09 1 02 03 04 05 06 07 08 09 1

X X
e agreement between p and d analysis, J.B., H. Bottcher, 2008

e LGT determination of interest
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Slope of F; af low «

« 0.7 5
“~ \ &
S L 40GeV L
< 0.6 B N N 10\GeVﬁ\ eoar H1 96—-97 5
E i \\\\ 5\06\/\2\ \\\ == QCD fit (H1>
& 0.5 Q*=3 G\evz\ : '
0.4 |
0.3 -
I c
0.2 - S
; g
I 3
I ©
0.1 - =
I (@)
—
I
o \_ \\\‘_ _ i
107 10°° 1072 B SR
X 10 107 107 107 X
HI J.B., A. Guffanti 2005

Very likely, that the MS-gluon is remains positive!
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Flavor distributions: light quarks (NNLO)

Current Fitting Community (NNLO): b -
+ Many NLO analyses worldwide: CTEQ, NNPDF, H1, ZEUS, ...

225 2 4
5 u=2 Gev 18 | pn=10 GeVv 35 n=100 GeV

1.75

15|

1.25 |

075 F = <
05 7 , ~ xd

025 L

S. Alekhin, J.B., S. Klein, S. Moch, DESY 09-102

Correct treatment of HQ very essential: FFNS, BSMN-schemes.
full lines: ABKM error band; dashed lines: MSTW08
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Heavy quarks and gluon (NNLO)

2.5

2.25

u=10 GeV

175
15
125

0.75
0.5
0.25

S. Alekhin, J.B., S. Klein, S. Moch, DESY 09-102
full lines: ABKM error band; dashed lines: MSTWO08
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FFNS, Ny = 3

2.25
n=2 Gev
1.75

15

0.75
0.5 _ xd

0.25

comparison: ABKM (2009) vs. Jimenez-Delgado/ Reya (2008)
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Flavor distributions: strangeness

= _ Fit
“;gn""‘ i . CTEQ6L
- - XuixpHd i)

FIG. 3 The strange parton distnbution z85(z) from the
messured HERMES multiplicaty for charged kaone evolwed to
Qi = 2.5 3V szsuming [ D] (z)dz = 1.27 £ 0.13. The =clid
curve is a 3-parameter At for S(z) = MR AN o)
the dazhed curve gives 50 x) from CTEQHL, and the dot-dash
cure 18 the sum of light aotiquerks from CTEQAL.

Nice HERMES measurement (hep-ex/0803.2993); still to be understood.
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4, AQCD and OzS(M%)

0 em 0 0 wea, 0 s M2
00eml0) g 4q-11 Cweak 7.107* el 22)
aem(()) Olweak O‘s(Mz)

(until recently)

> 92.1072

LHC &
LC/GigaZ

25 f

24

1015 1016
Q [GeV]

P Zerwas, 2004
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O‘S(M%)

S. Aleknhin, J.B., S. Klein, S. Moch, DESY 09-102

davg (M2
o QZ ) ~ 1.2%
as(M7)
as(M3)

ABKM 0.1135 %+ 0.0014 HQ: FFS Ny =3
A.Hoang et al. | 0.1135 4+ 0.0011 & 0.0006 | eTe~ thrust
ABKM 0.1129 +0.0014 HQ: BSMN-approach
BBG (2006) 0.1134 +888;? valence analysis, NNLO
JR (2008) 0.1124 =+ 0.0020 dynamical approach
MSTW (2008) | 0.1171 4 0.0014

£0.0020 s
BBG (2006) 0.1141 00022 valence analysis, N°LO
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More Global Analyses

e o, (M%) for different data sets included are too different !
= applies also to HERA: IS vs FS; and also DIS vs TEVATRON-jet

ZEUS

25\\\\

<
~ E
><
e o0l ZEUSfit
E e with jet data
S o without jet data

15+

| O—{ world average
I (Bethke 2004)
10+
5
.
0 5o >

Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il Il Il Il Il Il Il Il Il
0.1 0.105 0.11 0.115 0.12 0.125 0.13

agMy)

M. Cooper-Sarkar, 2005
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5. Some Predictions for Tevatron and the LHC

Drell-Yan Process (NNLO)

L_v°
qq* qq
: 05
2 L pp--> WX 045 | bp —>W™X .
i ] i ud
175 | =14 TeV ud 04 | Vs=1.96 TeV
5 L 035 |-
125 | 03 7
. : 025
: 02 |
075 | o015 |
0.5 01 -
025 | 0.05 | €S us
0 5 0 2 0 2

ABKM (2009)
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tt Cross Section in pp(p) scattering at (NNLO)

this paper | MSTW2008
6.91 £0.17 7.04
(pp) | 131.3+7.5 160.5
(pp) 343 £ 15 403
14 (pp) | 780+ 28 887

ABKM (2009) vs MSTW08
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Higgs Cross Secftion in pp(p) scattering at (NNLO)

o |
Z ™
T pp(14 TeV)
o \
\\u ~e. - s —
'~°‘-.~.,. i
10 m’"’*«..k T e,
..'.""“-».. eSS .
mnﬁ.\"’"‘m»««.
1
:  Pp(1.96 TeV)
1 k\"\
10 “'\. —~—
| | | | ! [ | Yo | 01|
100 120 140 160 180 200 220 240 260 280 300
M, (GeV)

bands: ABKM (2009); lines: MSTWO08
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6. Advanced Technologies o Evaluate Feynman Diagrams

in QED & QCD @ 3 loops and beyond

Automatic diagram generation mandatory: QGRAF
# 25600 - 15000 diagrams

The "Only’ problem: Calculation of Feynman Parameter Integrals;
everything else automated: FORM-codes

Renormalization still not always trivial: ~5, mass(es), ...

Work with linguistic standards: Harmonic Sums, Harmonic Polylogarithms, Euler-Zagier

L& ',n.;E "

values, etc. - Avoids the problem of Balbel Biet in analytic infegration

Generalized Hypergeometric Functions and their Generalizations are to the
Heart of the Maftter. M. Kaimykov et al., JB et all.

Need: advanced Difference Equation Establishers & Solvers: Si gma ==

Do not proliferate I', i.e. avoid IBR MB, and other methods causing gigantic Zeroes.

o Whatremainsis: Integrating the hard way.
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Advanced Technologies to Evaluate Feynman Diagrams

Some Examples:
o /ero-scale Problems : Eulerzagier and Multiple Zeta Values
JB, D. Broadhurst, J. Vermaseren, DESY 09-03
find all relations : ——=> Tera-Terms to be processed
alternating: all relations up to w = 12 (6-loop level);
non-alfernating: all relations up to w = 22; determined.
Interesting relations: to w = 30;

@ Reconstructing recurrent quantities fromm Mellin Moments
JB, M. Kauers, S. Klein, C. Schneider DESY 09-02
Can one find the anomalous dimensions and Wilson coefficients to 3-loops just
from their moments ? Yes - recurrent quantities in Mellin space.
< 5114 Moments; difference equation fills 440 books

Complete computation: 5§ CPU Months

o Massive Wilson coefficients at 3 Loops
|. Bierenbaum, JB, S. Klein, DESY 09-57
first analytic massive 1-scale calculation @ 3-loops

Moments 2-10 (12/14) have been calculated for all unpolarized channels
Complete computation: 300 CPU days, partly req. 32-64 Gbyte computers
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/. Outlook

Theory:
Polarized Anomalous Dimensions & massless Wilson coefficients @ 3 Loops

Unpolarized Heavy Flavor Wilson coefficients @ 3 Loops : general N
Polarized Heavy Flavor Wilson coefficients @ 3 Loops

Along with this: Development of efficient analytic calculation methods
being suited for 3-Loops and higher

ep & pp jet cross sections at HO; progress in pdf Latfice calculations

Code:
Creation of an Open Source Code for DIS and pp-hard scattering data

for experimental precision analyzes to derive pdfs

Experiment:

Precision Data from LHC, JLAB and EIC.
Can we get da, even smaller ?
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