Theory of parton distribution functions
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Introduction: coefficient functions, partons distributio ns and as
From low scale structure-function data to LHC predictions
Higher-order parton evolution, with flavour and small- x effects

Practical evolution: codes and benchmarks. Heavy quarks

© o o o ©

Recent parton fits, open issues and outlook: W-mass at the LHC

* Freely using results obtained with Sven Moch (DESY) and Jos V' ermaseren (NIKHEF)
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Parton distributions in collider physics

Search for Higgs Boson, new particles : highest possible energies

= pp/pp colliders:

Tevatron (2 TeV), LHC (14 TeV)
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Search for Higgs Boson, new particles: highest possible energies
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Proton: very complicated multi-particle bound state
"The good, the bad, and the baryon"

Colliders: wide-band beams of quarks and gluons
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Parton distributions in collider physics

Search for Higgs Boson, new particles : highest possible energies

= pp/pp colliders: Tevatron (2 TeV), LHC (14 TeV)

Proton: very complicated multi-particle bound state
"The good, the bad, and the baryon"

Colliders: wide-band beams of quarks and gluons

oPP =3 fPx f'PxGIt Hard interactions of protons:

f p parton (g, g) distributions ~ f7
D Q.‘/J:{ >/ partonic cross sections &4’

= Lepton-proton scattering: SLAC ep, CERN up, vIN, HERA, ...
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Parton densities and hard processes in pQCD

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

Hard scale, Bjorken variable x
Q* = —¢*
z = Q?/(2P-q)
O(a?): quarks, x = & (m=0)
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Parton densities and hard processes in pQCD

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

Hard scale, Bjorken variable x
Q* = —¢*
z = Q?/(2P-q)
O(a?): quarks, x = & (m=0)

Structure functions  F ;, (at leading twist of operator-product exp.)
_ td 2
T 1Fap(€13a Qz) = Z/ ?g Ca,i (%, as(ﬂz)a %) fip(ga “2)

Coefficient functions: ~ scheme, scale pu = O(Q), Mellin convolutions

1/Q? corrections (‘higher twists’): extract or suppress by data cuts
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Parton densities and hard processes in pQCD

Parton distributions  f;: renormalization-group evolution equations

ff,,(fa NZ) — Z [Pik(as(liz)) X fk(liz)} (5)

dlIn p? ”

& = Mellin convolution. Initial conditions incalculable in p ert. QCD

= predictions: fits of suitable reference processes, univers ality
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Parton densities and hard processes in pQCD

Parton distributions  f;: renormalization-group evolution equations

dln “2 fz(gv “2) — Z [Pik(as(/,l,z)) 0% fk([llz)} (5)

k
& = Mellin convolution. Initial conditions incalculable in p ert. QCD
= predictions: fits of suitable reference processes, univers ality

Expansions in «ag: splitting functions P, coefficient functions ¢,

P = asP(O) + aszP(l) -+ ag’P(z)—l—
c, = as"a[c((lo) +asc((11) + as2 022) -+ }

\ . 4
Ve

LO: approximate shape, rough estimate of rate
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Parton densities and hard processes in pQCD

Parton distributions  f;: renormalization-group evolution equations

ff,,(fa NZ) — Z [Pik(as(liz)) X fk(liz)} (5)

2
dln u ”
& = Mellin convolution. Initial conditions incalculable in p ert. QCD
= predictions: fits of suitable reference processes, univers ality

Expansions in «ag: splitting functions P, coefficient functions ¢,

P = asP(O) + aszP(l) -+ ag’P(z)—l—
c, = as"a[c((lo) + o cgl) + asz cgz) -+ ]

~”

NLO: first real prediction of size of cross sections

NNLO, P(2) c(2): first serious error estimate ~ => precision physics
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The running coupling In perturbative QCD

das/dlnu2 = —,Boasz —Blaf—ﬁzaf—ﬁgaf — ...

N3LO coefficient (33: van Ritbergen, Vermaseren, Larin (97); Czakon (04)
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Perturbatively stable at Q* > 1 GeV?. Boundary condition: exp. ( + lattice )
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From structure functions to parton densities

Exp.: SLAC ( e, 30 GeV), CERN (1, 300 GeV), DESY (e¥, 30x800 GeV)

Selected data on the proton structure function F5
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From structure functions to parton densities

Exp.: SLAC ( e, 30 GeV), CERN (1, 300 GeV), DESY (e¥, 30x800 GeV)

Selected data on the proton structure function
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The proton’s parton densities, qualitatively

Valence: g—q <— additive quantum numbers. Quark sea: q = q parts

now

Large « ("= &€): valence > glue > sea. Small x: glue > sea > valence

6 ! ! ! ! ! 1T T ! ! ! ! ! LI

xfy o6QY)
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The proton’s parton densities, qualitatively

Valence: g—q <— additive quantum numbers. Quark sea: q = q parts

now

Large @ ( £): valence > glue > sea. Small x: glue > sea > valence

6 '. ! ! ! ! ! 1T T ! ! ! ! ! LI

xfy og06Q7)

Scale dependence calculable : perturbative evolution equa tions
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Parton evolution from HERA to LHC

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

T TTTIm
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W/Z, H, top, new phys.: £_2 10~%, cancutDISat Q? ~ 10 GeV~
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Gauge boson production at the LHC

d?c/dM/dY [pb/GeV]

pp ~ (Z,7)+X pp - W+X
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Gauge boson production at the LHC

pp - (Z,y")+X pp - W+X
80 _I | T T T T | T T T T | T T T T | T T T T I_ 500 _I T | T T T T | T T T T T T T T | T T T T | T I-
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Rapidity-dependent &' ynLo- Anastasiou, Dixon, Melnikov, Petriello (03)

‘Gold-plated” processes:  NNLO perturbative accuracy better than 1%

=> check /improve high-scale parton densities (fixed in plots above)
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Disclaimer (1): much lower accuracy possible

Example: total cross section for Higgs boson production at t he LHC
o(pp - H+X)[pb] 1 | a(pp — H+X) [pb] - ::3>yt '
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L\ 4 - S o 4
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Lo || NLO ] Spira et al. (95)
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L . S~ oo ~_ i L LO °
L Jsz1aTev e L
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Disclaimer (1): much lower accuracy possible

Example: total cross section for Higgs boson production at t he LHC
o(pp - H+X)[pb] 1 | a(pp — H+X) [pb] - ::3>yt '
60 \.. -4 60 _\\\ M,, =120 GeV B
-—-- NLO
A\ —— N2LO i I
ol VN e | | Moch, A.V. (05)
20 .
| Js=1aTev e . i
0 oo by e 0 L L oo | L
100 150 200 250 300 0.2 05 1 2 3

M, (GeV) /M
&NNLO . Harlander, Kilgore (02); Anastasiou, Melnikov (02, 05[  oyis 1)

Higher-order uncertainties:  ~15% at NNLO, ~ 5% at approx. N °LO
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Form mass singularities to splitting functions

,Y*
First-order DIS: L"L LL"
(inclusive, [d*k) R }_< _
q(p) / "6‘

g(k)

Emissions collinear to the incoming partons: mass singular ities

(p— k)? = —2|7||k|(1 —cos¥) —— —|P||k|9*® = [d¥/... divergent
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Form mass singularities to splitting functions

,Y*
First-order DIS: L"L LL"
(inclusive, [d*k) R }_< _
q(p) / "6‘

g(k)
Emissions collinear to the incoming partons: mass singular ities
(p— k)? = —2|7||k|(1 —cos¥) —— —|P||k|9*® = [d¥/... divergent
Regularization (dim. = 4 — 2e, poles ~ 1/¢€) and mass factorization

Fo(Q?) = F, 1(as(Q%),€) @ fr = Cui(as(Q?) @ Tin(as(Q?),€) ® fr

C..;: coefficient functions of Fj £:(Q?)

I'it : 1/e-poles (universal) + ..., MS scheme
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Form mass singularities to splitting functions

,Y*
First-order DIS: L"L LL"
(inclusive, [d*k) R }_< _
q(p) / "é

g(k)
Emissions collinear to the incoming partons: mass singular ities
(p— k)? = —2|7||k|(1 —cos¥) —— —|P||k|9*® = [d¥/... divergent
Regularization (dim. = 4 — 2e, poles ~ 1/¢€) and mass factorization

Fo(Q?) = F, 1(as(Q%),€) @ fr = Cui(as(Q?) @ Tin(as(Q?),€) ® fr

C..;: coefficient functions of Fj £:(Q?)

I'it : 1/e-poles (universal) + ..., MS scheme

Renormalized parton distributions  f; : splitting functions  P;;

O or; — _
amaz i = 81n52 OTh; ®fi = F; @
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Flavour decomposition of the evolution ()

Quark-gluon and gluon-quark splitting functions: (anti-) flavour independent
Pgq = Pgq; = Pga; Pog = 2n3Pq,g = 2n5Pq,¢

=> quark-(anti-)quark differences q; —qg and q; — qg decouple from g
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Flavour decomposition of the evolution ()

Quark-gluon and gluon-quark splitting functions: (anti-) flavour independent
Pgq = Pgq; = Pga; Pog = 2n3Pq,g = 2n5Pq,¢

=> quark-(anti-)quark differences q; —qg and q; — qg decouple from g

General structure of the (anti-)quark (anti-)quark splitt ing functions
Pq,q, = Paa, = 5“‘3Pq‘<,1 + Pfiq
Pq,a, = Pajar = 5“‘3Pq‘<,_1 + P;q
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Flavour decomposition of the evolution ()

Quark-gluon and gluon-quark splitting functions: (anti-) flavour independent
Pgq = Pgq; = Pga; Pog = 2n3Pq,g = 2n5Pq,¢

=> quark-(anti-)quark differences q; —qr and q; — qp, decouple from g

General structure of the (anti-)quark (anti-)quark splitt ing functions

Py,q, = Pgia, = 5“‘3Pq‘<,1 + Pfiq
P45, = Pgjar, = 5“‘3Pq‘<,_1 + Péq
[ [ [
Pr | 1¢
| | |
| |
a [
[ [ [
Pyq = O(ay) P3qs Pag : o Py : of
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Flavour decomposition of the evolution ()

Quark-gluon and gluon-quark splitting functions: (anti-) flavour independent
Pgq = Pgq; = Pga; Pog = 2n3Pq,g = 2n5Pq,¢

=> quark-(anti-)quark differences q; —qr and q; — qp, decouple from g

General structure of the (anti-)quark (anti-)quark splitt ing functions
Pq,q, = Paa, = 5ik’Pq‘<,1 + Pfiq
Pq,a, = Pajar = 5ik’Pq‘<,_l + Péq
| | | |
” | ‘ |
| | l l
| | (666‘
ph l o
| | | |
Pyq = O(as) P4y, Pgg ¢ g Pgg : of Pgg # Paq @ @

=> three types of independent difference (non-singlet, ns) co mbinations:
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Flavour decomposition of the evolution (ll)

2(nf —1) flavour asymmetries of q; &= q; + one total valence distribution
+ _ _ v n _
Qo = G E£dG — (@ £ @) , aus = 2,11 (@r — Gr)
with " Y Y
PnS — qu :l: qu

Py, = Pq‘tfl_Pq‘:‘l_l_nf(P;q_Pc;q) = P,, + P},
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Flavour decomposition of the evolution (ll)

2(nf —1) flavour asymmetries of q; &= q; + one total valence distribution

+ — — v n _
Qo = G E£dG — (@ £ @) , aus = 2,11 (@r — Gr)

with "

P,s = Pq‘tfl + Pq‘:‘l

Py, = Pqq— Pgg+ny(Pgq — Pqg) = Pas + Pas
Flavour-singlet quark distribution  gg : maximal couplingto g

ng
_ d ds Pyq Py ds
qs = (gr + Gr) ( ) = ( ®
7;1 " dlnp? g Pgq Pgg g

with (ps = ‘pure singlet’)

Pyq = Panr‘|'nf(Pqu+Pasq) = Pn—sF+Pps
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Flavour decomposition of the evolution (ll)

2(nf —1) flavour asymmetries of q; &= q; + one total valence distribution

+ — — v n _
Qo = G E£dG — (@ £ @) , aus = 2,11 (@r — Gr)

with " Y Y
Pis = Pyq* Py

Py, = Pq‘tfl_Pq‘("l"I'nf(P;q_Pc:q) = P,, + P},

Flavour-singlet quark distribution  gg : maximal couplingto g

ng
_ d ds Pyq Py ds
qs = (gr + Gr) ( ) = ( ®
7;1 " dlnp? g Pgq Pgg g

with (ps = ‘pure singlet’)

Pyq = Panr‘|'nf(Pqu+Pasq) = Pn—sF+Pps

Evolution: transform quark input to ‘evolution basis’ of gs. g, and, e.g.,
’Ulj::z,’le(qzj:qz)—k:(qkj:(jk), k:27°°°9nf9l5k2_19

evolve non-singlet/singlet, and transform back to, say, utu, d+d etc
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Flavour symmetry breaking by evolution

Input w = uy+ u, d = d + d with SU(2) - symm. sea, ﬁ(ug) = J(,ug)

= v; = uy+2t—dy—2d = uy—d, = vy atinput scale ug
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Flavour symmetry breaking by evolution

Input w = uy+ u, d = d + d with SU(2) - symm. sea, ﬁ(ug) = J(,u(z))

= fv; = uy+2t—dy—2d = uy—d, = vy atinput scale ug

(Truncated) NLO evolution

as

vy (as) = {1+ (as —ao) Ry } (—)_RSSM — dv)(ap)

ao

ns

{1+ (as —ap) B} (Z—()) Y (uy — dy)(ag)

"’;_(‘15)
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Flavour symmetry breaking by evolution

Input w = uy+ u, d = d + d with SU(2) - symm. sea, ﬁ(ug) = J(,u(z))

= fv; = uy+2t—dy—2d = uy—d, = vy atinput scale ug

(Truncated) NLO evolution

as

vy (as) = {1+ (as —ao) Ry } (—)_RSSM — dv)(ap)

ao

ns

e = {1+ @-a) R }(2) " (u - d)(ao)

= 2(a—d)(a;) = (as —ao) (R — Ry ) (ﬁ)_RSva—dv)(ao)

ao

SU(2) sea symmetry not preserved by NLO evolution for Uy 7 dvy (p)
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Flavour symmetry breaking by evolution

Input w = uy+ u, d = d + d with SU(2) - symm. sea, ﬁ(ug) = J(,u(z))

= fv; = uy+2t—dy—2d = uy—d, = vy atinput scale ug

(Truncated) NLO evolution

as

)_Rgsmv — dy)(ap)

ns

e = {1+ @-a) R }(2) " (u - d)(ao)

vy (a) = {1+ (@ —ap) By }(

ao

= 2(a—d)(a;) = (as —ao) (R — Ry ) (ﬁ)_RSva—dv)(ao)

ao

SU(2) sea symmetry not preserved by NLO evolution for Uy 7 dvy (p)

Analogous situation: s # 3 at NNLO even for (s — 3)(u2) = O:

small effects, ‘dynamical’ s— s looked at for Sin29weak from v/v DIS
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Singlet splitting functions

P(x < 1) to NNLO
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Singlet splitting functions

P(x < 1) to NNLO
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tions Py, and Py,

p.15



Singlet splitting functions

P(x < 1) to NNLO
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Stability of the perturbative expansion an issue only at sma
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Mellin- IN space splitting functions to NNLO
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Mellin- IN space splitting functions to NNLO

0.3 [ T T T | T T T T T T T T ] : T T T | T T T T
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NN > 2: off-diagonal (NNLO to about 5%) < diagonal (NNLO to about 2%)
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MS non-singlet evolution at large N/ large @

Moments: AN = [fdzzN"'A(z), (1—=z)]' < InN +~. + O(1/N)

0105 T o[ 1 11 1] 01 [T rrrrrrrryprrorororr]
B + i A + 2
0_1:_;‘ -Pys(N)/InN E 0:1\ ding,s/dInQ E
E ‘\ a'rfOwWsS: N - o E E i.{.i';.;.. E
0.09 = (in highest term) 3 -0-1 | E
009  TTmee-ee----- 020 ... Lo CNm A
: 1 . F ---NLO R
0.085 - > -0.3 - N
0.08 :_ ................................ _: 0.4 :_ ~ _ \;_:
- . - GS—O.2, N1E =4 H
0075 C oo b by ] _05 Lo v v by b v by 0]
0 5 10 15 0 02 04 06 08 1

N X
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MS non-singlet evolution at large N/ large @

Moments: AN = [fdzzN"'A(z), (1—=z)]' < InN +~. + O(1/N)

0.105_| AN L N L L L B L B B B B 0.1_|||||||||||||||||||_
: ~P..(N)/InN * dingy./dInQ* |
01 F NS 1 of Ans -
- arows: N - o . i
0.095 - (in highest term) -0 ¢
009F  TTreme------- 2 02F
0.085 [ . .3 -03F
0.08 :_ e _: 04 :
0075 - N TR AT T N TR NS W A MO A B - _05 :I ol b e b Ly
0 5 10 15 0 02 04 06 08 1
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MS non-singlet evolution at large

Moments: AN = [fdzzN"'A(z), (1—=z)]' < InN +~. + O(1/N)

0.105

0.095
0.00 [
0.085 |
0.08 [

0.075 L———

N3LO: Pt

ns

Pn_s|_:

N>2, n;>3: similar / smaller

0.1}

LA IR
-Pis(N)/InN ]

arrows: N - oo

-~
______________

5 10 15

(in highest term) 7 -

03 F

04f

Of

— 0.1

|__0.5_|||

dingls/dIn@® -

0

computed for N =2, ne = 3

In IV coeff’s.

02 04 06 08 1
X

Baikov, Chetyrkin (06)

—0.283as[1 + 0.869as + 0.798 a2 + 0.926 al + ...

~ 1% accuracy at

N/ large @

Oos S 0.25



Small- & behaviour of the splitting functions

NNLO non-singlet: P (x) = Diln*z + ... + Dilnz + O(1)

2k

Generally terms up to  In““z at order ask+1

D¢ : Blumlein, A.V. (95)

Coefficients for ‘plus’ case, like ~ u-+u— (d+d) for n, =4 with as = %
iy

D =~1.580, Dj =~20.18, D} =~175.3, D = 1720.3

p.18



Small- & behaviour of the splitting functions

NNLO non-singlet: P(z)'o( ) = Diln*z + ... + Dilnz + O(1)

2k

Generally terms up to  In““z at order ask+1

D¢ : Blumlein, A.V. (95)

Coefficients for ‘plus’ case, like u+ﬁ—(d—|—J) for n, = 4 with as = Z_;

D =~1.580, Dj =~20.18, D} =~175.3, D = 1720.3

ab lnw

NNLO singlet : B (@) = Ef + Ezab - + O(In?z)

Generallytermsupto  x~ ! In*z (gb) and =~ lnk_lw (gb) atorder aft?!

Elqb: Catani, Hautmann (94), E®&: Fadin, Lipatov (98)

S
||
=
!
b

>~ —1194.7 , E)* = —4999.9
Ef® =~ +3304.9 , Ef* = +14901

More often than not, Large logarithms have small coefficients

p.18



Non-singlet three-loop quantities at small

X

Order «.': small- x ‘double logs’ In 2k with k <n-—1 (n—%) in P (c)

15 LI lll”ll LI lll”ll LI ll””l LI ll””l T TTTT
_ (2) I
L a9R2%
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[ %

5+ |
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_5 I lllll lllll 11 lllll 11 lllllll 11 1
10° 10% 10° 107% 1000 1

X

40 lll”{. T T llll”l T T lll”ll T T llll”l
_ (3 i
i (1 X) C2,ns (X) |
20 _
o Tl —

In° X
20 - |
Nf =4

_40 1 L11 lll llll 1 1 llll 1 llll

10° 10% 10° 10°% 107
X
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Non-singlet three-loop quantities at small

X

Order «.': small- x ‘double logs’ In 2k with k <n-—1 (n—%) in P (c)
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Non-singlet three-loop quantities at small

X

Order «.': small- x ‘double logs’ In 2k with k <n-—1 (n—%) in P (c)

15 LI lllllll LI lllllll LI lllllll LI lllllll T TTTT
_ 2 I
| (1) PAX)
10} - BV (95) -
[ \'\. . In4x ]
L A . 3
[ \\._. ...... + In° X
\ .
S \s\. _____ + |n2X 1
- '\..\
_5 I 11 l l 11 lllllll l
10° 10% 10° 107% 1000 1
X

40 lllll{. T T lllllll T lllllll T lllllll
_ (3 1
i (1 X) C2,ns (X) |
20 —
O B —.5',§:‘::T:.‘..:—,g-.q

In° x

20 S + |n4X ]

————— +1In°x

N, =4

_40 1111 lll llll 11 llll 1 llll

10° 10% 10° 10°% 107
X

p.19



Non-singlet three-loop quantities at small

Order «.': small- x ‘double logs’ In 2k with k <n-—1 (n—%) in P (c)

15 I EELRLLL L L. L LLLLL LR i
_ (2) T

| (1X) B2 () |
10} - BV (95) -
N ) l

-5

1 llllllll 1 llllllll 1 llllllll 1 llllllll L1111

10

-5 -4 -3 -2 -1

10 10 10
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10

40

20

T T llllll{
.

[N,

T IIIIIII

T T lllllll
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11 lllllll

.
: |
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L
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2,ns
exact

11 lllllll

> 10

4 -3

10
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X

Z-values for colliders: not even shape guaranteed by (next-t

10

0-) leading logs
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Singlet splitting and evolution at small X

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

5 i 1 |||||||I ||||||||I ||||||||I ||||||||I 1 ||||||- 20 i 1 |||||||I ||||||||I 1 ||||||I ||||||||I 1 ||||||:
2) |
2) PP O /g ]
XPgy (X) _ (Pyg g9)/9g _
0 10 | -
® oL __— = -
i — exact
““ Inx
-10 10 b _
. -03 5 |
i . N,=4 - i Xg=X "(1-X)" T
_15 1 |||||||I ..I |||||||I 1 |||||||I 1 |||||||I L L _20 1 |||||||I 1 |||||||I 1 |||||||I 1 |||||||I L L
10° 10 10° 10% 100 1 10° 107 10 -3X 0% 107 1
X
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Singlet splitting and evolution at small X

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

5 1 |||||||I ||||||||I ||||||||I ||||||||I LILLLLLL 20 1 |||||||I ||||||||I ||||||||I ||||||||I P rrrrm
2)
5 (
xP2(x) (P U 9)/ 9
0l 4 10k----"""- ~ < -
- - In x + const N o .
S o __——= 3
I . Inx |  exact ]
1 i o Inx |
I FL (98) ] I . ]
110 4.0k -
] B 03 5 ]
i . N,=4 - i Xg=X "(1-X)" T
_15 1 |||||||I ..l |||||||I ||||||||I ||||||||I L L _20 1 |||||||I ||||||||I ||||||||I ||||||||I L L
10° 10 10° 10% 100 1 10° 107 10 -3X 0% 107 1
X

General: small- x limits of pQCD functions insufficient due to convolutions
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Scale derivatives of singlet parton densities
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Scale derivatives of singlet parton densities
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Good convergence at collider- & — but NNLO is 10% for g5 at * = 104
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Expansion of photon-exchange
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Expansion of photon-exchange  F, to N2LO

[ I I I I 0.1 I I I I
1.1 -
X(C, 40 dg) / ds - X(C,,09)/0g _
0.05 |~ —
105 NLO - '
i i

-0.05
0.95 - —
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. ||4|-|||||3 |2 |1 _01 5|| |4 |3 |2 |1
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X X

Total N®LO corr. < 1% at 4-107°< x < 0.65. N3LO >NNLO for & £ 1078
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Disclaimer (I): beware of small x atlow Q?
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Avalilable evolution codes including NNLO

a-space: discretization in @, e of coupled integro-differential equations

HOPPET (G. Salam, publ. 2008), http://hepforge.cedar.ac.uk/hoppet/  with J. Rojo
QCDNUM (M. Botje, now v.17 3), http://www.nikhef.nl/ ~“h24/gcdnum/

NN -space: ordinary diff. egs., time-ordered exponential, N — x numerical

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

x-space: discretizationin @, p, of coupled integro-differential equations
HOPPET (G. Salam, publ. 2008), http://hepforge.cedar.ac.uk/hoppet/  with J. Rojo
QCDNUM (M. Botje, now v.17 3), http://www.nikhef.nl/ ~“h24/gcdnum/

NN -space: ordinary diff. egs., time-ordered exponential, N — x numerical

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

Sample comparisons

Linear Interpolation (PlOt Of M B )
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1
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0.999998 - -1 —
L 4k 5 4 5 _ 0.02 | /\
NNLO, N.=4, 1r Q"=10" GeV . ol \o
0999996 1 ||||u,|] 1 ||||u_|] 1 |||||,u] 1 ||||u_|] IR LIl -0.02 | \/
_ i _ i i i _ i _ i Quadratic Interpolation (] 0()
10°10%10°10%10™" 10°10%10% 107100 1 004l ( )
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Benchmark tables for the parton evolution

Evolution of Les Houches (2001) reference input at scale ~ u2 , = 2 GeV?

Tuy (T, pio) = 5.1072 z°° (1 —x)®
xg (z, pi o) 1.7000z~ %' (1 — x)°

with o (p? = 2 GeVv?) = 0.35

at LO, NLO and NNLO, for p, = {0.5, 1, 2} u., with fixed and variable Ny

Use of two completely different codes. G. Salam, A.V. (2002, 05)
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Benchmark tables for the parton evolution

Evolution of Les Houches (2001) reference input at scale ~ u2 , = 2 GeV?

Tuy (T, pio) = 5.1072 z°° (1 —x)®
xg (z, pi o) 1.7000z~ %' (1 — x)°

with a(p2 = 2 GeV?) = 0.35

at LO, NLO and NNLO, for p, = {0.5, 1, 2} u., with fixed and variable Ny

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

Example: (iterated) NNLO results,  pt, = 2p,, Ny = 4 at u? = 10* GeV?

r=10"°, zu, =2.9032-10"°%, ..., xg= 2.2307-107

..z = 0.9 , xu, = 3.6527-10" %, ., xg=1.2489-10°

Full tables in hep-ph/0204316 (Les Houches), hep-ph/05111 19 (HERA-LHC)
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Heavy quarks in hard proton processes

My y Mg K AQCD s Mg N AQCD

Can neglect ‘light quark’ masses in description of hard prot on processes

= mass singularities, scale-dependent  wu, d, s, g parton distributions

Heavy quarks, M.t > AqQcp: no mass sing., no (evolving) partons distr.
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Can neglect ‘light quark’ masses in description of hard prot on processes
= mass singularities, scale-dependent  wu, d, s, g parton distributions

Heavy quarks, M.t > AqQcp: no mass sing., no (evolving) partons distr.

Example: structure function F;E, disregarding ‘intrinsic charm’ ( <= HERA)

Q } m. : u, d, S, g partons + massive charm-prod. coefficient functions
Fixed flavour-number scheme, FFNS
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Heavy quarks in hard proton processes
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Can neglect ‘light quark’ masses in description of hard prot on processes
= mass singularities, scale-dependent  wu, d, s, g parton distributions
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Example: structure function F;E, disregarding ‘intrinsic charm’ ( <= HERA)

Q } m. : u, d, S, g partons + massive charm-prod. coefficient functions
Fixed flavour-number scheme, FFNS

Q >> m.: terms m./Q — 0, ny = 4 pdf's (matching), m= 0 coeff. fct’s
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Heavy quarks in hard proton processes

My y Mg K AQCD s Mg N AQCD

Can neglect ‘light quark’ masses in description of hard prot on processes
= mass singularities, scale-dependent  wu, d, s, g parton distributions

Heavy quarks, M.t > AqQcp: no mass sing., no (evolving) partons distr.

Example: structure function F;E, disregarding ‘intrinsic charm’ ( <= HERA)

Q } m. : u, d, S, g partons + massive charm-prod. coefficient functions
Fixed flavour-number scheme, FFNS

Q >> m.: terms m./Q — 0, ny = 4 pdf's (matching), m= 0 coeff. fct’s
Zero-mass variable flavour-number scheme, ZM-VFNS

Q > m.: terms m./Q # 0, but quasi-collinearlogs In(Q/m.) large,
ny = 4 pdf's, ‘interpolating’ coeff. functions (<= prescriptions)
(General-mass) variable flavour-number scheme, (GM-)VFENS
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Heavy quarks in the evolution of PDFs and  ag

Here: disregard ‘intrinsic charm  /bottom’ — might be relevant at large @

cf. Pumplin, Lai, Tung (07)

MS evolution of parton densities and g with variable number n., of flavours:
matching of effective theories.
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Heavy quarks in the evolution of PDFs and  ag

Here: disregard ‘intrinsic charm  /bottom’ — might be relevant at large @
cf. Pumplin, Lai, Tung (07)

MS evolution of parton densities and g with variable number g of flavours:
matching of effective theories. ForN  "™LO partons at p.=m, (pole mass)

li(nf+1) _ li(nf) © 6,5 a2 Azz(}?) ®l.(nf)
n n ) ( ) ) n
gt — g 4 g 0 a2 [ gﬁz@ nf gg(?@ (f)}_|_m
(h—|—’_'b) (nf—l-l) — Bmza [Ah,c_(lz) ( f) _I_A 9(2) ®g(nf)] 4+ ...

Buza et al. (96), [Bierenbaum, Blumlein, Klein (07)]
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Heavy quarks in the evolution of PDFs and  ag

Here: disregard ‘intrinsic charm  /bottom’ — might be relevant at large @
cf. Pumplin, Lai, Tung (07)

MS evolution of parton densities and g with variable number g of flavours:
matching of effective theories. ForN  "™LO partons at p.=m, (pole mass)

Y = ™ 4 G a2 AN 1Y)
g( £+1) — ( ) + 0,0 a [Agcfiz ny +Agg(,21'3 ®g( f)] 4+ ...
(h+ ’_’L) (nf—l-l) — 0,2 a [ s,(2) R q ( f) 9(2) R (nf)] 4+ ...

Buza et al. (96), [Bierenbaum, Blumlein, Klein (07)]

Corresponding N "™ LO relation for the coupling constant at M, =11,

('nf—l—l) )n—l—l
Qs

(m?) = as " h>+z (as" (m3)

Known to N 3LO: c, =0, Co 3 # 0 Chetyrkin, Kniehl, Steinhauser (97)
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Recent fits of (N)NLO parton distributions

Global fits: DIS, fixed-target Drell-Yan, @ W/Z and jets at the Tevatron

$ CTEQ (US), to NLO: ..., CTEQS6.6 [02/08], CT09 [04/09]
$ MRST/MSTW (UK), to NNLO: ..., MSTW(08) [01/09], cxs [05/09]
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Recent fits of (N)NLO parton distributions

Global fits: DIS, fixed-target Drell-Yan, @ W/Z and jets at the Tevatron

$ CTEQ (US), to NLO: ..., CTEQS6.6 [02/08], CT09 [04/09]
$ MRST/MSTW (UK), to NNLO: ..., MSTW(08) [01/09], cxs [05/09]

Fits of structure functions and (some) Drell-Yan data (exce pt NNPDF)

& Alekhin (el al.), to NNLO: ..., A., Blumlein, Klein, Moch [08  /09]
& Dortmund, to NNLO: ..., Jimenez-Delgardo, Reya [09/08, 08/ 09]
£ NNPDF (Edinburgh, Milano, ...), to NLO: NNPDF1.0 /1.2[08/08, 06/09]
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Recent fits of (N)NLO parton distributions

Global fits: DIS, fixed-target Drell-Yan, @ W/Z and jets at the Tevatron

$ CTEQ (US), to NLO: ..., CTEQS6.6 [02/08], CT09 [04/09]
$ MRST/MSTW (UK), to NNLO: ..., MSTW(08) [01/09], cxs [05/09]

Fits of structure functions and (some) Drell-Yan data (exce pt NNPDF)

& Alekhin (el al.), to NNLO: ..., A., Blumlein, Klein, Moch [08  /09]
& Dortmund, to NNLO: ..., Jimenez-Delgardo, Reya [09/08, 08/ 09]
£ NNPDF (Edinburgh, Milano, ...), to NLO: NNPDF1.0 /1.2[08/08, 06/09]

Some Issues

$ Treatment of large sets of (not necessarily consistent) dat a (Ax?)
$ Functional forms vs. neural networks. Pumplin [09/09]: rel ation to Ax?

$ Quantification of also theoretical uncertainties (cf. valu es of ay)

Some very low uncertainties given for W /Z and tt production at the LHC ...
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Precision physics at the LHC:

W-boson mass

Mw, as function of

M,, [GeV]

Tu, Mz, ... can discriminate between theories

80.70

80.60

80.50

80.40 |

80.30 |

experimental errors 95% CL.:
LEP2/Tevatron (today)

Tev/LHC (3M,,, = 10 MeV, dm, = 1 GeV)
ILC/GigaZz

SM EEEEE]
MSSM
both models

| Heilnemeyer, Hollik, IStockinger, Weber, Weiglein '06 ]
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

165 170 175 180 185

m, [GeV]

More work, also on partons, required to make the black ellips

e happen
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