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wall bee pocosiinied aiel, whete aggaopmate, soimapolated 1o the LEC

1. Imtrodustion

Scattering processes at high energy hadron colliders can be classitied as either hard o
soft. Chianfum Chromodynamics ((BCTH) is the anderlying theory for all such processes,
but the appecach and level of undemstanding s very different for the two caes. Fou
hard peocesses, g, Higes or high pr jet production, the rates and evem propetios



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

\S = 540, 630 GeV

LHC (2007 — )
CERN
proton-proton and
heavy ion collisions

\S = 14 TeV
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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
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Outline

Basics: QCD, partons, pdfs
— basic parton model ideas for DIS
— scaling violation & DGLAP
— parton distribution functions

Application to hadron colliders
— hard scattering & basic kinematics
— the Drell Yan process in the parton model
— order ag corrections to DY, singularities, factorisation
— examples of other hard processes and their phenomenology
— parton luminosity functions
— uncertainties in the calculations

Beyond fixed-order inclusive cross sections
— Sudakov logs and resummation
— parton showering models (basic concepts only!)
— the role of non-perturbative contributions: intrinsic ki,
— underlying event/minimum bias contributions
— theoretical frontiers: exclusive production of Higgs



Basics of QCD
;3

luon 4 :
gluon 9 ag(M) non-perturbative
9s 1% gs fo° 1 |- N
-~
quark quark  gluon gluon perturbative
_ _ _ M (GeV)
® renormalisation of the coupling
p?  das(p?) Oés(MQ)n as(u?) o s(u )3,
(i) o2 2 Po— (=, )1~ ( )3B2 +
AN dv 5 QQ
Bo=11—ny, f1 =102 - —ny,
S 7 S 7

® colour matrix algebra

(79, T% = if®°T® , (T*T");; = Cpdy; = 4/36;; , Tr(TT") = Tps®™® = 1/25% , ...



The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the theory of the strong
interaction”

David 1. Gross H. David Politzer Frank Wilczek
@ 1/3 of the prize @ 1/3 of the prize @ 1/3 of the prize

USA UsA Usa

Kavli Institute for California Institute Massachusetts
Theoretical Physics, of Technology Institute of
University of Pasadena, CA, USA Technology (MIT)
California Cambridge, MA, USA
Santa Barbara, CA,

USA

b, 1941 b. 1949 b. 1951
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Asymptotic Freedom

“What this year's Laureates
discovered was something that, at
first sight, seemed completely
contradictory. The interpretation of
their mathematical result was that the
closer the quarks are to each other,
the weaker is the 'colour charge’'.
When the quarks are really close to
each other, the force is so weak that
they behave almost as free particles.
This phenomenon is called
‘asymptotic freedom’. The converse
is true when the quarks move apart:
the force becomes stronger when the
distance increases.”

ag(r)

1/r 9



deep Inelastic scattering and the
parton model

electron

® variables

Q?=—g” (resolution)

X X=Q?/2p-q (inelasticity)

=
—
7/

® structure functions
do/dxdQ? «c a2 Q* F,(x,Q?)

® (Bjorken) scaling

F,(x,Q%) — F,(x) (SLAC, ~1970)

@w Bjorken 1968 SSI 2006 10




the parton model (Feynman 1969)

® photon scatters incoherently off massless, [‘;ﬂfr‘::mum }
pointlike, spin-1/2 quarks

frame
® probability that a quark carries fraction & of parent
proton's momentum is q(¢), (0<&<1)

— F00=Y [d2 e£a@)s(x-£) =Y e2xq(x)

o= S ST N
=% XU(X) + ; xd(x) + . XS(X) + ...

® the functions u(x), d(x), s(x), ... are called parton
distribution functions (pdfs) - they encode
information about the proton’s deep structure

SSI 2006 11




extracting pdfs from experiment

® different beams
ge,u,v,...) & targets

H,D,Fe,...) measure FP = 2 U+ S (d+ )+~ (5+5)+...
different combinations of ) ) )
quark pdfs Fer :é(u +U)+g(d +H)+é(s+§)+...

® thus the individual q(x) . _
can be extracted froma ' = 20 +f+‘j+~-]
set of structure function F"=2u+d+s+..]
measurements

® gluon not measured s S pW _apen
directly, but carries o
about 1/2 the proton's

momentum > [axx(aeo+a00)=0.55
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35 years of Deep Inelastic Scattering

1.2 ——— T
[+ Q> (GeV?) ]
1.0 = 1o
i e 30 )
X A 50 -
0.8 v 8.0 -
+ ¢ 110 1

— = 875
O 06| ® 245 -
fa ; IF A 230 -
o i *'l : 280 ]
L TRy, :
I ag A 8000
02 F ) °Tes . ]
[ Aa :

A v

o [ ‘ Vv -
00 b—a 1 1 . ] . ] . L ] t vw av
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(MRST) parton distributions in the proton

1.2 . T
- MRST2001 up

10F Q*=10GeV? ~— down -
antiup
antidown

0.8 -
strange

—_ charm

gluon
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Martin, Roberts, S, Thorne
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a deep inelastic scattering event at HERA

quark

electron

[ Hi Fun 155768 Eveni 67216

Q7 = 1ALM GeVI, y— (.44, M= 192 GeV

g TN I
Wi ~——

===

proton



35 years of Deep Inelastic Scattering
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scaling violations and QCD

The structure function data exhibit systematic violations
of Bjorken scaling:

quarks emit gluons!

SSI 2006 18



_ (~Q% dk2  ~Q7 dk2
where the logarithm comes from >

e . ne o K e B R
(‘collinear singularity’) and
|r 1 | .1:2 3 -i 1 £0 1 £() — £(1)
P(x) |_(1 m +§5(1 J J/o dw:(l—m)_i_:.llo 1—=x

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

%) Fy(z,Q%) =

Ty eg [qo(w)-l-—/ “go(y)
- q
P %P {P(a/y) In(Q%/r*) +

e /o) L]
\w/y/jJ




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

7 2\ 7\ as [1 dy 7\ fﬁ/ /o \ 7 2 / 2\ V4 / \1
q(x,1u?) = qo(x)+—= | —qo(y)P(z/y)In(u/x%) 4+ C(z/y);
2w Jx vy ( J
1 -— 7 —~ N\ A Ul rl a/U 7 N . . .
then —f';)(\”l“7(wz) — er_g / u(iI(\al7r1_,2) finite, by construction
x 7 Jz oy
( \
| xr - Xg 7/ N s NP T RN
¢o(1 ——) + [ P(x/y)IN(Q</u<) + Cqlx/vy)) 3
Ik \ y/ i 27'{'\ \*/ Td/ \x% /7 g\ /U//}I

note arbitrariness of C; = 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 Cq 0

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

Dokshitzer
0 as(p?) 11dy Gribov
>—q(z, p°) = /—q(y,NQ)P(w/y) Lipatov
o 2 Jxz y Altarell
Parisi

*lattice QCD?



note that we are free to choose y? = Q2 in which case

By (2,Q?) = o) e /

14, 0?) {

-5+ cq<x/y>}

\

coefficient function,
see QCD book

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

6
3
JV Q> Q
\
qd k.
\Y
2k
Q
N
~
0 2 =~ —
0.0 0.2 0.4 0.6
X

the rate of change of F, is proportional to ag
(DGLAP), hence structure function data can be
used to measure the strong coupling!

0.8

1.0

F2(x,Q%)+C(x)

N

3]

. x=0.000032
.". L x=0.00005 ® HI
7. x=0.00008 | BCDMS
: ot DDUU&%OOE 00032 -

P H1 NLO fit
+F v, x=0.0005

-
e

_ x=0.0008

e x=0.0013

et
- W x=0.002
x=0.0032
o v y§ x=0.005
v+ s x=0.008
.o si x=0.013
o, s x=0.02
et s x=0.032

P S S S ] x=0.05
- B M S x=0.08
J + x=0.13
00 0-0-0-8 EEOEII AN 8 g a—g S—a—g . x=0.2
o 50-0-crorommmmamgsones s % a4 s s ¢ x=0.32
10 107 10° 10*

Q*/GeV?



however, we must also include
the gluon contribution

-- m‘/‘j‘egasl\‘(%'h) ’,"Pl ayg(\ijz)Cq(m/y) coefficient functions
< 0 27 Jz oy " - see QCD book
and with additional terms in the DGLAP equations
206i(z,1%)  _ as(p®) e "
e (P % q; + 2n ;P99 x g)
' =, 4, d,d,...
a (CB 2) Q ( 2) q; u,u,a,a,
- 20g\x, i _ S\7) r 5gg . X" . 1 pgg . A _ PR
7’ 5 — (P7% % > q;+ P77 xg) x = convolution integral
ou 27 -
A a1 2
q — Z TN itti
note that at small (large) x, the PR =T ?p“ttt'_”g
. . 1, . functions
gluon (quark) contribution P = S@+ (1 -2)%)
dominates the evolution of the por = 4 (1A =0
. . . 2\ € /
quark distributions, and therefore oo _ e (lmm w0
fF E PR N AL SRR
Of I (L™ 51— )
27" 3)




DGLAP evolution: physical picture

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

aq(k dk
__________ P Sﬂr & 5 P de

=" L

ke AP o~

« ... with phase space k2 < O(Q?), hence
AP ~ 25 1nQ2 P99(¢) de
21
J

W ~U qu

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

 similarly for other splittings

o8 (S basis of parton
~N. shower Monte Carlos!




parton distribution functions

 the bulk of the information on pdfs comes from fitting DIS
structure function data, although hadron-hadron collisions
data also provide important constraints (see later)

* pdfs are useful in two ways:
— they are essential for predicting hadron collider cross sections, e.g.

2\12
p—> +p og o [g(z ~ My/v/'s, Mf)]
— they give us detailed information on the quark flavour content of the
nucleon

* no need to solve the DGLAP equations each time a pdf is
needed; high-precision approximations obtained from
‘global fits” are available ‘off the shelf”, e.g.

SUBROUTINE MRST(X,Q,U,UBAR,D,DBAR...,BBAR,G)
input | output



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.
fi(z, QF) = Aix®i[1 + biv/z + ciz] (1 — 2)*

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

e approximate the exact solutions (e.g. interpolation grids,
expansions in polynomials etc) for ease of use

SSI 2006 25



pdfs from global fits - summary

Formalism

LO, NLO or NNLO DGLAP
MSbar factorisation

hy [f.(xQ) £ 5, (xQ) |
functional form @ Q,?
sea quark (a)symmetry

etc. | as(M,) |

Data

DIS (SLAC, BCDMS, NMC, E665, Who?
CCFR, H1, ZEUS, ...) CTEQ, MRST, Alekhin,

Drell-Yan (E605, E772, E866, ...) H1, ZEUS, ...
High E. jets (CDF, D0) l

W rapidity asymmetry (CDF,DO)
vN dimuon (CCFR, NuTeV)
etc. | http://durpdg.dur.ac.uk/hepdata/pdf.html

SSI 2006 26




(MRST) parton distributions in the proton

1.2 . T
- MRST2001 up

10F Q*=10GeV? ~— down -
antiup
antidown

0.8 -
strange

—_ charm

gluon

SSI 2006

Martin, Roberts, S, Thorne

27



where to find parton distributions

’_\9 Parton Distribution Functions

Unpolarized Parton Distributions

Access the parton code, on-line and display of the
L]
CTEQ distributions, fortran code and grids
GRY distributions, fortran code and grids
MRST distributions, fortran code and grids, C++ code
ALEKHIN fortran,C++ and Math, code, and grids

On-line Parton Distribution Caleulator with Graphical Display,
q L l | r l | r a C l | now includes PDF error calculations from MRST2001E and
n o L] L} L} Public access to the 5 B 5 5 s

Polarized Parton Distributions

nepdata/pdf.html

E.Leader, A.V.Skdorov and D.B.Stamenov, Eur.Phys.J.C23 (2002) 479: LSS2001

E.Leader, AV Sidorov and D.B.Stamenov, Phys.Rev.D73 (20046) 034023 52005

M. Glueck, E. Reya, M and W. Vogelsang. Phys. Rev. D33 (1996) 4775: GRSV

M. Glueck, E. Rey 5 . Rev. D63 (2001) 094005: GRSV2000
T. Gehrmann and Stirling, Phys. Rev. D33 (1996) 6100: GS

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

Asymmetry Analysis Collaboration - M. Hirai et al- Phys. Rev. D89 (2004) 054021 AAC

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

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

Polarized Parton Distributions
Currently available parametrizations:

E.Leader, A.V.Sklorov and D.B.Stamenov, Ear.Phys.J.C23 (2002) 479: LSS2001
52005

E.Leader, A.V.Sidorov and DUB.Stamenov, Phys.Rev.D73 (2006) 034023: 1552005
. r M. i, E. Reva, M. Stratm; A .
M. va, M. Stratmann and W. Vogelsang, Phys. Rev. D63 (2001) 094005

-J. Stirling, Phys, Rev. DS3 (1996) 6100: GS
J. Bluemlein and H. Boeticher - hep-ph/0203155 BB

Asymmetry Analysis Collaboration - M. Hiral ot al- Phys. Rev. D69 (2004) 054021 AAC
D. de Florian and R. Sassot, Phys. Rev, DG (2000) 094025: DS200
e ‘ 3 G.A. Navarro and B Sassot, Phys. Rev. D71 (2005) 094018: DNS2005

Pion Parton Distributions

Access the parton distribution code for plons

MRS pion distributions, fortran code and grids
PDFs from nuclei
L ] L ]
(] M. Hira, S. Kumano and M. Miyama - Phys. Rev. D64 (2001) 034003 PDFs from auclef
K.JEskola, V.J.Kolh nd Salgado - Fur.Phys.J C9{1999)61
and K.J.Eskola, V.J.Kolhinen and P.V.Ruuskanen - Nucl. Phys.BE35(1998)351 EKS98 parametrization
==> Other related topics
Deeply Virtual Compton Scattering at NLO in pQCD

Access to the DVCS code of Freund and MeDermott
Fragmentation Functions

Access to the Fragmentation Di database site compiled by Marco Radici and Rainer Jakob.

q\_} Questicns aad Commests to morwhalleyv®dorbam ac uk
Updated: Dec 11,
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beyond lowest order in pQCD

going to higher orders in  (%4.x Q2 o [ldy

pQCD is straightforward in | 910gQ> — 27/, y {P%%S”‘IS) %(§’Q2)
principle, since the above + Pyg(y, as) g(;;Q%}
structure for F, and for og(x,Q%) as [Tdy (g X 2
2 o — YT ex\Y,a8) q; —Q
DGLAP generalises in a IlogQ 27 Jx Y { }({y 2) Uy @)
straightforward way: \_ + Pas(v,08) £(0,Q )} W,
1972-77 | |1977-80 2004
| | |

DGLAP:  P(z,ag) = PO +agPW(z) + o2 PP (z) + ...

see above see book see next slide!

The 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-
scattering cross sections!
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Moch, Vermaseren and Vogt,

hep-ph/0403192, hep-ph/0404111
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® and for the structure functions...

as(Q?
TR0 = o6 [ a.0) (a0 - D + 20y

Ty eg QS(Q) dy 9(y, QO CS (z/y) + 0(a2(Q?))

.. where up to and including the O(as®) coefficient
functions are known

® terminology:
— LO: PO
— NLO: P@7) and C™
— NNLO: P©7.2) and C(".2

® the more pQCD orders are included, the weaker the
dependence on the (unphysical) factorisation scale, u°
— and also the (unphysical) renormalisation scale, u,?; note above has 2= Q?



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
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proton - (anti)proton cross sections
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hard scattering in hadron-hadron collisions

p I é
T higher-order pQCD corrections;
\ accompanying radiation, jets

parton
distribution ‘ X=W,Z, top, JetS
functions / \ SUSY, H,

_> —

P T underlying event

for inclusive production, the basic calculational framework is provided by
the QCD FACTORISATION THEOREM:

1
Z / dx;dxs fa(xl,pﬁ) fb(XzaﬁL%‘)
a,b .

. 2 Q* Q°
X  Oab—X (le X2, {pf‘}a aS(MR): Q(MR):' 23 92 )
Hr Hp




kinematics

X4P X,P

collision energy: Vs

po_
parton momenta: py = w1vs/2(1,0,0,1)

pg — T2 \/5/2 (170707_1)
invariant mass: M? = (p1 +p3)2 =5 = 21758
idit 1 feYe L+ Pz 1 TeYe L1 — L1 a2y
2 E—p, 2 o o
g M M A
r1=-—2¢&eY, go="-—"—¢e¥
Vs VS
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early history: the Drell-Yan process

quark H M 2/
T=WM,, S
antiquark
o
_()ﬁ
\
d’c VYo% /1 .
= daydzad(z1s — 2 ¢ (21)fa
dM? sagd [, Azidzad(aiz T)za:e fa(®1)fa(z2)
Ara? )
= é;;; F(r) (scaling)

10
% p+Cu—p W +X
-
10—11 ‘
e
—-
-
g %
3 "
[
~ 10™ °
®
o
_L L
= *
: ‘.
=
-
B ¢
o
w107 F ®
: ® p, =200GeV/c, E325
® p,=300GeVic, E325
® p =400 GeVic, E325 +
® p =800 GeVic, E6O5
.................................

0.15 0.20 0.25 0.30 0.35 040 045 0.50

vt

“The full range of processes of the type A+ B —
uwu-+ X with incident p, =, K, y etc affords the
interesting possibility of comparing their parton
and antiparton structures” (Drell and Yan, 1970)

(nowadays) ... and to study the
scattering of quarks and gluons,
and how such scattering
creates new particles
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Valume 1238, number 1,2

PHYSICS LETTLRS

OBSERVATION OF JETS IN HIGH TRANSVERSE ENERGY EVENTS ?

AT THE CERN PROTON ANTIPROTON COLLIDER

UAI Collaboration, CERN, Geneva, Switzerland

Transverse energy flow of the S events with ZET>IDO GeV
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e.g. two gluons
scattering at
wide angle
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factorisation

the factorisation of ‘hard scattering’ cross sections into products of parton
distributions was experimentally confirmed and theoretically plausible

however, it was not at all obvious in QCD (i.e. with quark—gluon
interactions included)

/
\ .
9}
v* Log singularities
1"*1., from soft and
collinear gluon
: iy emissions
—
\

® in QCD, for any hard, inclusive process, the soft, nonperturbative structure
of the proton can be factored out & confined to universal measurable parton
distribution functions £,(x, 1-?) Collins, Soper, Sterman (1982-5)

and evolution of f,(x,?) in factorisation scale calculable using the DGLAP
equations, as we have seen earlier
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Drell-Yan in more detall

quark

5§ = x1x2S

antiquark

AN

scaling!

St g S [+ By s

beyond leading order ...



0 _
G = & [5($1332 4o (x120 — T) {fq ( T )
2m T1To 1T

2 2
—|—P< T >|nM—2+P< T )InM—QH
T1TD KT 1o K5
Note:

® collinear divergences, with same coefficients of logs as in DIS: P(x)
® finite correction: f (x)
® introduce a factorisation scale, as before:

S RS BN 2 RVEERS EN . VS RS N

n(M=/k=) = In(M~/p~) + In(n~/K7)
® then fold the parton-level cross section with q,(x,) and g,(x,), and with
the same ‘renormalised’ distributions as before*, we obtain

1 2\~ 24~
do = [ dwideog(er, k)d(e2, 150 [6(r1a2 = 7)
2
+or L Lop (T g () 2o (1) b+ o)
2T x1To 1T 2 r1xo L1I2
® the standard scale choice is y=M ﬁ{:ir:r”lete tala |

a2 = ao@)+55 [ Lao() {PCo/s) n(2/62) + Cla )} 1978-80



Note:
® the full calculation at O(ag) also includes +

® which gives rise to a5 g * g terms in the cross section (see QCD book)

® the (finite) correction is sometimes called the ‘K-factor’, it is generally
large and positive

® ... and is factorisation scheme/scale dependent (to compensate the
scheme dependence of the pdfs)

E605 (p Cu —»p'w X) pp p =800 GeV

using high-precision Drell-
Yan data to constrain the
sea-quark pdfs

M’d*c/dx dM (nb/GeV /nucleon)

Note: zp =

Pl-l- 'T_P[ )L = ory— X o MRST

S\

VT
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the asymmetric sea

® the sea presumably The ratio of Drell-Yan cross sections for
arises when ‘primordial‘ pp,pn — utu- + X provides a measure of

: the difference between the u and d sea
valence quarks emit gluons

_ _ - quark distributions
which in turn split into quark-

antiquark pairs, with 200 _
suppressed splitting into 175 | g"fszogvz ]
] . o = e
heavier quark pairs 1.50 _
® so we naively expect £ 125 .
c |
u~d>s>c>0b émoo i
_ 8075 _
® why such a big d-u E
asymmetry? meson cloud, l
Pauli exclusion, ...? 0257 .
0.00 '

°* andis s(z) = 5s(x) ? 0t w0



W, Z cross sections: Tevatron and LHC

2 2
parton level 5992 Ama vg +ag 5(5 — M§>
cross sections 3 4sin? 0y, cos? Oy,

i . 4 1
(narrovy w@th 597 —W T — 5(5 — MVQV)
approximation) 3 4sin“ 6y,

36 + pQCD corrections to NNLO, EW to NLO

34 _W Tevatron Z(x1 O)_
32 (Run 2) 3 CDF and D@ Runll Preliminary

30F _ E B
S 28E ® I 3 -
S ook o NNLO I % 3 i .

6 NLO I 1 - pp— WX —lv+X
m~ 24 F CDF(e,n) DO(e, ) - 1 E i
Y _ CDF(e, 1) DO(e, ) ‘

b 3 3
20 F 3 10
o LO
1.8 F

e F partons: MRST2004

E..

L

| .

24 m
X

N

=

©

PP — Z+X — Il +X

2E W LHC Z(x10) :
2E 3
21 E 3
: NLO E
S 20F NNLO 3
< 19f 3
m 18 - - Runl
17 E e
o 17F Lo 3 +UA1 ¢ UA2

16 £ 3 |
c ] 1 1 1 1 1 1 1 1 1

10 g_partons: MRST2004 3 1
14 Center of Mass Energy (TeV)

Runil *D@(e)  ®DB()
ACDF(e) ® CDF(u)
*D@(e) © DB(u)
ACDF(e) O CDF(u)




pp - (Z,7")+X
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Drell-Yan as a probe of new physics

Large Extra Dimension

models have new CDF Run II Preliminary
resonances which could o I » Data '
contribute to Drell-Yan § [ ] Drell- Yan
. QCD Background
—_~ 2
< 107} | ] T, WW, WZ, tt
T > o
o Ldt=72pb |
G _ =10 :
: =
/ M E 1 1Y)
10_1 ULL
= need to understand the SM N

contribution to high precision! 100 200 300 400 500
Dielectron Mass (GeV/c 2)
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Summary: the QCD factorization theorem for hard-
scattering (short-distance) inclusive processes

1
Z / dx;dx, fa(xq, pp) fo(x2, uo)
a,b 0

Q2 Q2>

Y Gux (xl,m,{p b as(id), a(id), &
R #F

where X=W, Z, H, high-E jets, SUSY spartlcles black hole , and Q

is the ‘hard scale’ (e.g. = My), usually pr = pg = Q, and G is known
® to some fixed order in pQCD, e.g. high-E jets \

— Aoz + Ba?® a
® orin some leading logarithm approximation

(LL, NLL, ...) to all orders via resummation g
C\
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High-E- jet production

7 =1
o — L ~ ~
W \ 1 7 7 r 7 NZ\ r 7 ANZN\
—_— 3 I ar-dmr:. Tt .0t ()T VT, U ()7
-2 / I wraWwrn Jog/ ANy JJbh/ B\*YDby = )
AOm + et N bt Al Y=
w Y I R N
i a.0,.c.d—d.d
P i '
i
c/r~ 0 T ~\ - 1" rab—ocd/
Al e A= 1T 4= 0a1) I A=Y =
AUN\O T U W) T A |4v4 |
N T 1AL '
LU/ o

Event 1222313 Run 152507

CDF -

Towers E; > 0.5 GeV

u see QCD book

®* where ab—cd represents all quark &
gluon 2—2 scattering processes

/o
//

jet

///// Jef

® NLO pQCD corrections also known

: Systematic uncertainty

Midpoint (R_ =0.7.f <075 R =13)

CDF Run Il Preliminary
0.1<|Y|<0.7

J.L:T 04fb’

. Data corrected to hadron level
MNLO pQCD EKS CTEQ 6.1M (u =Pi'”12)
oL s 0 by e by b ey b e s 1L
100 200 300 400 500 600 700
P1*(GeV/c)

g' 3 [ Data corrected to the parton level

g B NLO pQCD EKS CTEQ 6.1M (u :P:_“‘IQ}

E 25 Midpoint (R__=0.7, fmwezo_?fm, RSEP:LS}

3 E 0.1<|Y|<0.7 L=1.04 fb"

-g _ ——— PDF uncertainty on pQCD

L] 2_ --------- MRST 2004 / CTEQ 6.1M

o B . Data / NLO pQCD

g - [ Systematic uncertainty

- o I Systematic uncertainty including T

3 1.5 hadronization and UE

7] n e
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E B ﬂf.‘n.o it Soaai il T ——
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- Rt i —— S
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dolet
dET

= aﬁ (LR)

jets at NNLO

+  ag(ur) (B + 2bLA)

+ o*(ur) (C + 3b6LB + (363L* + 2b, L) A)
L =In(ur/ET)

Tevatron jet inclusive cross section at E; = 100 GeV

1 T I

=]
o
I

e
)
I

LO
— NLO

— "NNLO"
—= "NNLO"+
—— "NNLO"-

do /dE_T at E_T= 100 GeV

[=] [=]
£
! |
o a
\'\
AY
Y
%
i
&
]
i
H
¢
H
1
i
i

LR/ ET
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The NNLO coefficient C is not
yet known, the curves show
guesses C=0 (solid), C=+B?/A
(dashed) — the scale
dependence and hence ¢ 0,,
is significantly reduced

Other advantages of NNLO:

® better matching of partons
<>hadrons

® reduced power corrections
® better description of final
state kinematics (e.g.
transverse momentum)
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jets at NNLO contd.

® 2 loop, 2 parton final state

® | 1 loop |%> 2 parton final state

® 1 loop, 3 parton final states
or 2 +1 final state

® tree, 4 parton final states
or 3 + 1 parton final states
or 2 + 2 parton final state

000020000 lé

g

= rapid progress in recent years [many authors]

® many 2—2 scattering processes with up to one off-shell leg now calculated
at two loops

¢ ... to be combined with the tree-level 2—4, the one-loop 2—3 and the self-
interference of the one-loop 2—2 to yield physical NNLO cross sections

® complete results expected ‘soon’
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Higgs production

2272 2\ |2
~g9—H _ aagMp L mE ]
o = D 2 | 2
576sin? 0y M3, | \M%Z )|
T{rY — 2402 L (Ar _ 1YL ()]
() ( )1F (1+vI—4z\ . 1°
F(x) = 0(1 -4z —-IOg( )-—zw
ZL \l—\v/,—433/ 1
(A — 130 [ein=1(1 /9. /]2

® the HO pQCD corrections
to o(gg—H) are large (more
diagrams, more colour)

SSI 2006

gmmsmzr

100 g

o(gg — H) [pb]

V5 = 14 TeV
MRST —— A
CTEQ
O N o Nekhin e
L 11
1|10
F 1Rz
L 0.05
0.9
100
0.1 -
100 1000

Mj [GeV]

Djouadi & Ferrag
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top quark production

1 I

— 28 — 31p],
y

CDF and D Run Il Preliminary

[71 Kidonukis NNLO-NNNLL+ (hep-ph/0303186)
Cacciari et al. f'i"u’,u-pfr/ﬂ.w.?OB.iJ

NLO known, but awaits full NNLO
pPQCD calculation; NNLO & N"LL
“soft+virtual” approximations exist

Y CDF Run Il (Dilepton) ¥ DD Run Il
0 —ﬁ CDF Rmr f § CDf Rian H{f+je{5) & DO R |
4 1

1730 1800 ISJO IQOO 1950 2000

SSI 2 Vs (GeV)




parton luminosity functions

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

— - N ey~ 2+
1

2 X = /o dzadzy, fo(wa, M?) fy(zy, M?) Cx §(zazy — T)
S M r1 oL bl

b — CX |_ = a | (7_ — MQ/S)

LS oT |
_< ) OL .t rl o -
< Rf_w — /n d$ad$b fa($a, Mz)fb(ZEb, MZ) 5($a$b — 7')

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

® useful combinations are ab = gg, >, 44, ---

® and also useful for assessing the uncertainty on cross
sections due to uncertainties in the pdfs (see later)
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1010 T \|||\|| T |‘\|||‘ — T T T TTTT 10000 — ||||\|| — ||||||| T T TT1TH
- LHC / Tevatron .
| |
a - i
O
5 1000 —
g = 3
LHC g - ]
E' —~ -
| | — ~ -1
Q w i i
= 2
@ =5 100 —
} ~. C ]
T _ - ]
O = i
b L N
—
—
10 — —
100 s £ .
Tevatron Sk )
10—1 — - i
o L i
10—3 1 1 1|||1|| ] | |11|||1 | 1 1|\| 1 I 1 ||||\|| 1 ] ||||||| I 1 ||||\|
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Sqrt(8) [TeV]

— g9
= >;(99; + 94; + 9ig + q;9)
= >,(q:q + 4;9;)
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Sqrt(8) [TeV]

see CHS for more
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future hadron colliders: energy vs luminosity?

recall parton-parton luminosity:

10° g
OL .1 /1 dr . , 3 N parton luminosity: gg — X
— T f (man)fb(T/man) 2 10 N
o e o 10° \ 40 TeV
so that O 10°F  14Tev
€ 10°
1 gﬁab =
ox X — S 10°
s OT =
o 10
c \
. 5 S 10’ \
with T = My~4/s S \
10 \
10-1 ...I2 N N ......3 N N N ..\..I4
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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what limits the precision of the predictions?

3.6 ¢

a EW % Tevatron Z(x10)
3.25— (Run 2)
® the order of the sab 11 } :
perturbative eXpanSion ;_zj: ";;F"D'O;E')'D'(;(';'HESO::::%:::::::‘::::
® the uncertainty in the . oo
input parton distribution °E e e
functions 2 W LHC Z(x10)
® example: o(Z) @ LHC A
80,4~ 3%, S0y~ x2% & T te—
— 80-theory ~+ 4% b” Lo I
whereas for gg—H : o MRST 200,
00pgr << 00 HOMSTIOE | oot st s

NNLO W,Z corrections: van Neerven et al. with Harlander, Kilgore corrections
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pdf uncertainties

« MRST, CTEQ, Alekhin, ... also produce ‘pdfs
with errors’

* typically, 30-40 ‘error’ sets based on a ‘best fit’
set to reflect £7o variation of all the parameters
{A,a,...,as} inherent in the fit

 these reflect the uncertainties on the data used
in the global fit (e.g. 6F, = 3% — du= £3%)

* however, there are also systematic pdf
uncertainties reflecting theoretical
assumptions/prejudices in the way the global fit
Is set up and performed
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x%° 1,(x,Q)

uncertainty in gluon distribution (CTEQ)

0.4 2.0 au an
: Gluon uncertainty at Q=10GeV
0.3 - Y
=
3
0.2 fi 1.0 T[] N y
P f— _E
o C ]
i b E
0.1 0.7 —z
0.5: lIIIII| II| L1l
10*10° o01.02 05 .1 2 5 1 10~3 10~% X 10~1 100
X
CTEQG6.1E: 1 + 40 error sets
MRST2001E: 1 + 30 error sets
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high-x gluon from high E jets data

® both MRST and
CTEQ use Tevatron
jets data to determine
the gluon pdf at large x

® the errors on the
gluon therefore reflect
the measured cross
section uncertainties

Cross Section Ratio (Data / Theory)

3 Data corrected to the parton level
NLOpOCDEKSCTBDGJM(u:RfQ)
25 Midpoint (R =0.7,f _ =0.75, RSep:1 3)
0.1<|Y|<0.7 I L=1.04 fo’'
5 ——— PDF uncertainty on pQCD

--------- MRST 2004 / CTEQ 6.1M
. Data / NLO pQCD

[ Systematic uncertainty
I Systematic uncertainty including

hadronization and UE

-
($))]

—h

L CDF Run Il Preliminary
0.5_\III|IIII|III\|II\I|I\Illl

0 100 200 300 400 500
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why do ‘best fit’ pdfs and errors differ?

different data sets in fit

— different subselection of data LHC o o(W) (nb)
— different treatment of exp. sys. errors /Nko»o\

MRST2002 eXpt)
CTEQS6 205 W8 (eftpt)
different choice of Alekhin02 {(tot)

— tolerance to define # O'f;
(MRST: Ax2=50, CTEQ: Ax2=100, Alekhin: Ax2=1)

— factorisation/renormalisation scheme/scale similar parfons different Ay?
— Q2 different partons

— parametric form Axa(1-x)°[..] etc

— 0g

— treatment of heavy flavours
— theoretical assumptions about x—0, 7 behaviour
— theoretical assumptions about sea flavour symmetry

— evolution and cross section codes (removable differences!)
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1.4} feor(z, Q%)
Q2 — (100 GeV)?
MRST/CTEQ

0.6 -

le-05 0.0001 0.001 0.01

Il

14+

0.6 -

] 1 II 1 L] II L]
fPDF(xa Qg)

% = (100 GeV)?
Alekhin /CTEQ

—

i
- R
 basbrtiaiits l

le-05

SSI 2006

0.0001 0.001

I

0.01

0.1

Djouadi & Ferrag, hep-ph/0310209
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luminosity uncertainty (percent)

U 0y O RN
D PERPMNOOMAPRPMNOMNPEPOOOMN RO

parton luminosity uncertainties
at LHC (MRST2001E)

SSI 2006

Note: CTEQ gluon ‘more
or less’ consistent with

MRST gluon
xg(x, Q) Q°=2 GeV*
”;;;;y*i %
_j_ N

MRST2001C

Hessian unccrtainty

- CTEQGM

107 107 107t 1
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3 L | LY |

- ——— MRST2002NLO
®* MRST: Q2 =1GeV?, Q2= - —— CTEQ6.1M
2 GeV? T Q=2 GeV
2
Xg = Ax3(1-x)P(1+Cx%5+Dx)
— Exc(1-x)d ke
G
m =
* CTEQ6:Q2=1.69Gev?, ~1r
Q.. =4 GeV? '
Xg = Ax3(1-x)Pe*(1+Cx)d _
D | ]

SSI 2006
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extrapolation errors

f(x)

obh OV ILoapdMwHEOOOON®
L)

theoretical insight/guess: f~Ax asx— 0

theoretical insight/guess: f~+Ax9%° asx — 0

SSI 2006
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tensions within the global fit

2.00

i

1.75 F ,
systematic error

1.50

1.25:+++++{ |

systematic error X
1.00 -

075  Experiment A + + + + + ‘|r

0.50 |

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?="?

® ‘tensions’ between data sets arise, for example,
— between DIS data sets (e.g. uH and vN data)
— when jet and Drell-Yan data are combined with DIS data
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CTEQ ag(M,) values from global analysis with Ax? =1, 100

AXZ =1 ranges from GA

0.09 0.1 0.11 0.12 0.13 0.14

0.15

=e—= BCDMSp
—e— BCDMSd
—e— Hla
—e— HiIb
—e&— 7EUS
——t— NMCp
g NMCr

—&— (CCFR2
—e— CCFR3
—— E605

———e—— (DFw
. E866
—e— DOjet
—e— CDFjet

0.09 0.1 0.11 0.12

alpha S

0.13 0.14

0.15

Hypothesis testing uncertainty ranges

0.09 0.1 0.11 0.12 0.13 0.14 0.15
. BCDMSp
* BCDMSd
® Hla
> Hib
* ZEUS
. NMCp
. L
. CCFR2
————t——— CCFR3
. E605
® CDFw
> E866
——————— Djet
0.09 0.1 0.11 0.12 0.13 0.14 0.15
alpha S
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beyond perturbation theory

non-perturbative effects arise in many different ways
® emission of gluons with k; < Q, off ‘active’ partons

® soft exchanges between partons of the same or different beam
particles

manifestations include...
® hard scattering occurs at net non-zero transverse momentum
® ‘underlying event’ additional hadronic energy

Outgoing Parton

PTihard)
mitial-State Badiation

" AntiProton

Proton

Underlying Event

Final-State

Ouigoing Parton Radiation

precision phenomenology requires a
quantitative understanding of these effects!



duced with non-zero <p;>

‘Intrinsic’ transverse momentum

le parton model assumes partons
have zero transverse momentum

.. but data shows that the DY lepton
pair is pro

simp
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. CL}P: lf]’lelimlinary

— | .
— 101 |\ - T + X
. . o L{\x P '{//}"’Z > ee
the perturbative tail is even more > o[ ™S 66 < M. < 116 Gev/c? ]
. . w 3 L E
apparent in W, Z production at S b ey
the Tevatron, and can be well s 1071 T
accounted for by the 2—2 I LI s
scattering processes: = = [ -
S ]
. 8 t2 +u2+2M2s 1077 | '
MA=WIR = rag\/BGEM Yy . T e e
7 U P, GeV/c
I A Aﬂﬂ—)WHIIQ aYa A 21y 7 12 1 82 _i_ u2 + 216]\/‘{2
IMZETTET = magV2G M7\ VT =
B B N ) —Su

... with known NLO pQCD corrections. Note that the p, distribution
diverges as p;—0 due to soft gluon emission:

do? In(M?2/p2) 1
de b bt

the O(a) virtual gluon correction contributes at p,=0, in such a way as
to make the integrated distribution finite

dofitV In(M?/p? _
o A — o A[ ( 2/pT) +B = —I—C(p%)
dp7 Pt + PTl4

intrinsic k; can also be included, by convoluting with the pQCD contribution



resummation

® when p; << M, the pQCD series contains large logarithms /In(M%/p.?)
at each order:

N

1 7 1 I W A r2 A r2 B
1 ao 1 | VI 5. 2 UV 5,1 M '
= “ | A1aqin + A-a%In® + ... 4 A,a%In“" 4 + |
— 2 — 2 |[1RsT TS T A0 g T T T  AntGg R
oapy  Pro| P PT P =
I I = I & I - 4 -
5 M?
which spoils the convergence of the series when ag In? — ~ 1
7

¢ fortunately, these logarithms can be resummed to all orders in
pQCD, to generate a Sudakov form factor:

1 d(f ’] ub 2 1/[2\ SC’“ !ﬂ(]‘vérQ//p%) [ Cc’S 2 ‘Z\vﬁrQ\
S~ — { Cpin®—| = 5 exp | ——=2CpIn® —-)
o dp# dfT S\ 27w P r P \ 27 P

. which regulates the LO singularity at p-=0

® the effect of the form factor is (just about) visible in the
(Tevatron) data
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resummation contd.

® theoretical refinements
include the addition of sub-
leading logarithms (e.g. NNLL)
and nonperturbative
contributions, and merging the
resummed contributions with

the fixed order (e.g. NLO) g
contributions appropriate for S
large p, }:i
® the resummation formalism o
is also valid for Higgs E
production at LHC via gg—H
SS1 2006

" do/dg, (pb/GeV) V4 [ cor
66 < Q < 116 GeV
20 T ?“ .
Ay Kulesza
}‘ X Sterman _
| Vogelsang '
woff .
EI? &{%%I—mﬁ
% 10 20 3|o%_‘ = _/:OL_ R
gr (GeV)
CDF Preliminary
30 L T T T T ‘ T T T T ‘ T T T T | T T T T
- pp - Y/Z + X
i 3 i 772 - €€ E
F £ F _\: 66 < M.yz< 116 GeV/c® |
20 ! ] \\L N ]
| il
L ‘f |
15 | }-"“ \\_ 1 i
H Nt
10 \H -]
| T |
[| + = 1992-95 Data ‘i
O [T — = NNLO ResBos (CTEQ4M) —F=y ]
!11 rescaled up +8.4% =
O ‘*‘— L L 1 1 ‘ L 1 1 i ‘ L L 1 L | 1 1 L L j
0 5 10 15 20
Py, GeV/c
72



12

z gg — H+ X atLHC, m, = 125 GeV
. S Grazzini et al, MRST2002 o= 30.4 pb
® com parison of g 1 ResBos, MAST2001, stepc=36.2 pb
. _E'_' -------- ResBos, MAST2001, smootho=36.2 pb
resummed / fixed-order g . Kulosza st o), CTEQSM - 35.0 pb

Berger et al, CTEQ5Mc=37.0 pb

MC@MLO, MARST2001 =324 pb

PYTHIA 6.215, CTEQSMs =178 pb
-- HERAWIG 6.3, CTEQ5Moc= 164 pb

calculations for Higgs (M,
= 125 GeV) p; distribution =
at LHC 04

0.2

Balazs et al, hep-ph/0403052

i e

® differences due mainly
to different N"LO and
NPLL contributions
included

da/dp, (p/Gav)

® Tevatron do(Z)/dp; o
provides good test of
calculations ]

10"‘ i PR T T I | " Lo 3 o 1 5 3 3 0 43 43 5 F 3 45 a0 5 5 43 1 4 3 4
[1] 20 40 60 an 100 120 140 160 180 1]
B, (Gef)
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full event simulation at hadron colliders

® itis important (designing detectors,
interpreting events, etc.) to have a good
understanding of all features of the collisions
— not just the ‘hard scattering’ part

® this is very difficult because our
understanding of the non-perturbative part of
QCD is still quite primitive

® at present, therefore, we have to resort to
models (PYTHIA, HERWIG, ...) ...

Outgoing Parton
PTihard)
niti al-State Badiation

Proton " AntiProton

Underlving Evenl Inderlying Event

Final-State

Oulgoing Parton Radiation
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Monte Carlo Event Generators

programs that simulates particle physics events with the
same probability as they occur in nature

widely used for signal and background estimates
the main programs in current use are PYTHIA and HERWIG

the simulation comprises different phases:

— start by simulating a hard scattering process — the fundamental
interaction (usually a 2—2 process but could be more complicated
for particular signal/background processes)

— this is followed by the simulation of (soft and collinear) QCD
radiation using a parton shower algorithm

— non-perturbative models are then used to simulate the hadronization
of the quarks and gluons into the observed hadrons and the
underlying event
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a Monte Carlo event

Hadrons

Hard Perturba e ing:

(sugally calculated at leading order
WCD, electrowegk theory or
e BSM model,

pb,p

Hadron

Q Hadrons Q
@,
Hadrons

Hadrons

Finally the y
deiapeeert

hadronization process.

~of the

0

Uy ,é_k

from Peter Richardson (HERWIG)
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