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Electro-weak corrections for LEP

21d grder QCD corr’s for DY process
NLO heavy-quark productionin  pp
O (a?) coefficient functions in DIS
Heavy quarks in structure functions
Polarized NLO splitting functions

2nd grder corr’s for fragmentation
Variable-flavour partons and DIS

QCD corr’s to LHC Higgs production
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Parton distributions and hard processes (l)

Example: inclusive photon-exchange deep-inelastic scatt ering (DIS)

/
€ 0 Hard scale, Bjorken variable
v*(q)
o QZ — _q2
Cai — 0
i(£P) r = Q°/(2P-q)

p(P) —( f; — Lowest order, quarks: « = &
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Parton distributions and hard processes (l)

Example: inclusive photon-exchange deep-inelastic scatt ering (DIS)

_—
€ 0 Hard scale, Bjorken variable
7*(q) 2 2
Cai : @ = —2q
i(¢P) r = Q°/(2P-q)
p(P) —( f; — Lowest order, quarks: @ = &

Structure functions F, L [upto 1/Q? terms — cut data to suppress]

2

(5, Q%) — Z/ cui( r0s®), B ) A7)

Coefficient functions:  scheme, scale pu = O(Q), Mellin convolution
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Parton distributions and hard processes (ll)

Parton distributions  f;: evolution equations ( ® = Mellin conv.)

d
Az Ji6r) = > [Pilas(6®) ® fr.(1?)] (€)
n [t -
Initial conditions incalculable in pQCD. Lattice: low mome nts only

= predictions: fits of suitable reference processes, univers ality
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Parton distributions and hard processes (ll)

Parton distributions  f;: evolution equations ( ® = Mellin conv.)

d
> fi(57H2) = Z [Pik(QS(HZ)) ® fk(ﬂz)] (€)
dln p r
Initial conditions incalculable in pQCD. Lattice: low mome nts only
= predictions: fits of suitable reference processes, univers ality

Expansion in . splitting functions P, coefficient functions ¢,

P = asP(O) -+ aszP(l) -+ ag’P(2)—|—
c, = asna[cgo) +asc((11) + asz 022) -+ }

Ve

LO: approximate shape, rough estimate of rate
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Parton distributions and hard processes (ll)

Parton distributions  f;: evolution equations ( ® = Mellin conv.)

d
> fi(57H2) = Z [Pik(QS(HZ)) ® fk(ﬂz)] (€)
dln p r
Initial conditions incalculable in pQCD. Lattice: low mome nts only
= predictions: fits of suitable reference processes, univers ality

Expansion in . splitting functions P, coefficient functions ¢,

P = asP(O) -+ aszp(l) -+ ag’P(2)—|—
c, = asna[cgo) + cgl) + asz 022) -+ }

\

Ve

NLO: first real prediction of size of cross sections

NNLO, P2), ¢(2): first serious error estimate of pQCD predictions
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Higgs boson production at the LHC (1)

Dominant channel:

80||||

O TR R R
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_ o(pp — H+X) [pb] 1
L IJ'R = MH —

- Vs=14TeV

M, ,(GeV)

80

gg — H + X viatop-quark loop

60

20

o(pp — H+X) [pd]
M,, = 120 GeV

Error guess. apparent convergence, variation of scale

Next-to-leading order (NLO) insufficient for quantitative

NLO
Lo
1 1 1 1 I
0.5 1 2
Hg/ My,

>

7 Spira et al. (95)

o (how far?)

prediction
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Higgs boson production at the LHC (ll)

&NNLO . Harlander, Kilgore (02); Anastasiou, Melnikov (02, 05 |

Partons including NNLO:

MRST (plot), Alekhin.

agifr |)

80 80
o(pp — H+X) [pb] : a(pp — H+X) [ph]
60 | Hr =My 1 el M,, = 120 GeV
AY N
\. ........ 1 —
R - -- NLO el
BN 2 SO T~
40 N \\\.\. ————— N LO | 40 __.. < - o T :
- N ~ _
NI ~ o
Bl \\ NLO
- N )
20 — '-. N ~ :-\.\ ] 20 - e |
- ~ ~ :.:.: ....... LO . o
L e = -~ - :" - e NZLO
- Vs=14TeV i
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 O | I )
100 150 200 250 300 0.2 05 L 5
MH(GEV) HR/MH

Higher-order uncertainties:

~ 15% at NNLO
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Higgs boson production at the LHC (ll)

OynLo - Harlander, Kilgore (02); Anastasiou, Melnikov (02, 05[  oyifr ])
Partons including NNLO:  MRST (plot), Alekhin. Parton uncertainty?

Or———7———7 77— 80
o(pp -~ H+X)[po] 1 ¢ o(pp — H+X) [pb]
60 . M,, =120 GeV
[T = e~ :
/”v‘t\ Moch, A.V. (05)
] 40 _°-.. \\\ \\\\\\ .
_ . NLO ]
20 |- ; T ‘
. r — N'LOgpex LO ]
e, ——= NLO
- Vs=14Tev T it
O||||||||||||||||||| O 1 I R T T R R 1
100 150 200 250 300 0.2 05 1 5 3
M, (GeV) U/ M,

Higher-order uncertainties:  ~15% at NNLO, ~ 5% at approx. N 2LO
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Parton evolution from HERA to LHC

Kinematics: partons with momentum fractions £_ < £ < 1 contribute

1/E LILLILLLLL T TTIT T TTTTT T TTTTI T 1T I IIIIIIII I IIIIIIII T TTTH
6[ 2
10°F _=M"s

1051 M=120GeV Q=M

T TTTI

llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1111

T IIIIIIII T IIIIIIII TTT IIII T IIIIIIII

L]
| llllllll | llllllll L 1IN | llllllll o] 1111 | llllllll 1 1111 1 1111

10° 10% 10° 10°

Q° (Gev?)
W/ Z, H, top, new physics: ¢_2 10~%, cancutat Q% = 10 GeV?

o
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Parton evolution at large N/ large x in MS

Recall AN = foldw xN~1A(xz). Non-singlet +: u+u — (d—l—ci) etc

0.105

0.095 |
0.09 [
0.085 |
0.08 [

0.075 Lt———

0.1F

—Pis(N)/InN 3

arows: N - oo 1 C
(in highest term) 3 -0.1 ¢
IR T ﬁ 02 F
> -03F
................................ o _04 :
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Parton evolution at large N/ large x in MS

Recall AN = foldw xN~1A(xz). Non-singlet +: u+u — (d—l—ci) etc

0.105

0.095 |
0.09 [
0.085 |
0.08 [

0.075 Lt———

N®LO: P, now known for N=2, n.=3

0.1F

I B
—Pis(N)/InN 3

arrows: N - o

(in highest term) -
T =
-3
| | | | | | | | |
5 10 15

0.1 F
0.2 F
0.3 F

-0.4 |

OF

I_O.l_lll

|__O.5_|||

dingls/dInQ® -

0

X

1

02 04 06 08

Baikov, Chetyrkin (06)

Pt = —0.283a5[1 + 0.869 a5 + 0.798 a? + 0.926° + ...]

N >2: similar/smaller (as In N coeff’s). n,>3: HO corr's smaller
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Non-singlet three-loop quantities at small

X

Order a?: small-  terms In*z with kupto 2n—2(2n—1)in P (c)

10

15 llllll”l lllll”ll lllll”ll llll””l T TTTT
_ (2 7
8 (1) P2 () -
- - BV (95) -
- . In*x
llllll L1111 l 11 lllll lllll 11
10° 10% 10° 107% 100 1

40 lllllf. T T T IT T T T ITI] T T T TIm]
— 3 |
(1 X) C2,ns (X) .
20 —
o~ el —

i In°x
20 -
=4

_40 ul il 11 il 11 wl

10° 100" 10° 10° 10"
X
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Non-singlet three-loop quantities at small

X

Order a?: small-  terms In*z with kupto 2n—2(2n—1)in P (c)

15 T llllllll T llllllll T llllllll T llllllll T TTTT
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20 -
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_20 - =+ |n4X
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X
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Non-singlet three-loop quantities at small I

Order a?: small-  terms In*z with kupto 2n—2(2n—1)in P (c)

15 LRI LLL B B R N R L B R LLL B N 40 lllllf. T T T IT T T T ITI] T T T
— (2) ] _ (3) |
(1 X) PNS+ (X) i (1 X) C2,ns (X) .
10} - BV (95) 4 20F -
[ .o+ In*x
AN 3 L
- \\... ...... + In X —. ———————————————— 7]
1P N e
S R +In°x O LT
B A.\ - -
i T I I x
T e et 20 +In*x
................... +In®x
I N =4
_5 | ol 3l | _40 Lol il pul 1111 |
10° 10" 10° 120% 107 1 10° 10% 120° 10° 10"



Non-singlet three-loop quantities at small I

Order a?: small-  terms In*z with kupto 2n—2(2n—1)in P (c)
15 UL L L L L 40 R L L B
: 2 — : 3) :
2 AR | [ (a0
— 20_ —
. ] i .- — exact
- In"x ] I . |
...... +|n3x |
————— +In°x
o

.
~.
. ~
. ~e
~.
~e
Sewl,

B — exact 7
_5 I 1 llllllll 1 llllllll 1 llllllll 1 llllllll 11111 ] _40 11 lllllll .I 1 lllllll 11 lllllll 11 lllllll
10° 10* 120° 107 107 1 10° 10* 10° 10° 10
X X
x-values for colliders: not even shape guaranteed by leading logs
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Singlet splitting and evolution at small

X

1
Splitting functions — observables: convolutions, /dy p(y)f<§)
x Y

2
ngg

O -
_5 -
I . Inx ]
i 7 FL(98) ]
-10 _
I Ne=4
15 5 .4 2 1
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Singlet splitting and evolution at small X

1
Splitting functions — observables: convolutions, /@P(y)f<f)
z Y Y

2) -
2) PP 0g)/g
XPgy (X) _ (P /9 :
0 100F---""""- ~~ -
- - Inx + const S -
ST o _— 3
I s Inx ] [ exact I
. “Inx
I o FL(98) I
-10 - -10 - -
I 03 5
i Ni=4 1 i Xg=Xx "(1-x)" ]
15 5 .4 3 2 1 -20 5 4 3 2 1
10 10 10 10° 10 1 10 10 10'X10' 10 1
X

General: small- x limits of splitting fct’s insufficient in convolutions

4

First estimate of corr's beyond NNLO: future moments at orde o
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Evolution of singlet parton distributions

Example: quark and gluon scale derivatives at scale Q? ~ 30 GeV?
0-4 I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII LILLBLLLLL B LILBLBLLILLL I IIIIIIII I IIIIIIII I IIIIIIII I IIIIII_I
i 2 7] - 2 A
—~ dings/dInQ” { 04 Kz, dlng/dINQ” 4
02 TN 4 0 | ]
IRRRRRIII T 1021 -
0 - 1 0 B _
L e eee LO - n -
02 L --- NLO 1-02 ~
- —— NNLO : -
I 04 as=0.2, N;=4 T
1 IIIIIIII | IIIIIIII | IIIIIIII | IIIIIIII 1 1111
10° 10" 10° 10° 107 1 10° 10" 10° 107 10" 1
X X
Expansion very stable for main LHC momentum fractions x 2104

p.11



Avalilable evolution codes including NNLO

a-space: discretization in - x, p. of coupled integro-differential egs.

HOPPET (G. Salam, from 2001), http://hepforge.cedar.ac.uk/hoppet/
QCDNUM (M. Botje, new: v.17), http://www.nikhef.nl/ “h24/gcdnum/

IN-space: ordinary diff. egs., time-ordered exp., N — x numerical

QCD-Pegasus (A.V., publ. 2004), http://www.liv.ac.uk/ ~avogt/pegasus.htmi
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Avalilable evolution codes including NNLO

a-space: discretization in - x, p. of coupled integro-differential egs.

HOPPET (G. Salam, from 2001), http://hepforge.cedar.ac.uk/hoppet/
QCDNUM (M. Botje, new: v.17), http://www.nikhef.nl/ “h24/gcdnum/

IN-space: ordinary diff. egs., time-ordered exp., N — x numerical

QCD-Pegasus (A.V., publ. 2004), http://www.liv.ac.uk/ ~avogt/pegasus.htmi

Sample comparisons

Sl _
(AR Linear Interpolation 3
1000004 UL IR UL B L BRI L B R RLLL IR LLL L IR L B R | gz o (200) x',"l (PIOt OfM.B.)
4 4 3
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1.000002 |- A A 9

oF
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1
. 0.06 [
- - . 004 |
0.999998 — —F —
i b . , i 002 | /\
L NNLO, N, =4, || @*=10"Gev ] ol

0.999996 Lol vl e vl ol Loovid v vl el 1l -0.02 | Guadratic Interpolation (100) \/ \/

10°10%10%10%10" 10°10%10°%10%10 1 ogal . L NS
X X 0 0.1 0.2 03 04 05 06 0.7 0.8 09 X
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Benchmark tables for the parton evolution

Evolution of Les Houches (2001) reference input at p:, = 2 GeV?

b

wuv(az,u?,o) = 5.1072 z°® (1 — x)°
xg (x, “?,0) = 1.7000 %! (1 — x)°

9

with o (12 = 2 GeV?) = 0.35

at LO, NLO, NNLO, for p, = {0.5, 1, 2} p., with fixed /variable Ng

Use of two completely different codes. G. Salam, A.V. (2002, 05)
Five-digit agreement over wide rangein  x, uf = reference tables
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Benchmark tables for the parton evolution

Evolution of Les Houches (2001) reference input at p:, = 2 GeV?

Uy (T, pg o) = 5.1072 x°° (1 —z)°

xg (x, “?,0) = 1.7000 %! (1 — x)°
with o (12 = 2 GeV?) = 0.35

at LO, NLO, NNLO, for p, = {0.5, 1, 2} p., with fixed /variable Ng

Use of two completely different codes. G. Salam, A.V. (2002, 05)
Five-digit agreement over wide rangein  x, uf = reference tables

Example: (iterated) NNLO, g, = 2p,, Ny = 4 at pu?2 = 10* GeV?
r=10"°, xu, =2.9032-10"%, ..., xg=2.2307-107

r= 09 , zu,=3.6527-10"%, ..., xg=1.2489-10°
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Input shapes and factorization schemes

MS evolution: convenient, stable (see above) — but pdf’s not physical

Shapes for *— 1, e.g., more natural in other scheme? Positivity?
NLO partons (which scheme?) best choice with LO Monte-Carlo S?
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Input shapes and factorization schemes

MS evolution: convenient, stable (see above) — but pdf’s not physical

Shapes for *— 1, e.g., more natural in other scheme? Positivity?

NLO partons (which scheme?) best choice with LO Monte-Carlo S?

Traditional alternative:  DIS scheme, quarks physical via F>. Singlet:
42 = g5 + as[cyi®as+cSi®g] + ...
g™ = g —as[c§2®qs+c§f3®g] + ...

Drawback: gluon transf. arbitrary except at N = 2 (momentum sum)
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Input shapes and factorization schemes

MS evolution: convenient, stable (see above) — but pdf’s not physical

Shapes for *— 1, e.g., more natural in other scheme? Positivity?
NLO partons (which scheme?) best choice with LO Monte-Carlo S?
Traditional alternative:  DIS scheme, quarks physical via F>. Singlet:
42 = g5 + as[cyi®as+cSi®g] + ...

g = g — sl ®as+es@g] + ...

Drawback: gluon transf. arbitrary except at N = 2 (momentum sum)

Interesting old concept:  DIS, scheme Furmanski, Petronzio (81)
Also gluon shape physical via structure fct. F, of scalar coupling to
G*" G, (<« Higgs in large- 1, limit) — cfpl,;z’?’)(w) now computed

= End-point constraints from positivity of Fy, ...
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Heavy quarks in parton evolution

Below: disregard ‘intrinsic charm’ — can be relevant at larg ex
Pumplin, Lai, Tung (2007)

MS evolution of partons and g with variable number of flavours:
matching of effective theories. For partons at 1 r=m, (pole mass):

] (Ne+1) _ (Nf) + Sz a ANS »(2) ®l(Nf)
i m2 qq,h
g (Net1) — gWNe) 45,5 az :q(,2) R q (Nf) _|_A:g(i) ®g(z\rf)_

(h_l_ ’_'L) (Neg+1) — 6m2 0;2 S (2) ® (Nf) + AS ,(2) ® (Nf)

Coefficients: Buza et al. (95/96), [Bierenbaum, Blimlein, Klein (07)]
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Heavy quarks in parton evolution

Below: disregard ‘intrinsic charm’ — can be relevant at larg ex
Pumplin, Lai, Tung (2007)

MS evolution of partons and g with variable number of flavours:
matching of effective theories. For partons at 1 r=m, (pole mass):

li(Nf‘l‘l) — l (Nf) + (sm aZ AquS, (2) ® l (Nf)
g (Net1) — gWNe) 45,5 az :q(,2) R q (Nf) 4+ A:g(i) ®g(z\rf)_
(h _|_ ’_'L) (Ng+1) — 6m2 0;2 S (2) ® (Nf) + AS ,(2) ® (Nf)

Coefficients: Buza et al. (95/96), [Bierenbaum, Blimlein, Klein (07)]

Included in the evolution codes and benchmarks discussed ab ove

Ignored in NNLO MRST partons, now implemented for MSTW (07) sets

+ more improvements, e.g., fastNLO (Kluge, Rabberts, Wobisch) instead of K-factors
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Heavy quarks in structure functions

FCC/CTEQSFS pIot of P.D. Thompson (07)

Q > m.: u,d, s, g partons

j Q 2Gev?

e CTEQS5F3
2 — CTEQ65

j Q 4Gev?

G

j Q 7Gev?

I

+ massive c coeff. fct's, FFNS
NLO: Laenen et al. (92); HVQDIS (95)

Q =>> m.:terms m./Q — 0

| s ZEUSD"
2 » H1D"

 Q*=11Gev?

| o H1Displaced Track |

1 Q=18GeV?

Ny = 4 partons (matching),
m = 0 coeff. fct's, ZM-VFNS

1 Q’=30GeV?

1 Q°=130GeV?

T Q°=500GeVv?

10° 103

10° 10°

10° 103
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Heavy quarks in structure functions

FCC/CTEQSFS pIot of P.D. Thompson (07)

j Q 2Gev? j Q 4Gev® jj Q 7Gev?
e CTEQSF3 I
- — CTEQ65 1 1
. ﬂ .......... 1 JL%T
3 P r I
 Q*=11Gev? 1 Q=18GeV? 1 Q’=30GeV?
-+ ZEUSD" I
- » H1D" 1+ <
| o H1Displaced Track | I
3F - I e
- Q*=60GeV 1 Q°=130GeV? T Q°=500GeVv?
2 - —

Q > m.: u,d, s, g partons
+ massive c coeff. fct's, FFENS
NLO: Laenen et al. (92); HVQDIS (95)

Q >> m..terms m./Q — 0
Ny = 4 partons (matching),
m = 0 coeff. fct's, ZM-VFNS

Q > m.. terms m./Q # 0,
but quasi-collinear logs large

Ny = 4 pdf's, ‘interpolating’
coeff. functions, (GM-) VENS
ACOT,; BMSN/CSN; (Roberts-) Thorne

Transition process-dependent

Exp.+th.: " Q 3 m." for HERA Fjf°
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Highlights of recent parton analyses ()

CTEQG6.5, ..., W.K. Tung et al. (06)

Charm mass suppression in DIS finally implemented in fits
Improved iterative treatment of inconsistent data under wa Y, ...

2.0 T T 7 T T T T T T T T 2.0 T T 7 T T T T T T 2.0 UL L T T
uat u=5Gev | I d at u = 5GeV | | gluon at u = 5GeV
< < © ,
(<4 (<4 [« B
E 7T E E N . ‘
O o Kl 111 3 o Ty gl
at HH\mwuwwwummwmmmﬂmwmH‘HH E at gt i mm
o £ o £ o F b
s S F S F il
« — « — o]
[+ [+ B [*5 F
07 07 3 ]
= €Xp. errors only :
05-IIIIII 1 1 1 I 1 1 1 1 1 1 II‘- 05-IIIIII 1 I 1 1 I 1 1 1 1 1 1 ] 05-IIIII 1 I 1 1 I 1 1 1
10%040° o01.02 05 .1 2 3 4 .65.6.7801 10%040° o01.02 05 .1 2 3 4 .65.6.7801 10%040° 01.02 .06 a1 2 3 5.6.78.9

X

Less Ff¢ = more u,d = higher W/Z cross section ( ~8%) at LHC

p.17



Highlights of recent parton analyses ()

CTEQG6.5, ..., W.K. Tung et al. (06)

Charm mass suppression in DIS finally implemented in fits
Improved iterative treatment of inconsistent data under wa Y, ...

2.0 T T 7 T T — T T T T T T 2.0 T T 7 T T T T T T 2.0 UL L T T
uat u=5GeV | I d at u = 5GeV | | gluon at u = 5GeV
M M i
% % " |
= = g L
e b I B~ N _
O o Kl 111 3 o Ty ]
at HH\mwuwwwummwmmmﬂmwmH‘HH E at gt i
S F S F S F g
3 F 5 -
[+ B [+ E (S
0.7 07 3 ]
= €Xp. errors only :
05-IIIIII 1 1 1 I 1 1 1 1 1 III‘- 05-IIIIII 1 I 1 1 I 1 1 1 1 11 i 05-IIIII 1 I 1 1 I 1 1 1
10°%0%40° 0102 05 .1 2 3 4 5.8.7.8.01 10°%0%40° 0102 05 .1 2 3 4 5.8.7.8.01 10%0740° 01.02 .06 .1 2 3 5.6.7.8.90
X

Less Ff¢ = more u,d = higher W/Z cross section ( ~8%) at LHC

Alekhin, Melnikov, Petriello (06)

Extension of fits (S.A., 02: DIS only) to consistent subset of DY data
NNLO corr’s to Drell-Yan cross sections crucial;, preferred O low
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Highlights of recent parton analyses (ll)

NNPDF, L. Del Debbio et al (07)

Hybrid evolution combining advantages of N-and x-space
Non-singlet (so far); neural networks to avoid parametriza tion bias

0.081
0.4 C
0.07
0.35 0.06 E Q%= 4 GeV?
0.3 E [INNPDF
$0.25 B CTEQ6.1 'R E —CRS
< [ MRsTO2 2’ 0.04F
) B ALEO2 =, <
2 - [ NNPDF o~ 0.03F
(e x -
0.15 0.02F
0.1 0.01F
0.05 oF
O L1 I L1 11 ‘ L1 1 ‘ L1 11 ‘ - ‘ | - ‘ - L1 el ‘ Ll 1 1 I _0 Ol: 1 1 ‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ’ 107

10*
X X

Width diff. at, e.g., @ = 0.2 looks too big for param. bias — data sets?
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Highlights of recent parton analyses (ll)

NNPDF, L. Del Debbio et al (07)

Hybrid evolution combining advantages of
Non-singlet (so far); neural networks to avoid parametriza

0.4

0.35

0.3

0.25

0.2

q,, (x Q)

0.15

0.1

0.05

0

Width diff. at, e.qg.,

ro v b b s b L Ly g T
01 0.2 0.3 04 05 0.6 0.7 08 09 1
X

Blimlein, Bottcher, Guffanti (06)
Global non-singlet DIS analysis with determination of

N-and x-space

0.08[
0.07F
0.06
0.05F

© 0.04fF

é -

g D
o= 0.03F
x o

0.02f
0.01F

ofF

-0.01%

Q% =4 GeV?
[CINNPDF
M sBG
— GRS

102

10*
X

X ~ 0.2 looks too big for param. bias — data sets?

tion bias
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Constraints of LHC gauge-boson production

pp - (Z,7")+X pp ~ W+X
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Instead of a summary: W-mass at the LHC

Mw, as function of 7,, Mz, ... can discriminate between theories
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