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1. Introduction

Scattering processes at high energy hadzon colliders can he classified as cither hard or
soft. Quantum Ch namics (QCD) is th

bt the approach
Dard processes, =.g. Higzo or high pr jet production, the rates and event propertics
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past, present and future proton/antiproton
colliders...

Tevatron (1987 -)
Fermilab

proton-antiproton collisions
VS =1.8, 1.96 TeV

SppS (1981 - 1990)
CERN
proton-antiproton
collisions

VS =540, 630 GeV

LHC (2009 - )
CERN
proton-proton and
heavy ion collisions
vS=10 > 14 TeV
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protons are not fundamental - what
happens when they collide?

W/ A R s

Most of the time — nothing of much interest, the protons break up and
the final state consists of many low energy particles (pions, kaons,
photons, neutrons, ....).

But, very occasionally, something dramatic happens ...violent collision
between two ‘parton’ (hard, fundamental) constituents in the proton,
which can produce a wide-angle scattering, or annihilation into new
heavy objects.

We aim to quantify this.
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What can we calculate?

Scattering processes at high energy
hadron colliders can be classified as
either HARD or SOFT

Quantum Chromodynamics (QCD) is
the underlying theory for all such
processes, but the approach (and the
level of understanding) is very different
for the two cases

For HARD processes, e.g. W or high-
E. jet production, the rates and event

properties can be predicted with some
precision using perturbation theory

For SOFT processes, e.g. the total
cross section or diffractive processes,
the rates and properties are dominated
by non-perturbative QCD effects, which
are much less well understood

o (nb)
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proton - (anti)proton cross sections
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=) the QCD factorization theorem for hard-scattering
(short-distance) inclusive processes

1
> | dxada £, ) iz, )
a,b 0

Q2 Qz)

« Gux (xl,m,{p bas(id), a(id), 2
R JU“F

where X=W, Z, H, high-E; jets, SUSY sparticles, black hole, ..., and Q
Is the ‘hard scale’ (e.g. = M, ), usually p. = p;, = Q, and G is known ...

=

e or in some leading logarithm approximation
(LL, NLL, ...) to all orders via resummation _Qé
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e to some fixed order in bOCD. e.a. high-E; jets
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deep Inelastic scattering

e variables

QZ — _q2
x=Q?%/2p-q (Bjorken x)

electron

—
X ";/ proton (y:Qz/XS)
® resolution ® inelasticity
y _h _2x10™°m GeV o Q’
Q Q Q +M;-M:
at HERA, Q° < 10° GeV~ 1 0<x<1

0 A>10"m=r/1000
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structure functions

* in general, we can write 1209)

do A > 1
@ = O [y F1+2(1 —y)z Fz}

where the F.(x,Q?) are called

structure functions

e experimentally,
for Q° > 1 GeV?
- F(xQ) - FX)
“scaling”
— Fy(x) =2 x F(x)

Bjorken 1968 PDF Zeuthen




toy model

e suppose that the electron scatters off a pointlike, .
~massless, spin 2 particle a of charge e, moving collinear

with the parent proton with four-momentum p_#=¢p*
e calculate the scattering cross section ea — ea

1 2 1,2 7\,
L 2 M2 = 2t 2 Y k k
spins t q

dogta—ea B 6463 82 + u2 Ep
dt o 87T322 , t2 >
docd—ea 2race] >
= 14+ (1—y)
dQ2 Q4 { }
do D2’

dr dQ? Q4

= Fy = ze2d(z — &) = 2z Fy

e Exercise: show that if a has spin-zero, then F, = 0
PDF Zeuthen 9



the parton model (Feynman 1969)

e photon scatters incoherently off massless, [mfmttm }
pointlike, spin-1/2 quarks

frame
e probability that a quark carries fraction ¢ of parent
oroton’s momentum is g(¢§), (0<¢ <1)

44/_:.7 E®=Y [d ¢Eq@o=6=Y e xq
:é xu(x) + é xd(x) + é xs(x) + ...

9

e the functions u(x), d(x), s(x), ... are called parton
distribution functions (pdfs) - they encode
Information about the proton’s deep structure
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extracting pdfs from experiment

e different beams (e,|,v,
...) & targets (H,D,Fe,

...) measure different FP = 2uvm) v (d+d)+ (s +3)+..
combinations of quark ) ) )
pdfs Fy" :é(u+&)+g(d+3)+%(s+§)+...

e thus the individual g(x) _
can be extracted froma £ - z[d”*”*---]
set of structure function £ =2ju+d+s+..
measurements

® gluon not measured s s W ey
directly, but carries 6
about 1/2 the proton’s

momentum Zq Ioldxx(q(x) +§(x)) =0.55
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40 years of Deep Inelastic Scattering

F,(x,Q%
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a deep inelastic scattering event at HERA

quark

electron

Hi

Fun 155768 Ewvent SY216

Date 20/08/19%6

= 18130 GeV? — 044, M — 192 {zeV
» U 1




x f(x,Q%)

Wl | AL | v L L ALY | v L L L
1oL up MSTW2008NLO
down Q%= 10 GeV?
X antiup
1.0F antidown
strange
osk antistrange
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gluon /10
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00 [ .1 N . 2 il — .
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...and so In proton-proton collisions

proton . quark or gluon ‘parton’ quark or gluon ‘parton’ proton
X,P 3 l

X, P

] =V(x,X,) E

1

relativistic kinematics

E

parton collider < collider

. . . . . . . dNI(:IEparton
this collision energy distribution is
just a convolution of the two parton
probability distribution functions
X, *(x,) —
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scaling violations and QCD

The structure function data exhibit systematic violations
of Bjorken scaling:

e o 2

qguarks emit gluons!
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40 years of Deep Inelastic Scattering

F,(x,Q%

Q

> (GeV?)

1.2 v
! L
1.0 |- e 30
[ A 50
os | v 8.0
! ¢+ 11.0
o = 875
06 | e 245
1 + A 230
Z + = 80
i e 300
0.4 | 2
: .-’k"‘.-ﬂ A 38000
L ‘ | ‘ .A :’
0.2 F o ¢4
L ° o A
| A xv A4 4
0.0 [ 1 1 1 1 1 ‘ v|w .V
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
X

PDF Zeuthen

0.8

18



2 2

—<+—T;g;‘+... + —{ —ii“

- Fr = 625(1 a:)—l—e —7T:U P(az)ln(QQ/HLQ)—I—C(:U)

~Q? de ~Q* dk?
= [, S =@/
K2 k2

where the logarithm comes from / 2

(‘collinear singularity’) and

1+ 72 1 f(z) 1 f(x) = f(1)
(1—aj>_|_+ 5(1_58)] /C)dx:(l—x)+=/0 l1—=

then convolute with a ‘bare’ quark distribution in the proton:

do(X) F5(z, Qz) — xZe [q (a?)+2 / —qo(y)
p U— xp {P(w/y)ln(QQ/KJQ)+C($/y)}]




next, factorise the collinear divergence into a ‘renormalised’
quark distribution, by introducing the factorisation scale 1° :

a(e,1”) = qo(@)+3> / 1 %qo@) {P(/y) In(u?/r%) + Cla/y)}

then 1]_'72(513,622) = :CZ / q(y ,u finite, by construction
xXr

{5(1 -5+ 22 (PGl (@)1 + Cotaf)

note arbitrariness of Cy; = C — C ™) | ‘factorisation scheme dependence’

we can choose C such that Cq= 0, the DIS scheme, or use dimensional

regularisation and remove the poles at N=4, the MS scheme, with C, # 0

g(x,u?) 1s not calculable in perturbation theory,* but its scale (u?)
dependence is:

Dokshitzer
9, ag(p?) 1 dy Gribov
2 Q(ﬂU M ) / q(y, ,UQ)P(CI?/y) Lipatov
Op= 2w Jz oy Altarell
Parisi

*lattice QCD?



note that we are free to choose u? = Q? in which case

—Fz(x Q )—wz / —q(y,Qz){

515+ cq<w/y>}

\

coefficient function,
see QCD book

... and thus the scaling violations of the structure function
follow those of g(x,Q?) predicted by the DGLAP equation:

6pr

HQ>Q
d \

the rate of change of F, is proportional to o
(DGLAP), hence structure function data can be

used to measure the strong coupling!

F(x.Q%)+C(x)
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however, we must also include
the gluon contribution

g 2
P = 224 [ Yaw. >{5<1——>+ St |
zaS(Q ) coefficient functions
+ :cZe ; = 9y, Q) Cy(x/y) -seichéfbootk

. and with additional terms in the DGLAP equations

. 2 2
20¢i(x, %) _ M(qu*qi_FQn P9 & g)
o2 27 / -
2 2 qZ :u7u7 ) )
ILLQagE{;ZéLL ) = aSQ(;LTL )(qu * Z% + P99 % g) * = convolution integral
4 14 22 .
note that at small (large) x, the P = 3G 0+ ?upr']'(t:tt'irc‘)is
gluon (quark) contribution P = (a 2+<1 7)?)
. . 2
dominates the evolution of the por = g(“r(i—“’) )
quark distributions, and therefore pog 6(1 )
of F, M TAPU
N (5 3> —




DGLAP evolution: physical picture

Altarelli, Parisi (1977)
« a fast-moving quark loses momentum by emitting a gluon:

¢p ag(k?) dk?
_____________________ 2n k2 PII(¢) dg

tk, dP ~

... with phase space k.2 < O(Q?), hence
AP ~ ? In Q2 PU(¢) de

T

- similarly for other splittings — . pYd

« the combination of all such probabilistic splittings correctly
generates the leading-logarithm approximation to the all-
orders in pQCD solution of the DGLAP equations

basis of parton
shower Monte Carlos!




beyond lowest order in pQCD

going to higher orders in
PQCD is straightforward

principle, since the above

structure for F, and for

DGLAP generalises in a
straightforward way:

6(11(}(? Q2)

iIN | dlog Q2

0g(x,Q?)

0 log Q2

o

as [1dy
2T Jo Y
+ Pgig(y, as) g(?, QZ)}
ag (tdy
2T Jo Yy
+ Pasly,0s) 8(1, Q%)

{Pqiqj (v, as) ay(

X 2
y,Q)

{quj (y,as) %(31 Qz)

/

1972-77 1977-80 2004

l

|

DGLAP:  P(z,ag) = P© + agPM(z) + aZ PP (z) + ...

see above see book see next slide!

scattering cross sections

PDF Zeuthen

The 2004 calculation of the complete set of P®@ splitting functions by Moch,
Vermaseren and Vogt (hep-ph/0403192,0404111) completes the calculational
tools for a consistent NNLO pQCD treatment of Tevatron & LHC hard-




e and for the structure functions...

as(Q?
TR @) = 256 [ a.0) {s0 - D + 20y

xZ 2%“” 1dy< QY (@/y) + 0(a2(Q?))

X

.. where up to and including the O(a.?) coefficient
functions are known

e terminology:
— LO: PO
— NLO: P©" and C™
— NNLO: P®"2 and C"-?

e the more pQCD orders are included, the weaker the
dependence on the (unphysical) factorisation scale, .2

— and also the (unphysical) renormalﬁggig&%ﬁle, U525 note above has u.2= Q? 5



how pdfs are obtained

choose a factorisation scheme (e.g. MSbar), an order in
perturbation theory (see below, e.g. LO, NLO, NNLO)
and a ‘starting scale’ Q, where pQCD applies (e.g. 1-2

GeV)
parametrise the quark and gluon distributions at Q,, e.g

fiz, Q3) = A1 + bV + ciz] (1 — x)*

solve DGLAP equations to obtain the pdfs at any x and
scale Q >Q,; fit data for parameters {A,a, ...a}

approximate the exact solutions (e.g. interpolation grids,

expansions in polynomials etc) for ease of use; thus the

output ‘global fits” are available ‘off the shelf”, e.g.

SUBROUTINE PDF (X,Q,U,UBAR,D,DBAR,..,BBAR, GLU)
input | output

PDF Zeuthen
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summary of DIS data

- BN ZEUS 1996-97
ZEUS BPT 1997

+ neutrino
FT DIS data

ZEUS 8VX 1995

Q* (GeVH)
|

H1 1994-97
H1 8VX 1995
NMC
BCDMS
E665
SLAC

10 .

PDF Zeuthen

Note: must impose cuts on
DIS data to ensure validity of
leading-twist DGLAP
formalism in the global
analysis, typically:

Q2> 2-4 GeV?

W2= (1-x)/xQ? > 10 - 15 GeV?
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pdfs from global fits — summary

Formalism

LO, NLO, NNLO DGLAP

MShbar factorisation

Q 2 I
0

functional form @ Q.2

sea quark (a)symmetry

etc.

Data

CCFR, H1, ZEUS, ...)
Drell-Yan (E605, E772, E866, ...)
High E; jets (CDF, DO)

W rapidity asymmetry (CDF, DO)
Z rapidity distribution (CDF, DO)
VN dimuon (CCFR, NuTeV)

etc.

DIS (SLAC, BCDMS, NMC, E665,

6@ # 8£,06,Q) |

la,01,) |

Who?
CTEQ, MSTW, Alekhin, NNPDF,
H1, ZEUS, Dortmund, Zeuthen, ...




testing QCD

structure function data

from H1. BCDMS. NMC e precision test of QCD

e measurement of the strong

. - x=0.000032 Coupllng:

7 %=0.00005 s U

T —0.00008 O BCDMS

—/"‘f.,r* x=0.0900 %002 O Nwe

;‘/ x=0.00032 11 NLO fit

S R 0 NNLO(ML) = 0.117 + 0.003
x=0.0008

*‘: x=0.0013

Lienllose | DGLAP fit’J/l
e e o (MSTW 2008, from global fit)

,,,,,,,,,, » = % x=0.32
L Lol L wlwwnu\zl w::uulsn 11|Hu\41 Lo
1 10 10 10 10
Q*/GeV?
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where to find parton distributions

HEPDATA pdf website
http://

durpdg.dur.ac.uk/hepdata

® access to code for

MRST/MSTW, CTEQ etc

e online pdf plotting

® FORTRAN and c++ code

PDF Zeuthen

E«y Parton Distribution Functions

Unpolarized Parton Distributions
Access the parton distribution code, on-line calculation and graphical display of the distributions, ffrom CTEQ, GRV, MRS and Alekhin.

CTEQ distributions, fortran code and grids

GRY distributions, fortran code and grids

MRST distributions, fortran code and grids, C++ code

ALEKHIN distributions, fortran,C++ and ica code, and grids

On-line Parton Distribution Calculator with Graphical Display.
- now includes PDF error calculations from MRST2001E and CTEQ6.

Public access to the ZEUS 2002 PDFs , ZEUS 2005 jet fit PDFs and H1 PDF 2000 sets.

Polarized Parton Distributions
Currently available parametrizations:

E.Leader, A.V.Sidorov and D.B.Stamenov, Eur.Phys.J.C23 (2002) 479: LS52001
E.Leader, A.V.Sidorov and D.B.Stamenov, Phys.Rev.D73 (2006) 034023: LS52005

M. Glueck, E. Reya, M. Stratmann and W. Vogelsang, Phys. Rev. D53 (1996) 4775: GRSV

M. Glueck, E. Reya, M. Stratmann and W. Vogelsang, Phys. Rev. D63 (2001) 094005: GRSV2000
T. Gehrmann and W.J. Stirling, Phys. Rev. D53 (1996) 6100: GS

J. Bluemlein and H. Boettcher - hep-ph/0203155 BB

Asymmetry Analysis Collaboration - M. Hirai et al- Phys. Rev. D69 (2004) 054021 AAC

D. de Florian and R. Sassot, Phys. Rev. D62 (2000) 094025: DS2000

D. de Florian, G.A. Navarro and R. Sassot, Phys. Rev. D71 (2005) 094018: DNS2005

Polarized Parton Distributions
Currently available parametrizations:

E.Leader, A.V.Sidorov and D.B.Stamenov, Eur.Phys.J.C23 (2002) 479: LS52001
E.Leader, A.V.Sidorov and D.B.Stamenov, Phys.Rev.D73 (2006) 034023: LS52005

M. Glueck, E. Reya, M. Stratmann and W. Vogelsang, Phys. Rev. D53 (1996) 4775: GRSV

M. Glueck, E. Reya, M. Stratmann and W. Vogelsang, Phys. Rev. D63 (2001) 094005: GRSV2000
T. Gehrmann and W.J. Stirling, Phys. Rev. D53 (1996) 6100: GS

J. Bluemlein and H. Boettcher - hep-ph/0203155 BB

Asymmetry Analysis Collaboration - M. Hirai et al- Phys. Rev. D69 (2004) 054021 AAC

D. de Florian and R. Sassot, Phys. Rev. D62 (2000) 094025: DS2000

D. de Florian, G.A. Navarro and R. Sassot, Phys. Rev. D71 (2005) 094018: DNS2005

Pion Parton Distributions
Access the parton distribution code for pions

MRS pion distributions, fortran code and grids

PDFs from nuclei

M. Hirai, S. Kumano and M. Miyama - Phys. Rev. D64 (2001) 034003 PDFs from nuclei
K.J.Eskola, V.J.Kolhinen and C.A. Salgado - Eur.Phys.J C9(1999)61
and K.J.Eskola, V.J.Kolhinen and P.V.Ruuskanen - Nucl.Phys.B535(1998)351 EKS98 parametrization

==> Other related topics

Deeply Virtual Compton Scattering at NLO in pQCD

Access to the DVCS code of Freund and McDermott
Fragmentation Functions

Access to the Fi ion Distribution database site compiled by Marco Radici and Rainer Jakob.

‘%_} Questions and Comments to m.r. whalley@durham ac uk
&/ Updated: Dec 11,2002
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x f(x,Q%)
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the asymmetric sea

ethe sea presumably arises when
‘primordial‘ valence quarks emit
gluons which in turn split into
quark-antiquark pairs, with
suppressed splitting into heavier
quark pairs

¢s0 we naively expect

u=d>s>c>...

e but why such a big d-u
asymmetry? Meson cloud, Paul

exclusion, ...?

PDF Zeuthen

The ratio of Drell-Yan cross sections
for pp,pn - u*u + X provides a
measure of the difference between the
u and d sea quark distributions

antidown - antiup at Q%= 10 GeV?

MSTW 2008 NLO (68% C.L.)

s IIII|IIII TT |IIII|IIII|IIII|IIII|IIII|IIII|IIII

10"

I\

w
N




strange
earliest pdf fits had SU3) symmetry: s(z, Q3) = 5(z, Q3) = u(x, Q3) = d(x, Q7)
later relaxed to include (constant) strange suppression (cf. fragmentation):
s(z, QF) = 5, @F) = 5 [a(e, Q3) + d(x, Q)]
with k = 0.4 - 0.5

nowadays, dimuon production in uN DIS (CCFR NuTeV) allows ‘direct’ determination:

do - -
dxdy ( w(Vp)N — /L M X) B. N A dxdy ( .S(0,5) — cu (C,LL+)X>

in the range 0.01 <x<0.4 1’-\/“
data seem to prefer s(z,QF) — 5(x, Q3) # 0 Z

theoretical explanation?! ds (“__\
P N — \
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NuTeV% diﬂyivuﬂﬁ w*X) in GeV2, 42 = 11/21 DOF NuTeV %%{ﬁﬂe u*wX) in GeV2, 2 = 28/19 DOF
FON=Y MSTW NLO PDF fit (preliminary, 17/10/2007) FoN=v MSTW NLO PDF fit (preliminary, 17/10/2007)
F
[ E [ -1 ¢ E )
- o [T P [ 1 ok [
E o8p J-""\\" f ’ I ) {\ o4l T e I 05k T\\
N I“I orf J:\\ 0.8 K‘x I l I osk -RL \ . x\l
3 l ™ T s \‘I ol x‘i\ i I l oar l ™ e J l\
3 - osE . [ Y ] - T oaf Y
E J. \\\ 0.4;_ \\‘ D-d:_ \_\ 0.z \\\ o.afF I\\ A9 .
FE,= 83.29 GeV \w 03k E, = 83.29 GeV Rk E,= 88.29 GeV Y paf Be= TT8BGeV | azp E_= 77.88 GeV wr| "2 E,.= T7T8E GeV I
Foy=0324 ® of y=0.558 ® oof y=07T1 [ I oy=0.348 * b ¥=0578 Y b y=00778 1
S T T W A N | 1 1 E o+ 1 vl 1 1 Lol 1 1 1 I T B R | 1 . 1 I T B R | 1 1 1 [ R | 1
10" 1w’ 1w’ 10" 10" 1w’
X X x X
E 3 12k 1F 16F s
i 1.-31 I 1_,;%__ . y I I 144 19k [
o — T T 14f T i S . 12 T
J ™ "2;[ IR} 12f T L -[ 1_-[ 1 \
[ - £ \_L “F 1 \% oel T e 05k \L
- I I\\ 3 \T I \“'\T ~ T 08 1 Rx] T : J o
:_ \i {I.BE— \'I\ D_B;— ‘I‘\ o4l \i\ akk T\ D& J_ “T .
b n 0sE ™, oef ™, b “
FOE =17429GeV N\ | g4 E,=17429Gev N | F E,=17429GeV sal Eg=14374Gev ™ | %4 E=14374Gev i 0P E =1aTacev T N
[ y=0.2324 (] s y = 0.658 ® n.:: y=0.771 [ “I y=0243 * pzf y=o0579 % o2f y=o0778 8
] - , Ll , it " | , R Ll R Ll R sl .
10" 10! 10! 10" 1w’ w0’
X X x X
F E E 14F 18
F 2k 2F 18 —_—
:[ I 1-3:1__ T 1.51‘ T 12{ I 16 14f \L
I‘ - ,_HJ‘ 1»-“:1 “‘T 1.3;1 T\ i \. T 12F \\T
: T 14f . " 14F I \\'F 1 [ 126 \‘I\ | L}
a \} 12F % 13F . 0.8 \I 1 \l 0.8 q J_
£ \\I 1 3 L I *. o8 1 - : ™,
: 1 osf ‘}" oef L, nEp l \x{\ oe [ o 'I:
E * E ™, F ™, L &Y a3 .., P *
L Em2roncey N | DF E=2moncev N | of Ee2mo0cev N\ PP E=26796ev LN\ | aaf Ec=22813Gev [N | M B =226736ev N
P oy=0.324 s b y=0s558 3| b y=0T pal ¥=0.349 2| oof y=0579 % 0af y=o0778 §
10" 10! 10! 10" 1w’ ¢ w0’
X X X

PDF Zeuthen

34



=
)

MSTW NNLO PDF fit (preliminary, 30/11/2007) MSTW NNLO PDF fit (preliminary, 30/11/2007)
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charm, bottom

considered sufficiently massive to allow pQCD treatment: ¢ — QQ

distinguish two regimes:
(i) Q° ~m% include full m,, dependence to get correct threshold behaviour

(i) Q° > mi; treat as ~massless partons to resum o "log*(Q?*m?*) via DGLAP

FFNS: OK for (i) only ZM-VFNS: OK for (ii) only

consistent GM(=general mass)-VFNS now available (e.g. ACOT(X), Roberts-
Thorne) which interpolates smoothly between the two regimes

Note: definition of these is tricky and non-unique (ambiguity in
assignment of O(m,?/Q? contributions), and the implementation of

improved treatment (e.g. in going from MRST2006 to MSTW 2008)
can have a big effect on light partons
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(x.Q%
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0.2

charm and bottom structure functions

[ L ™
B Q=1.75 GeV?

NNLO

MSTW 2008
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flavour decomposition of W cross sections flavour decomposition of Z° cross sections

[0 J— 100 —r—r—rrrry ——r
§ 10 |- . “ﬁ 10 |-
z | 5
G o
o T
- IS
0 5
2 2
E'?‘ 1= _ 1+
~ ;I’/évatron
[ / PP PP
0.1 0.1 L L f] , 1 Lol :
1 10
Vs (TeV) Vs (TeV)

at LHC, ~30% of W and Z total cross sections involves s,c,b quarks
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why do ‘best fit’ pdfs and errors differ?

different data sets in fit
— different subselection of data (cuts etc)
— different treatment of exp. sys. errors

different choice of
— tolerance to define # 0/, (Ax?>=1 or ??)
— factorisation/renormalisation scheme/scale
— Q2
— parametric form at Q,7: Ax3(1-x)"[..] etc
— Qg
— treatment of heavy flavours

— theoretical assumptions about x - 0, 7 behaviour
— theoretical assumptions about sea flavour symmetry

— evolution and cross section codes (removable differences!)
generally not straightforward to disentangle!
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in the fit: the impact is on the high-x gluon

impact of high E- jet data on fits

a distinguishing feature of pdf sets is whether they use (MRST/MSTW,
CTEQ,...) ordo not use (H1, ZEUS, Alekhin, NNPDF,...) Tevatron jet data

(Note: Run Il data requires slightly softer gluon than Run | data)

the (still) missing ingredient is the full NNLO pQCD correction to the cross
section, but not expected to have much impact in practice

note that large-mass pN Drell-Yan also probes the gluon indirectly via g — q

gbar generation of sea antiquarks at high x

CDF Run Il inclusive jet data, x2 = 56 for 76 pts.
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MSTW2008(NLO) vs. CTEQG6.6

Up quark distribution at Q” = 10* GeV?
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MSTW2008(NLO) vs. NNPDF1.0

Up valence distribution at Q? = 10* GeV? Up antiquark distribution at Q2 = 2 GeV?

31.1: T T T 4 ||E &50-1:' ":' [ 'I""I""l""l"":
Z 1085 % C.L. / = % F MSTW 2008 NLO (68% C.L.) -
o 7 l = Foost ) -
S 1.06¢ / - %L “cso222 NNPDF1.0 (1000 replicas)
™~ C i - _ ]
1.04 = 0.06 —
= C Z -
=~ 1.02 -
@ "7 0.04 —
= qF T
o c B
:'é' 0.98 0.02—
= — —
m 0.96 B
14 - 0
0.941 -
0.92¢ 0.02
o
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B(Z" —I'l) (nb)

Gzn

o(W), o(Z) @ Tevatron & LHC

W and Z total cross sections at the Tevatron

W and Z total cross sections at the LHC

2_1IIIIIIIIIlIIIIIIllll_-'l!_.v'lll_.-lllll
R(W/Z) = 1_0:5 1006 1__0."?

MSTWO08 NNLO
MRSTO06 NNLO
MRSTO04 NNLO

Alekhin02 NNLO

O %> R O

MSTWO8 NLO
| MRSTO6 NLO

/\ MRST04 NLO

Y¢ Alekhin02 NLO

I

r

' CTEQ6.6 NLO

0.27_||||||||||||||||||||||||||||||||||I||||_ 5“ :
- | @ wstwosnno | COF Runl 3 £ C
0.265[ | W wrsTosnNLO 34 ~ 2.081
+ -
N A WRST04 NNLO y 2 2.06
0_26:— % Alekhin02 NNLO * _: :;T i
B O msTwWes NLO 7 u, 2.04—
0_255:— ] MRST06 NLO _: f‘: . 02:_
u /\ MRST04 NLO ] DN 0L
0.25 ¢ Alekhin02 NLO e 2__
] 5 58 CTEQ6.6 NLO E E
0.2451 g = 1.981
- ALK . 1.96
0.24_— q']: . . -
- o ] 1.94—
0.2351 = ] 92:_
A N P T T F
0235 255 2.6 265 2.7 275 2.8 285 2.9 199
+
G-+ BOW* > Fv) (nb)

CDF 2007: R =10.84 £ 0.15 (stat) £ 0.14 (sys)
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(nb)
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———————— NNLO
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CDF(e, u) DOe DOy =
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partons: MSTW2008
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Tevatron, /s = 1.96 TeV By, - oy (nb) Bi+,- - 04 (nb) Rw

MSTW 2008 LO 1.963 7005 (T15) | 0.178879 gggg ("15) | 10987008 (To2r)
MSTW 2008 NLO 265000 (211 | 0.242675%938 (227) | 10.96707 (+0.%)
MSTW 2008 NNLO 2. 747 000 (T8 | 0.2507 0001 (F192) | 10.961003 (122%)
LHC, /s =10 TeV By, - ow (nb Bi+- - (nb) Rw»

MSTW 2008 LO 1257008 (Trse) | 116370017 (Do) | 10.8170:05 (To2e)
MSTW 2008 NLO 14.92703) (Frak) | 139070033 (F1i) | 1073700 (F0200)
MSTW 2008 NNLO | 15357028 (1190) | 14207088 (10) | 1074708 (1920)
LHC, /s = 14 TeV By, - oy (ub) B+~ - 04 (nb) Rz

MSTW 2008 LO 18.517522 (FLZY 1 1.7362008 (CIE0) 1 10.667902 (7027)
MSTW 2008 NLO 21177033 (F290) | 2.00170:05 (F20%) | 10.587 008 (FO2%)
MSTW 2008 NNLO 21,7203 (FIT2) | 2.051700% (F1TE) | 10.5970 02 (F02%)

Note: at NNLO, factorisation and renormalisation scale variation M/2
— 2M gives an additional £ 2% change in the LHC cross sections
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MSTW 2008 update

e new data (see next slide)

e new theory/infrastructure

— 0f,from new dynamic tolerance method

— new definition of o, (no more A,,)

— new GM-VFENS for ¢, b (see Martin et al., arXiv:0706.0459)
— new fitting codes: FEWZ, fastNLO

— new grids: denser, broader coverage

— slightly extended parametrisation at Q,”:34-4=30 free parameters
including o
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data sets used In fit

Data set Npts.
H1 MB 99 eTp NC 8
H1 MB 97 etp NC 64
H1 low Q2 96-97 etp NC 80
H1 high Q@2 98-99 e~ p NC 126
H1 high Q@2 99-00 etp NC 147
ZEUS SVX 95 eTp NC 30
ZEUS 96-97 e™p NC 144
ZEUS 98-99 e~ p NC 02
ZEUS 99-00 et p NC 90
H1 99-00 e™p CC 28
ZEUS 99-00 eTp CC 30
H1/ZEUS e~p F,_E‘harm 83
H1 99-00 e™p incl. jets 24
ZEUS 96-97 e™p incl. jets 30
ZEUS 98-00 e™p incl. jets 30
DD Il pp incl. jets 110
CDF Il pp incl. jets 76
CDF Il W — [v asym. 22
DD Il W — [v asym. 10
DD Il Z rap. 28
CDF 11 Z rap. 29

Data set Npts.
BCDMS up F> 163
BCDMS upd F» 151
NMC pup Fo 123
NMC ud F 123
NMC pn/pp 148
E665 up Fo 53
E665 nud F»> 53
SLAC ep Fo 37
SLAC ed F; 38
NMC/BCDMS/SLAC F; 31
E866/NuSea pp DY 184
E866/NuSea pd/pp DY 15
NuTeV vN F> 53
CHORUS vN F; 42
NuTeV vN xF3 45
CHORUS vN xF; 33
CCFR vN — ppX 86
NuTeV vN — ppuX 84
All data sets 2743

® Red = New w.r.t. MRST 2006 fit.
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MSTW input parametrisation

At input scale Q¢ =1 GeV?:

xty = Ay x" (1 — x)P(1 + e, V'x + vy x)
= Ag xP(1 —x)"(1 4+ eg VX + V4 x)
xS = As x°5(1 = x)5(1 + €5 v/X + s x)
xd — xi = Ap X" (1 — x)5T2(1 4+ va x + dp x°)
xg = Ag x% (1 — x)"5 (1 4 €5 /X + g X) + Agr X’
xs+x3=A. X’55(1— ) (1 + €5 /x + s x)
xs —x5=A_x"(1—x)" (1 - x/xp)

Note: 20 parameters allowed to go free for
eigenvector PDF sets, cf. 15 for MRST sets
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. CTEQ
PDF eigenvector sets

e the Hessian matrix x° — x,.i, = Ax” = Z Hij(ai - a’v(zo))(aj - ago))
ij

e diagonalise the covariance matrix C = H'

Y Cijvik = Akevi

J
e produce eigenvector pdf sets S * with parameters a. shifted from the

global minimum 4+ 0
a;(Sk ) = a; £t/ Vi

_ 2
with t adjusted to give the desired tolerance I'= '\/ A-\’\-s;*;lcﬂna-l

e then calcula’
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criteria for choice of tolerance T

Parameter-fitting criterion

e T2=1for68% (10) c.l.,, T?=2.71 for 90% c.l., etc

e appropriate if fitting consistent data sets with ideal Gaussian errors to
a well-defined theory

* in practice: minor inconsistencies between fitted data sets, and
unknown experimental and theoretical uncertainties, so

e therefore not appropriate for global PDF analysis

Hypothesis-testing criterion (CTEQ)

e much weaker than the parameter-fitting criterion: treat eigenvector
pdf sets as alternative hypotheses

e determine T2 from the criterion that each data set should be
described within its 90% c.l. limit
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Up quark distribution at Q% = 10 GeV? Strange quark distribution at Q2 = 10 GeV?
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summary

precision phenomenology at high-energy colliders such
as the LHC requires an accurate knowledge of the
distribution functions of partons in hadrons

determining pdfs from global fits to data is now a major
Industry... the MSTW collaboration is about to release its
latest (2008) LO, NLO, NNLO sets

watch out for differences between pdf sets > quoted
uncertainties!

at a proton-proton collider such as the LHC, the quark
sea plays an important role in new-physics processes;
parton analyses reveal interesting quark flavour
asymmetries, which are not well understood theoretically
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extra slides



extrapolation uncertainties

f(x)

oh N IO NWAMUON®

theoretical insight/guess: f~Ax asx— 0

theoretical insight/guess: f~+xAx9% asx— 0
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tensions within the global fit

2.00

A

1.75F .
systematic error

1.50

T + + + + + :|: systematicerror- 2><

1.00

ZZZ: Experiment A + + + + + I

0.25F Experiment B

0.00

01 2 3 4 5 6 7 8 9 10 11 12 13 14

measurement # ——

* with dataset A in fit, AX?=1 ; with A and B in fit, Ax*=7

e in practice modest ‘tensions’ between data sets do arise, for example,
— between DIS data sets (e.g. pH and VN data, o, ...)

— when jet and Drell-Yan data are combined with DIS data
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F, LO, NLO and NNLO

oF,
J1n ()2
Fr,

asP9 ® g+ ...
asCrys @ g+ ...

an independent measurement of
the small-x gluon

a test of the assumptions in the
DGLAP LT pQCD analysis of

small-x F,

visible instability in MSTW

analysis at small x and Q? (impact

of negative gluon and large
NNLO coefficient function)

higher—order In(1/x) and higher-
twist contributions could be

important
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pPQCD F, predictions
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0.5

0.2

0.1

F, predictions and H1 data

—  NMNLO+ht
+ HI1 data *

MSTWNLOOS prel
MSTWNMNLOOE prel
WT resummed
dipole

x = Q?/35420

GeV?

5
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10 20
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impact of LHC measurements on pdfs

LHC parton kinematics

e the standard candles: 0
central O'(W,Z,tt,jetS) as a E X,, = (M/14 TeV) exp(sy) ;
probe and test of pdfs in 107F Q=M M=10TeV
the x ~ 710 27, Q2 ~ 1046 ol
GeV2range where most ? v
New Physics is expected 0E A
(H, SUSY, ....) < 10
— ongoing studies of & ot
uncertainties and N
correlations ol
; y=,/6 .
e forward production of " fm-10Gey
(relatively) low-mass 10’
states (e.g. y*,W,Z dijets) 10
to access partons at 107 10°  10°  10* 10° 10° 10" 10°
x<<1 (and x~1) X
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o(W,Z) @ LHC

e in understanding differences between o(W,Z) predictions
from different pdf sets (due to the pdfs, not choice of
pPQCD order, e/w parameters, etc) a number of factors
are important, particularly

— the rate of evolution from the Q2 of the fitted DIS data, to Q2 ~
10* GeV? (driven by a., gluon)

— the mix of quark flavours: F, and o(W,Z) probe different
combinations of u,d,s,c,b

e precise measurement of cross section ratios at LHC
(e.g. a(W*)/a(W-), a(W*)/a(Z)) will allow these subtle
effects to be explored further
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flavour decomposition of W cross sections

flavour decomposition of Z° cross sections
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impact on o(W,Z) @ LHC

W and Z total cross sections at the Tevatron W and Z total cross sections at the LHC
3‘ 0.27 T | LI | T | LI | L | L | L | LI 3‘ 2.1 | i LI I | 1 I I I | 1 I | | | I 1 LI | LI I I | 1 I I I
[= C - -
~ - | ® MsTWosNNLO E : 2.08 ]
? 0.265 N B WRSTos NNLO S C ]
Tr C A MRSToa NNLO * ] Tr 2-06__ ]
o 026 | , LinozNnio _ ! -
N - N 2.04f -
E’ C O mMsTwos NLO = =T
" 0.255[ | [ wmstosnio w i . 2.02 -
'ON E /\ MRST04 NLO A . bN : — @ MSTWo08 NNLO
0.25 | ¥ AekninozNLO . 2 O ol W MRSTES NRLO 7
- " CTEQSSNLO . - A MRSTos NNLO .
0.245 . g A 1.98— e % Alckhino2 NNLO -
E &T’O ! 1.96 Z_ AP C_) MSTW08 NLO B
r T Rl ] MRSToe NLO
0.24 - ap ‘ 1 1.04 /\ MRSTo4 NLO ]
B i L ¥  Alekhinoz NLO
0.235 :_ B 1.92 :— A 25 CTEGe.6 NLO —:
0 2 _I 1 1 | | 111 1 | I 111 | I 1 11 | I 1 11 | | | | I 1 11 | I 1 | I: 1 - 1 1 1 | 1 1 1 l | 1 1 l l | 1 1 11 | || 1 1 | 1 1 1 1 i
' 3.5 255 26 265 27 275 28 285 29 '%0 20.5 21 215 22 225 23
G, - B(W" — Fv) (nb) G, - B(W"— Fv) (nb)

e MRST/MSTW NNLO: 2008 ~ 2006 > 2004 mainly due to changes in
treatment of charm

e CTEQ: 6.6 ~6.5>6.1due to changes in treatment of s,c,b

e NLO: CTEQ6.6 2% higher than MSTW 2008 at LHC, because of
slight differences in quark (u,d,s,c) pdfs, difference within quoted
. PDF Zeuthen 65
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B(Z" —I'l) (nb)

Gzn

R(W/Z)=c(W)/o(Z) @ Tevatron & LHC

W and Z total cross sections at the Tevatron

W and Z total cross sections at the LHC

2_1IIIIIIIIIlIIIIIIllll_-'l!_.v'lll_.-lllll
R(W/Z) = 1_0:5 1006 1__0."?

MSTWO08 NNLO
MRSTO06 NNLO
MRSTO04 NNLO

Alekhin02 NNLO

O %> R O

MSTWO8 NLO
| MRSTO6 NLO

/\ MRST04 NLO

Y¢ Alekhin02 NLO

I

r

' CTEQ6.6 NLO

0.27_||||||||||||||||||||||||||||||||||I||||_ 5“ :
- | @ wstwosnno | COF Runl 3 £ C
0.265[ | W wrsTosnNLO 34 ~ 2.081
+ -
N A WRST04 NNLO y 2 2.06
0_26:— % Alekhin02 NNLO * _: :;T i
B O msTwWes NLO 7 u, 2.04—
0_255:— ] MRST06 NLO _: f‘: . 02:_
u /\ MRST04 NLO ] DN 0L
0.25 ¢ Alekhin02 NLO e 2__
] 5 58 CTEQ6.6 NLO E E
0.2451 g = 1.981
- ALK . 1.96
0.24_— q']: . . -
- o ] 1.94—
0.2351 = ] 92:_
A N P T T F
0235 255 2.6 265 2.7 275 2.8 285 2.9 199
+
G-+ BOW* > Fv) (nb)

CDF 2007: R =10.84 £ 0.15 (stat) £ 0.14 (sys)
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predictions for o(W,Z) @ LHC (Tevatron)

B, -0, (nb)

B, .0, (nb)

MSTW 2008 NLO
MSTW 2008 NNLO

21.17 (2.659)
21.72 (2.747)

2.001 (0.2426)
2.051 (0.2507)

MRST 2006 NLO
MRST 2006 NNLO

21.21 (2.645)
21.51 (2.759)

2.018 (0.2426)
2.044 (0.2535)

MRST 2004 NLO
MRST 2004 NNLO

20.61 (2.632)
20.23 (2.724)

1.964 (0.2424)
1.917 (0.2519)

CTEQ6.6 NLO

21.58 (2.599)

2.043 (0.2393)

Alekhin 2002 NLO
Alekhin 2002 NNLO

21.32 (2.733)
21.13 (2.805)

2.001 (0.2543)
1.977 (0.2611)
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LHCD

L H C b see talk by Tara Shears

— detect forward, low p; muons from qq — wtp”

LHC parton kinematics 4
1':' = I L] L L] I L L] L L I L L] L] L] I L] L L] L I L] L L L=
109 E HELAALLL L L LR B LLLL L LL. """§ E E
X, = (M/14 TeV) exp(y) ]
1035_ Q:M M=1OTeV — R |'".,-1 = 4 GE-\'M"'I x d: 10_5 i
[ DY lepton pair production at LHCb % .1[]3 u = _
10"k 3
@) 3
5 ]
10° o g GeV .
~ 10°E Z10° b -
% 10 <7 ] 3
2N I 16 GeV ]
10" E = e g
% s [ -
o
B 10k 24 GeV -
O : —
Drell-Yan @ LHC ]
NLO pQCD (MSTW2007) 1
1'::"] '] '] 1 1 I 1 1 1 1 I 1 1 1 '] l '] 1 1 1 I 1 1 1 1
0 1 2 3 4 5
10 }I"_u_u
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% pdf uncertainty

100 |

Impact of 1 fb' LHCb data for forward Z and
v (M = 14 GeV) production on the gluon

distribution uncertainty

—
]

- pdf uncertainty on

do(W*)idy,,, do(W)idy,,
do(Z)/dy,, do(DY)/dMdy
at LHC using MSTW2007NLO

1 2 3 4

U 1 IIIIIII| 1 IIIIIHl 1

s 4

]

10"

10
I

100GeV?

2'—
T

percentage uncertainty at Q

_2“ 1 IIIIIII| 1 1 IIIIH| 1 11

1 Ll i1

s 4 3
10 10 10

. JF Zeuthen
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Q' (GeV)

proton

Tevatron parton kinematics

X,P

10;
10;
10;

10" E

X,
Q

10 é T T TTTTT

1,2

M =10 GeV

(M/ 1.96 TeV) exp(ry)

M =100 GeV

y=/4

10

10

X,P

LHC parton kinematics

X2
108; Q=M

Q (GeV)

M =100 GeV

(M/14 TeV) exp(zy)

M =10 TeV

E M =10 GeV

100 I 1 IIIIIIII
7 10°

5 -3

10 10* 10 10

-2

10"

10



parton luminosity functions

e a quick and easy way to assess the mass and collider
energy dependence of production cross sections

— ~ —~
— Oagb—X — Cx5(S—M2)
1
a ox = /o dzadzy fo(za, M?) fy(xy, M?) Cx §(xaxy — )
S M 1
b = ox [ (r = M2/s)
s OT
oL 1
e >_< a:b = /O dzrgdxy fo(xa, Mz)fb(xb, M2) d(xqxy — T)

e |.e. all the mass and energy dependence is contained
in the X-independent parton luminosity function in [ ]

e useful combinations are ab = gg, >_q49; ---

e and also useful for assessing the uncertainty on cross
sections due to uncertainties in the pdfs (see later)
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T I|IIII| T T I‘IIII‘ T T T TTTT 10000

LHC / Tevatron

| IIIIIII| 1 IIII\II| 1 L 111117

~ r
C: -
o
-E; 1000 E_
> C
m -
B L
— — -
L0 {tn L
o, o
— ‘3‘
@ 5 100
) ~ -
o — i
@)
T L
|
b
10 —
100 o F
. Tevatron N &
107 =
o L
10—2 L
10_3 1 1 l|||l|| 1 I Illllll 1 1 l| 1 1
0.01 0.05 0.10 0.50 1.00 5.00 10.00 0.01

Sqrt(8) [TeV]

— 949

= >i(q:q + q:9;)
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0.05 0.10 0.50 1.00
Sqrt(8) [TeV]

= >;(99; + 99; + ¢;9 + q;9)

5.00 10.00
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1.0

luminosity ratios

0.0

LHC at 10 TeV

L] ll L] L] LJ L] LI I ) l'
ratios of parton luminosities
at 10 TeV LHC and 14 TeV LHC

[ pdfs: MSTW2007NLO

-
[
o LD
%]
[}
- &
[as]

10? 10°
Mlx (GeV)
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future hadron colliders: energy vs luminosity?

recall parton-parton luminosity:

10° T L T T
oL /1 dr 5 . s A parton luminosity: gg - X
= [ Z e, @) folr/2,@7) B0
or oz 10 v 40 TeV ;
2 s ;
so that e 10 14 TeV
€ 10° E
1 Qﬁab =
ox o — S 10’
S 8T =) 5
o 10 E
C N ]
. 5 5 10° \ 1
with T = M,?/s =) "\
10° . :
10-1 raal ) 11 ) L I\.II :
for M, > O(1 TeV), energy X 3 is 10 10 10
better than luminosity x 10 M, [GeV]
(everything else assumed equal!)
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