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Abstract

In this paper. we will develop the perturbative framework for the calculation of hard-scattering
processes. We will undertake to provide both a reasonably rigorous development of the
formalism of hard-scattering of quarks and gluons as well as an intuitive understanding of the
physics behind the scattering. We will emphasize the role of logarithmic corrections as well as
power counting in &5 in order to understand the behaviour of hard-scattering processes. We will
include ‘rules of thumb’ as well as *official recommendations’, and where possible will seek
to dispel some myths. We will also discuss the impact of soft processes on the measurements
of hard-scattering processes. Experiences that have been gained at the Fermilab Tevatron will
be recounted and. where appropriate. extrapolated to the LHC.

(Some figures in this article are in colour only in the electronic version)

® Also refer to lecture

notes from previous
CTEQ summer
schools at http://
www.phys.psu.edu/
~cteq/

¢ In particular lectures

on pdf's from 2007
(Jeff Owens) from

whom I've taken much

material...but from
whom there is still
much to give
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Some references

April 16, 1998

® |'ve also downloaded
an AT L A S no te I LHC Guide to Parton Distribf:::: nFunctiuns and Cross Sections
WrOt e aI m O St 1 O Department of Physice and Astronomy, Mickigan Stafe [University, Fest Lansing, MT {8524, US4
years ago

® A bit outdated but it

still has some useful
. The calenlation of the prodoction cross sections at the LHU for both interesting phyeice
ped ag Og I Cal proceeses and their backgrounds relies upon a knowledge of the distribution of the momen-

tum fraction = of the partons in & proton in the relevant kinematic range. These parton

I nfo rm atl O n distribution functions {pdf’s) are determined by global fite to data from decp inclastic scat-

tering (5], Drell-Yan (DY), and jet and direct photon production at current energy ranges.

This ATLAS note is intended to serve as & pedagogical guide on the de-
termination of, the proper use of, and the uncertainties of parton distribution

functions and their impact on physics eross sections at the LHC, Portions of

ATL-PHYS-99-008
28 Aprlws

this note will be placed in the physics TDE.

L INTRODUCTION

Two major groups, CTEQ and MES, provide semi-regular updates to the parton distribu-
tions when new data and/or theoretical developments become available. The newest pdf’s,
in most cases, provide the most accurate description of the world’s data, and should be
ntlilized in preference to older pdf sets. The newest sets from the two groups are CTEQS [1]
and MRST |2]. As will be discnssed in Secction V1L the primary difference between the two
pdi’s lies in the size the gluon distribution at large o,

This note is intended to serve as a pedagogical summary; the author is & member of

CTEQ and apologizes in advance for any bias in that direction.
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Understanding cross sections at the LHC

We’re covering most of these topics at this summer school.

LO, NLO and NNLO calculations
K-factors

“Hard™ Scattering

benchmark cross
outgoing parton  gections and pdf
correlations

PDF’s, PDF luminositieS
and PDF uncertainties

proton

proton

underlying event underlying event
initial-statc

underlying event radiation
and minimum

bias events

final-statc

radiation Sudakov form factors

outgoing parton

jet algorithms and jet reconstruction
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Understanding cross sections at the LHC

® \We're all looking for BSM physics
at the LHC

® Before we publish BSM
discoveries from the early running
of the LHC, we want to make sure
that we measure/understand SM
Ccross sections

+ detector and reconstruction
algorithms operating properly

+ SM physics understood @ Ty
properly o S b

+ SM backgrounds to BSM P
physics correctly taken into S A Y
account

+ and in particular (for these 2w o) < e
lectures at least) that pdf's M CXC U C e
and pdf uncertainties are
understood properly B S §

01 1 10

Js (TeV)



Parton distribution functions and global fits
® Calculation of production
cross sections at the LHC g g—
relies upon knowledge of pdf’s wp Qui2= 100 Gevas2
in the relevant kinematic . e oot
region 5 TR dme e
® Pdf’s are determined by global " g
analyses of data from DIS, < F
DY and jet production g F
® Two major groups that provide ~ o.f
semi-regular updates to F
parton distributions when new i
data/theory becomes 4
available 02| N
+ MRS->MRST98->MRST99 N T T
->MRST2001->MRST2002 107 10 107 10”
->MRST2003->MRST2004 ’
=> M STW2008 Figure 27. The CTEQ6.1 parton distribution functions evaluated at a Q of 10 GeV.

+ CTEQ->CTEQS5->CTEQ6
->CTEQ6.1->CTEQ6.5
->CTEQG6.6
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® Consider Drell-Yan production
+ write cross section as

OaR = /dxadxb faja(xa) fo;8(Xp) Oap—x

Review some basics: Drell Yan

¢ where X=I"I-

o and fx(x,) is the probability
for parton a from hadron A to
have a momentum fraction x,,
|e a parton dIStrIbUtI On Figure 1. Diagrammatic structure of a generic hard-scattering process.
function, or pdf
(and similar for f,g)

® Specifically the LO or Born L 1)
term is shown on the lower
right
+ note that the hard-scattering ) I*(kc,)

subprocess does not depend
on any scale (at this point)



Review some basics: Drell Yan

® At NLO, the lepton pair recoils
against a quark or gluon ag—>1"re 1g—=TTq

® Integrating over the transverse —— — N

momentum of the recoiling parton
generates logarithmic corrections
originating from soft and collinear « SETCETTE E—
divergences

+ soft divergences cancel

against contributions coming
from virtual corrections

+ collinear divergences create
logarithms that are the same
as those in structure function
calculations and thus can be
absorbed, via DGLAP
equations, in definition of
parton distributions, giving
rise to logarithmic violations
of scaling

+ the pdf's (and c-hat) now
depend on the hardness Q of
the process

¥ + crossed ! + crossed

Oap = fdxadxb faraXas O fo18(Xp, OF) Gaps x
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_ but :

® Key point is that all logarithms
appearing in Drell-Yan corrections
can be factored into renormalized
(universal) parton distributions

+ factorization

® But finite corrections left behind
after the logarithms are not
universal and have to be
calculated separately for each
process, giving rise to order o"
perturbative corrections

® So now we can write the cross
section as

Figure 1. Diagrammatic structure of a generic hard-scattering process.

AR = /dxadxb faraXas 15) forp(Xp, 13) X [ 60 + as(ug) 61 + -+ lapsx.

® where ¢ is the factorization scale

(separates long and short- An all-orders cross section has no

distance physics) and uy is the dependence on e and ug; a residual

renormalization scale for o dependence remains (to order a ") for
® nominally, they can be different but a finite order (o,") calculation

are usually chosen to be the same
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DGLAP equations e

® Parton distributions used
in hard-scattering DGLAP equations sum leading powers of
_ _ [ologu?]" generated by multiple gluon
calculations are solutions emission in a region of phase space where
of DGLAP equations (or the gluons are strongly ordered in transverse

i i momentum (log u >> log (1/x))
in Italy the AP equations) )

+ the DGLAP equations
determine the scale
dependence of the pdf's

dlogu® 27 J,

dgi(x, 1) « Ldz X X
d k —[Pq,.q.(z, ws)q; (=, 1%) + Py (2, as) g(—,uz)},
Z g Z Z

2 1
agfgg‘; > =22 [ Py sy o)+ Prglzas)e o)
Thus, a LO calculation will contain
+ the splitting functions have o, and P, © (with a 1-loop o), a NLO
the perturbative expansions calculation will contain, in addition,
o o, and P_, (1) (with a 2-loop a.),a NNLO
Pap(x, ag) = Pcfz(;)) (x) + ﬁpa(bl)(x) + 'cajllculatioag wi(II contain,in chsj)ition, o,
and P_,?(with a 3-loop a)...
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Back to global fits

® \Vith the DGLAP equations, ® So what do we need
we know how to evolve pdf's + avalue of Q, (1.3 GeV for
from a starting scale Q, to any CTEQ, 1 GeV for MSTW)
higher scale lower than the data used in

the fit (or any prediction)
¢ a parametrization for the pdf's
+ a scheme for the pdf’s

® ...but we can’t calculate what
the pdf's are ab initio

+ one of the goals of lattice

QCD + hard-scattering calculations at
® \Ve have to determine them Iﬂz z:der being considered in
from a global it to data + pdf evolution at the order
+ factorization theorem tells being considered in the fit
us that pdf's determined + aworld average value for o

for one process are
applicable to another

+ alot of data

A With appropriate
kinematic cuts
+ a treatment of the errors for
the experimental data

+ MINUIT
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Back to global fits

® Parametrization: initial form

o f(X)~x*(1-x)P
+ estimate 3 from quark
counting rules
Ao B=2n,-1 with ng being the
minimum number of
spectator quarks

a so for valence quarks in a
proton (qqq), ng=2, =3

a for gluon in a proton (qqqg),
n=3, B=5

a for anti-quarks in a proton
(qqqagbar), ns=4, =7

+ estimate o from Regge
arguments

a gluons and anti-quarks have
o~-1 while valence quarks
have a~=1/2

+ but at what Q value are these
arguments valid?

—_—

What do we know?

. we know that the sum of the

momentum of all partons in the

proton is 1 (but see later for
modified LO fits)

we know the sum of valence
quarks is 3

+ and 2 of them are up quarks and
1 of them is a down quark
+ we know that the net number of

anti-quarks is 0, but what about
dbar=ubar

we know that the net number of
strange quarks (charm quarks/
bottom quarks) in the proton is 0

+ but we don’t know if s=sbar
locally

This already puts a lot of restrictions

on the pdf's
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Orders and Schemes - Menet

® Fits are available at ® At NLO and NNLO, one needs to
e« LO specify a scheme or convention for
» CTEQ6L or CTEQ6L1 subtracting the divergent terms
— 1 loop or 2 loop o, ® Basically the scheme specifies how
A in common use with much of the finite corrections to
parton shower Monte subtract along with the divergent
Carlos pieces
4 poor fit to data due to + most widely used is the modified
deficiencies of LO ME’s minimal subtraction scheme (or
o LO* MSbar)

+ used with dimensional
regularization: subtract the pole
terms and accompanying log 4=
and Euler constant terms

+ also may find pdf's in DIS

A better for parton shower
Monte Carlos (see later)

o NLO
A CTEQG6.1 or CTEQG6.6

a precision level: error pdf's scheme, ,where full order o
defined at this order correction for F,, in DIS absorbed
+ NNLO into quark pdf’s

A Mmore accurate but not all
processes known
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Scales and Masses

® Processes used in global fits ® Different treatment of

are characterized by a single quark masses and
large scale thresholds
o DIS-Q2

e zero mass variable flavor
number scheme (ZM-
VENS)

+ fixed flavor number
scheme (FFNS)

+ variable flavor number
scheme (VFNS)

+ lepton pair production-M?2

+ vector boson production-M,,?

+ jet production-p®t

® By choosing the factorization

and renormalization scales to
be of the same order as the
characteristic scale

+ can avoid some large

logarithms in the hard
scattering cross section

+ some large logarithms in
running coupling and pdf’s
are resummed
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Zero mass variable flavor number scheme (ZM-VENS)

® Start pdf evolution at charm
threshold (Q=m_=1.3 GeV)

*

set ¢ and b distributions to
zero at this scale (although
can allow for possibility of
intrinsic charm/bottom)

a start b evolution at Q=m,

all heavy quarks treated as
massless

c and b pairs created by
gluon splitting

adjust running coupling o, as
each flavor threshold is
crossed since QCD 3 function
depends on # of active flavors

in this approach, only mass
effects are due to flavor
thresholds and changing of 3
function

® Most commonly used CTEQ
NLO pdf’s prior to CTEQG6.5
(such as CTEQ6M, CTEQ6.1)

are of this type
® Advantages
+ easy to implement

+ sums large logs of Q?/mg?
via DLGAP equation

+ asymptotically correct
when Q2 >> mg?

® Disadvantages

+ does not treat heavy quark
threshold correctly

|, —

Cnet
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Fixed flavor number scheme

® Calculate heavy ® Advantage
qguark production + gets threshold
from relevant behavior correct
subprocesses such ® Disadvantage
as y"g->QQbar «+ does not resum
keeping only light potentially large logs
quarks in DGLAP of Q*/mg?
equations

® Only light quarks
have pdf's

+ No charm or bottom
quark pdf’s



oo Variable flavor number scheme (VFNS) V¢

® This is the “just right” @ Butit's technically more

scheme complicated than the ZM-
VENS since there must

® |t combines the ZM- be subtraction terms in

VENS and FFNS by order to avoid large

interpolating between logarithms

the FFNS (correct ® All current (CTEQ6.6)

near threshold) and and future NLO CTEQ

the ZM-EENS pdf’s will be of this type

(resums large logs) ® |ts u_se_has an impact on
predictions for the LHC
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W W WWWWNDNDNDNDNDNMNDNNDNDN=2 2 A aa a a a0
TEOIRISOINSPIRINZODOPNDI R NSO

BCDMS F,proten (339 data points)

BCDMS F,deuteron (251 data points)

NMC F, (201 data points)

NMC F,9/F,P (123 data points)

F,(CDHSW) (85 data points)

F;(CDHSW) (96 data points)

CCFR F, (69 data points)

CCFR F; (86 data points)

H1 NC ep (126 data points; 1998-98 reduced cross section)
H1 NC ep (13 data points; high y analysis)

H1 NC e*p (115 data points; reduced cross section 1996-97)
H1 NC e*p (147 data points; reduced cross section; 1999-00)
ZEUS NC ep (92 data points; 1998-99)

ZEUS NC e*p (227 data points; 1996-97)

ZEUS NC e*p (90 data points; 1999-00)

H1 F,¢ e*p (8 data points;1996-97)

H1 Ro¢ for ccbar e*p (10 data points;1996-97)

H1 R, for bbbar e*p (10 data points; 1999-00)

ZEUS F,¢ e*p (18 data points; 1996/97)

ZEUS F,C e+p (27 data points; 1998/00)

H1 CC e (28 data points; 1998-99)

H1 CC e*p (25 data points; 1994-97)

H1 CC e*p (28 data points; 1999-00)

ZEUS CC ep (26 data points; 1998-99)

ZEUS CC e*p (29 data points; 1994-97)

ZEUS CC e*p (30 data points; 1999-00)

NuTev neutrino dimuon cross section (38 data points)
NuTev anti-neutrino dimuon cross section (33 data points)
CCFR neutrino dimuon cross section (40 data points)
CCFR anti-neutrino cross section (38 data points)

E605 dimuon (199 data points)

E866 dimuon (13 data points)

Lepton asymmetry from CDF (11 data points)

CDF Run 1B jet cross section (33 data points)

DO Run 1B jet cross section (90 data points)

Q ’ Lt

Data sets used in global fits (CTEQ6.6) ~"

2794 data points from DIS, DY,
jet production

All with (correlated) systematic
errors that must be treated
correctly in the fit

Note that DIS is the 800 pound
gorilla of the global fit with many
data points and small statistical
and systematic errors
+ and fixed target DIS data still
have a significant impact on the

global fitting, even with an
abundance of HERA data

To avoid non-perturbative effects,
kinematic cuts on placed on the
DIS data

o Q2>5GeV?
o W2(=m?2+Q?(1-x)/x)>12.25 GeV?
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Influence of data in global fit

® Charged lepton DIS (see
Mandy’s lectures)

F(x,0)=x) ¢ [q,(x,0") +q,(x,0")]

*

Q2

*

each flavor weighted by its
squared charge

quarks and anti-quarks enter
together

gluon doesn'’t enter, in lowest
order, but does enter into the
structure functions at NLO

also enters through mixing in
evolution equations so gluon
contributes to the change of the
structure functions as Q2
increases

at low values of x

df, o » pdy X 5
~=Ye2[Z2P (1)G(=,
a0~ 2n 24 S PaCC)

Q2 dependence at small x is
driven directly by gluon pdf

—'MCnet
At low X, structure functions increase
with Q?; at high x decrease
- 10°
y x=0,000063
- X 4 “mmszn Proton
8 » x=0,000
210 3 =", x=0.000283 3
ey - S *x=0,0004 g2 BCDMS
107} ! 0000632 § N
§ o .. x=0,0008 SLAC
L e x=0,00102
10°F . . x=0.0013
E L et x=0.00161
L . e ¥w0.0021
l()sr % e cia aucet x=0,00253
: f... ’ : PRTRS *=0.0032
K I .'-' . ot - x=0,005
10"!- o° -di: "'“:.”. weenr s xm0,008
E eec°, A .o::..“. erer 4t+0 xm0,013
3- :ﬁ"" .'.’,..“n--wtt‘ll x=0,021
10 5- '.-F':, P i T x=0,032
: T
I(IZ!- M-#'- D ¢ x=0,08
E AMAAS Pe . n.n':'. '3 z '-o.‘,
L A MR O MR ee © ¢y sris e b xwo,18
10 5— MDA M T o000 . 1i e g iit vy A "l x=0.25
g -*'..Oﬂoﬂ.'.ui 4
' — : Jii‘ ™
E (1] l
m"!_ \ ,H‘Idl Il I e
; . ' x=0,78
107 3 “’\‘ —
IO'J. \ ! . il T EEPEPTTT PP BT
10" 1 10 10 10’ 10! 10° 10°
Q’ (GeV?)
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What caused the changes from CTEQ1 to CTEQZ2 (and up)?

Some history

Infusion of low x HERA data. Before was just an extrapolation and guess was wrong.

Parton Density of the Nucleon
Up Sea Distribution
Q% =5 GeV’

— CTEQ4M
- CTEQ3M
CTEQ2M
CTEQIM

S0 & ks
# = e S, a
5 ‘H__“"—--_._____‘_‘ E’U.E ™.
l::'" I-‘_‘-‘—‘_"‘---..\_\_‘_“‘_k . :\ “'.
e _ \
1 = B 1"\
04 :
| Parton Density of the Nucleon
-1 . . .
10 F Gluon Distribution 03 I
; Q° =5 GeV? '
__E- L
10 F 02 -
— CTEQ4M l‘
: —-—— CTEQ3M
3 i
L CTEQ2M 01 |
i CTEQIM | i
-4 i_ Lol
10 b " " 3
107 107 107 10
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Neutrino DIS

® additional structure
F(xQ)=x214(x0)+4(x0)]  fynction allows the
XFy(x,0%) = x 3 [¢,(x.0") - ,(x.0")]  separation of quarks
" and anti-quarks but
not a complete flavor
separation

® caveat: neutrino
observables usually
obtained using
nuclear targets so
there is added
guestion of nuclear
corrections
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Some observations from DIS "™

® D|S data provide strong constraints on
the u and d distributions over the full
range of x covered by the data

® The combination 4*ubar + dbar is well-
constrained at small x

® The gluon is constrained at low values of

x by the slope of the Q2 dependence of F,

+ momentum sum rule connects low x and high
X behavior, but loosely
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dbar/ubar and Gottfried sum rule ~"<"

[ dx : ® Why is uzd~
o= [ SF - Fw)] nyIs uzd?
o % ® Pion cloud argument
1 2¢ _ + proton can fluctuate
= §+§Idx(“(x)— d(x)) into a neutron and a
’ positive pion
=0.2351+0.026 e P->NTT->p
- _ ...or uud->(udd)(ud
d + 7 ¢ uud->(udd)(ud)
e ...0rd>u
® Doesn't tell us the x ¢ ...80 SU(2) symmetry

of sea quarks is

dependence though broken
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Information from Drell-Yan t

Note NA-51: only one data point but provided crucial
information on dbar/ubar before E866

Drell-Xan and d/u

= 225 - — 12
3 %} ) = = ® ES866/NuSea
C 2 E C —— Pengetal
12 - - LEL D e
L 175 E T b Nikolaev et al.
C T5 B B 1 ------ Szczurek et al.
11 — '#' - = 0.8 __' ! ! - - - Pobylitsa et al.
TE % 15 = - ‘*\ — — Dorokhov and
- 3 = 06 1 "N Kochelev
% 1 —f% 15 E = F | -.\(’*
o - 5 = ' I .
fr — = a ™ VLN
% ool 1 E 04 =1\, *‘#“
C gt _E ® E866/NuSea B N S
C 075 = O NAsI 02 SN
08 — - — CTEQSM --- CTEQ4M - e
L ) Hieh Mass Dat 05 — --- MRST —-- MRS5(12) L - s |
[ e vass ba = - GRV9S ! 0 - : *—iT—-
0.7 1 Int. Mass Data 025 & Systematic Uncertainty :% Systematic Uncertainty
F A Low Mass Data . — - o ] B
~ C -0.2 =
0.6 |||||||||||||||||||||||||||II|IIII 0 ||||||||||||||||||||||||||||||||II| ||||||||||||r|||||||||||||||||||
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035

X, X X



What about s and s?

® Can get information from ® So s carries somewhat more
B momentum than's
W's—c ® In previous fits, assumption was that
L . s=s; in CTEQG.6 fit remove that
W's—c assumption->2 new free parameters
the fit . x

107 .001 0.01 005 01 2 J 4 5 678
T T T T T T T T T T T T

0.04 : Strangeness Asymmetry /,;/7";—:‘\ Q? =10 GeV
/

® | ook from muon pairs in final

state due to charm hadrons i AN
decaying semi-leptonically \\ -
+ 2 _ /) N -
c—>SU'V g
7 % /
R omp SN S A o
C % S"l’ v i ’rrfr __/ ‘J."J === class C
® Information from dimuon B ———
production in neutrino ) Mo Ay /\\ ]
interactions S AR :
Sl A Y ]
W s uc+X'-uu +X % sar'k i N
n B _ , \:\ 1
VN o uc+X'-uu +X | |
’2"10'51(;-; 001 001 005 01 2 5 4 56 1%5
X (scale: linearinz=x )



Inclusive jets and global fits

® \Ve don’t have many handles on the
high x gluon distribution in the global
pdf fits

® Best handle is provided by the
inclusive jet cross section from the
Tevatron

pp —> jet +X
Vs = 1800 GeV CTEQ6M u=E, /2 0<|n|<5

1 X T T L T L T N T T T ) T

—— CTEQ&M
——- CTEQ5M

Subprocess fraction

0 1 1 1 1 1 1 [ el

50 100 150 200 250 300 350 400 450 500
E, (GeV)

Q ’ Lt
MCnet

®At high E+ (high x), gq is subdominant, but
there’s a great deal of freedom/uncertainty
on the high x gluon distribution
«about 42% of the proton’s momentum is
carried by gluons, and most of that
momentum is at low x

X Bin Momentum fraction
10" to 1073 0.6%

1073 to 0.01 3%

0.01 to 0.1 16%

0.1to0 0.2 10%

0.2 to 0.3 6%

0.3 to 0.5 5%

0.5 to 1.0 1%

TABLE I. The momentum fraction earried by gluons in a a given « bin at a ¢ value of 5 GeV.

®The inclusion of the CDF/DO inclusive jet cross
sections from Run 1 boosted the high x gluon
distribution and thus the predictions for the

high E; jet cross sections

Figure 56. The subprocess contributions to inclusive jet production at the Tevatron for the CTEQSM

and CTEQG6M pdfs. The impact of the larger larger gluon at high x for CTEQG6 is evident.
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® Note that the high x gluon for

CTEQG6.1 is much larger than
that for either CTEQ4M or
CTEQ5M. Why?

Full inclusion of Run 1 jet data
(especially from DO) which
preferred to have a larger
gluon

+ similar to the hypothesis of
CTEQ4HJ

Caveat: high x gluon is
decreasing somewhat with the
inclusion of the Run 2 jet data,
which don’t prefer as large of
a high x gluon

xf(%,02)

TE

R
| Databa

Some more history

O##2= 10000 GeWVss2
— gluon CTEQB.TM
--- gluon CTEQSM
________ gluon  CTEQ4M
—_. gluan CTEQ4HJ

o ;.1

0.9 1



do/dEr [nb/GeV]

10~ 3

1077

0.1 L

10~ 3

Y, 40 error pdf's

DO jet cross scction
Run 1

41 curves

corresponding
to CTEQG6.1 and

100

200 300 400
Er [GeV]

500

0<n<0.5

0.5<n<1

100

300

predictions using CTEQG6.1

300

500

100

1.5<n<2

500



Global fitting: best fit e

® Using our 2794 data points, we do ® For each data set, we calculate
our global fit by performing a y?
minimization 2
k
+ Wwhere D, are the data points and
T, are the theoretical predictions; fNDi z{ﬁijsj Tz k
we allow for a normalization shift 2 _ /7 2
= + ) 5.

fy for each experimental data set X Z‘ o'l.2 JZ:‘ J

A but we provide a quadratic

L ® For a set of theory parameters it is
penalty for any normalization

possible to analytically solve for the

shift _ shifts s;,and therefore, continually
+ Wwhere there are k systematic update them as the fit proceeds
errrc:rs [? fo(; etach <t:Iata pointin a ® To make matters more complicated,
particular data se we may give additional weights to
a and where we allow the data some experiments due to the utility of
points to be shifted by the the data in those experiments (i.e.
systematic errors with the NA-51), so we adjust the %2 to be
shifts given by the s; f 2
parameters 2 _ 2 1-fy
=dYwy + > w
a but we give a quadratic £ ; A ; N’k[GN"O”"}

penalty for non-zero values
of the shifts s, ® where w, is a weight given to the

experimental data and w,, . is a weight

+ Where ¢, is the statistical error for _ o
given to the normalization

data point i
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Minimization and errors - Menet

® Free parameters in the fit are ® Resultis a global y?/dof on

parameters for quark and the order of 1
gluon distributions + for a NLO fit
f(x)= x“TVA = x)2 e[+ e x]% + worse for a LO fit, since
the LO pdf's can not make
® Too many parameters to allow up for the deficiencies in
all to remain free the LO matrix elements

¢ some are fixed at
reasonable values or

determined by sum rules CTEQ6M PDFs

10! e 10?3 e~y
® 20 free parameters for S e R e
CTEQS6.1, 22 for CTEQ6.6 | N Wl O
+ 2 additional parameters for | Es=s N s N
strange quark distributions #*F TN WP TR\
o e i o

bl pndall, Ll
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® Make plots of lots of pdf's (no
matter how old) and take spread
as a measure of the error

® C(Can either underestimate or
overestimate the error

® Review sources of uncertainty on
pdf’s

data set choice

kinematic cuts

parametrization choices

treatment of heavy quarks

order of perturbation theory

+ errors on the data

® There are now more
sophisticated techniques to deal
with at least the errors due to the
experimental data uncertainties

® & o6 o o

a_ LE

PDF Errors: old way
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Unlike fine wines, vintage pdf’s are to
be avoided.

PDF Errors: old way —~ ~"
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PDF Errors: new way
: 2-dim (i,j) rendition of d-dim (~16) PDF parameter space
So we have optimal values
.. 2 contours of constant y2 elobal
(m INiMm u m x ) for th e d =20 u;: eigenvector in the l-direction
p(i): point of largest a; with tolerance T 4 ’ )
p(1)

p(i) Syt global minimum

(22) free pdf parameters in the T -
global fit

+ {a,},u=1,...d

diagonalization and

rescaling by
the iterative method

Varying any of the free y e emector basis s N
parameters from its optimal Original parameter basis Orthonormal eigenvector basis
Value W|” increase the x2 gﬁﬁ:é'fof.iﬁ.ﬂev‘l‘cﬁi :;;;:semation of the transformation from the pdf parameter basis to the
It's much easier to work in an

orthonormal eigenvector To estimate the error on an observable X(a),
space determined by due to the experimental uncertainties of the

diagonalizing the Hessian data used in the fit, we use the Master Formula

matrix, determined in the

fitting process X , .\ OX
2 (AX)ZZszzg_(H 1) 8_
H - 1 8)( LV a/J v da,

"2 da .oa,
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PDF Errors: new way o

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

® Recap: 20 (22) eigenvectors
. . . contours of constant xz global
with the eigenvalues having a u;: eigenvector in the I-direction ’
i): point of largest a; with tolerance T 4 .
range of >1E6 o gobal %

® |argest eigenvalues (low
number eigenvectors)

(i) Sy global minimum

diagonalization and

rescaling by
the iterative method

a;
CO rreS po n d to beSt ’ « Hessian eigenvector basis sets
. . . (a) (b)
d ete rmin ed d ire Ct| ons ’ Original parameter basis Orthonormal eigenvector basis

SMma | | eSt e | g enva | ues ( h Ig h g:til;;eoﬁa IA; .Sgi'},?l‘ﬁfc',i ;Z;;?Se.sentation of the transformation from the pdf parameter basis to the
number eigenvectors)

correspond to worst
determined directions

To estimate the error on an observable X(a),
from the experimental errors, we use the

® Easiest t Mast Master Formula p P
asliesSl 10 use Iviaster 2 5 X 4 X
Formula in eigenvector basis (AX)" = Ay, 3 (H ) o
R dy
uv
A = \ ;“““"‘X? ~ Xo, Xi' = Xo, OF, where X* and X- are the values for the
observable X when traversing a distance
AX= = ZNj[max(xo X Xo— XA O, CorresponFIing to t_he tolerance T(=sqrt(Ay?))
= along the it direction
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What is the tolerance T?

This is one of the most controversial
questions in global pdf fitting?

We have 2794 data points in the
CTEQG6.6 data set (on order of 2000
for CTEQ6.1)

Technically speaking, a 1-sigma error

corresponds to a tolerance 0.1

T(=sart(Ax?))=1 0
This results in far too small an =
uncertainty from the global fit 0'(')
+ with data from a variety of 0.1
processes from a variety of 0.1
experiments from a variety of _0?

accelerators o
For CTQE®6.1, we chose a Ay? of 100 0
to correspond to a 90% CL limit 0.1

+ with an appropriate scaling for 0'(1)
the larger data set for CTEQ6.6 _,

MSTW has chosen a Ay? of 50 for the
same limit so CTEQ errors will be
larger than MSTW errors

PDF Errors: new way

N
—_ 2
AXpax = | Y _Imax(X; — Xo, X] — Xo,0) 1%,
i=l
\
N
AXp = | D _[max(Xo — X{, Xo — X7, 0)]%.
0.1 0.1 0.1
4‘\—‘}~ Of= 2 0 3 0 a—x4]
> __1-0.1 . __1 =0.11 i —1=0.11 . —
200 400 200 400 200 400 200 400
0.1 0.1 0.1
— Op=—220 0 = 0 -8
0.1 0 | N W (| N
200 400 200 400 200 400 200 400
0.1 0.1 0.1
—9 | gl—10] ogle—==mn] o 12
o =0.1 _1-0.1! 01l
200 400 200 400 200 400 200 400
0.1 01— 0.1——
- 13 o141 op¢ L0 =
—_1-0. -0.1L) 01—
200 400 200 400 200 400 200 400
0.1 0.1 0.1
17 Ob———48] ole"19! ol—20]
-0.1 - e
200 400 200 400 200 400 200 400

Figure 29. The pdf errors for the CDF inclusive jet cross section in Run 1 for the 20 different
eigenvector directions. The vertical axes show the fractional deviation from the central prediction
and the horizontal axes the jet transverse momentum in GeV.
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What do the eigenvectors mean? ~

® Each eigenvector corresponds to Sets Shape Parameter Component
a linear combination of all 20 (22) ir i :ij ir H g- g;;:;é
pdf par_ameters, soin ge,neral 1 2 BB( 2. 3) 0 015496
each eigenvector doesn’'t mean 1, 2 BP{ 2, 4) 0.035277
anything? 1, 2 BP({ 2, 5) frozen
_ 1, 2 BP{ 1, 1) D.BB8333

® However, with 20 (22) 1, 2 BP( 1, 2) <—;:l1'1'91'2>
dimensions, often eigenvectors 1, 2 BP({ 1, 3) 0.118204
: 1, 2 BP({ 1, 4) 0.268405
will have a large component from 1. 2 SP( 1. 5) 0.276392
a particular direction 1, 2 BP{ 0, 1) 0.038555
: 1, 2 BP{ 0, 2) -0.006610
® Take eigenvector 1 (’for 1. 2 BD( 0. 3) v een
CTEQG6.1); error pdf's 1 and 2 1, 2 BP{ 0, 4) -0.017717
® |t has a large component o :gi o i; L ooz

g . ¥ = = " J

sensitive to the small x behavior 1, 2 BP( -1, 2) 0.012745
of the u quark valence distribution 1, 2 5P( -1, 3) 0.001851
. . . 1, 2 BP({ -1, 4) frozen
® Not surprising since this is one of 1: 2 BP( -1, 5) 0.001004
the best determined directions 1, 2 BP( -2, 1) 0.117517
, 1, 2 BP{ -2, 2) ~0.008357
+ the W mass pdf uncertalnty at 1, 2 BP( -2, 3) 0.006504
the Tevatron is due mainly to 1, 2 BP({ -2, 4) frozen
1, 2 BP( -2, 5) frozen

eigenvectors 1 and 2



Eigenvector 5 (pdf's 9 and 10) -~ Meret

Sets Shape Parameter Component

® Low x behavior of the s. 10 BP( 2, 1) ~0.073740
9, 10 8P 2y 2) =0. 001261
gluon 3, 1o BP{ 2, 3) -0.000242
3, 10 BP( 2, 4) -0.006397
Pa I 9, 10 BP{ 2, 5) frozen
® AﬁeCtS W rapldlty 9, 10 BP( 1, 1) 0.081017
: : : 9, 10 BP({ 1, 2) 0.143655
distribution at the 2 1o R oraaatss
9, 10 BP( 1, 4) -0.087878
LHC and W mass at o oo d:
9, 10 BP({ 0, 1) 74596
the LHC 9, 10 BP( 0, 2) .085072
3, 10 BP({ 0, 3) frozen
9, 10 BE( 0, 4) -0.445408
3, 10 BP( 0, 5) frozen
3, 10 BP({ -1, 1) -0.099854
9, 10 BP( -1, 2) 0.189535
3, 10 BP( -1, 3) 0.017860
3, 10 BP( -1, 4) frozen
3, 10 BP{ -1, 5) 0.021630
9, 10 BP{ -2, 1) -0.345311
9, 10 BP({ -2, 2) 0.001261
3, 10 BP({ -2, 3) -0.000159
9, 10 BP({ -2, 4) frozen

3, 10 BP{ -2, 5) frozen
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B3 What do the eigenvectors mean? "

® Take elgenvector 8 (for Sets Shape Parameter Component

CTEQS6.1); error pdf's 15 and 15, 16 BP( 2, 1) 0.136388

16 15, 16 BP{ 2, 2) 0.387704

15, 16 BRP{ 2, 3) -0.226202

i i i 15, 16 BP{ 2, 4) -0.411440

® No particular direction stands 12 1 sp( 2 = rosen

out 15, 16 5P( 1, 1) -0.193135

15, 16 BP{ 1, 2) 0.356604

15, 16 BP{ 1, 3) 0.018064

15, 16 BP{ 1, 4) 0.468688

15, 16 BP{ 1, 5) 0.376180

15, 16 BP{ 0, 1) 0.016734

15, 16 BP( 0O, 2) -0.026136

15, 16 BP{ 0, 3) frozen

15, 16 BEP{ 0, 4) -0.016537

15, 16 BP{ 0, 5) frozen

15, 16 BP{ -1, 1) -D.17616%9

15, 16 BP{ -1, 2) 0.136337

15, 16 BP({ -1, 3) 0.074431

15, 16 BP{ -1, 4) frozen

15, 16 BP{ -1, 5) -0.030040

15, 16 BP{ -2, 1) -0.014533

15, 16 BP( -2, 2) -D.067391

15, 16 BP( -2, 3) 0.049273

15, 16 BP{ -2, 4) frozen

15, 16 BP{ -2, 5) frozen
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® Take eigenvector 15 (for

29,
29,
29,
29,
29,
29,
29,
29,
29,
29,
29,
29,
29,
29,

29,
29,
29,
29,
29,
29,
29,
29,
29,
29,
29,

30
30

30
30
30
30

30
30

30
30
30
30
30
30

30
30

30
30
30
30
30
30
30
30
30

CTEQG6.1); error pdf's 29 and 30
® Probes high x gluon distribution

BP(
BD(
BP(
BP({
BP(
BP(
BP(
BD(
BP(
BP(
BP(
BP(
BP(
BP(

BP(
BP(
BP(
BP(
BP(
BP(
BP(
BP(
BP(
BP(
BD(

Zr
2y
25

What do the eigenvectors mean?

1)
2}
3)
1)
5)
1)
2)
3)
i)
35)
1)
2}
3)
i)
35)
1)
2)
3)
i)
5)
1)
2}
3)
i)
5)

0.012701
-0.162018

0.0l183666
-0.111238
frozen
-0.003049

-0.00107<
-0.034151

-0.003735
0.032812

-0, 045%
0D.B73418
IroZen

-0.241822

frozen
-0.071419%

-0.067488
0.100283
frozen
0.1739551
-0.009441
-0.196100
0.211281
frozen
frozen

0.1
0
-0.1

0.1

-0.1

0.1
0
-0.1

0.1
0
-0.1

0.1
0
=0.1

_Shéﬁ/’
—MCnet

creates largest uncertainty for high p;
jet cross sections at both the Tevatron

and LHC

0.1
0

-0.1

0=

0.1

0=

-0.1

0.1

() ——

-0.1

200 400
13

0.1

0
=0.1

200 400

17

0.1
0

—rt

=0.1

=0.1¢

200 400

200 400

200 400

200 400

Figure 29. The pdf errors for the CDF inclusive jet cross section in Run | for the 20 different
eigenvector directions. The vertical axes show the fractional deviation from the central prediction

and the horizontal axes the jet transverse momentum in GeV.
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Aside: PDF re-weighting

® Any physical cross section at a
hadron-hadron collider depends on . " ya
the product of the two pdf's for the  FaB = fCIXadxb Jaja(Xas QF) foyB(Xp, QF) Oap— x
partons participating in the collision
convoluted with the hard partonic
cross section

® Nominally, if one wants to evaluate

the pdf uncertainty for a cross section, fiis the error pdf and f° the central pdf
this convolution should be carried out

41 times (for CTEQG6.1); once for the I 2\ i 2
central pdf and 40 times for the error f alA (xa’Q )f b/B (xb’Q )

) odf's foa/A(Xa,Qz)fOb/B(xban)

However, the partonic cross section is
not changing, only the product of the

pdf’s This works exactly for fixed order
® So one can evaluate the full cross calculations and works well enough
section for one pdf (the central pdf) (see later) for parton shower Monte

and then evaluate the pdf uncertainty carlo calculations.
for a particular cross section by taking
the ratio of the product of the pdf's M : :
ost experiments now have code to easil
(the pdf luminosity) for each of the P y

do this...
error pdf’'s compared to the central _ _
pdf's g g and many programs will do it for you (MCFM)



CTEQ —~ MCnet

A very useful tool

Allows easy calculation and comparison of pdf's

o0 0 Parton Distribution Generator

~(Q- IPPP HEPDATA o)

(>

[T] CSCNotesLis...las < TWiki PatVancouve...las < TWiki PhysicsAnaly...las < TWiki Quick guide...nda monitor http://www....ession.mp3 Quick guide...nda monitor Alliance to S... Tax Credits CSCNoteWZpl...as < TWiki >

~

%‘;Pu,.ham On-line Plotting and Calculation.
,Ill\'(‘l‘.ill)‘
o Parton Distributions:

Using the form below you can calculate,in real time, values of xf{x,Q"2) for any of the PDFs from the groups CTEQ, MRS, GRV/GJR, Alekhin, ZEUS and HI.You can also generate and compare plots of xf v x at any Q"2 for up to 4 different
parton types or PDFs.

Xmin= 0.0001 Xxmax= 08§ xinc= 001 Q**2 = 100 GeV¥¥2
selectlinx O orlogx @

selectlinxf @ orlog xf 0, xfmin="00 andxfmax="20

select either numbers() or plot® or kumac file)

1#( w + | [ MRST2002NLO + | scale-factor 1.0
20 (w + | [ MRST2002NLO + | scale-factor 1.0
30(w + | [ MRST2002NLO + | scale-factor 1.0
40w + | [ MRST2002NLO + | scale-factor 1.0

( Make the Plot/Calculation )( Reset the Form )

o Parton Distributions with Error Analyses:

xmin= 00001 Xmax= 08 xinc= 0.01 Scale(Q¥¥2)= 100 GeV¥¥2
selectlinx ) or log x @ and ymax (xf) value = 2.0
select either plot® or kumac file()

CTEQSEE
CTEQSSE O

” gﬁgﬁf : Range of error for display 20 %

Select below if you wish the comparison of another PDF set with the above
(note: this opﬁon only worls for specific partons - not "all")

0 MRST?OOZNLO

(Make the Plot/Calculation ) ( Reset the Form )

The CTEQ, MRST and ZEUS errors are calculated from the error analyses as decribed in their respective papers hep-ph/0201195, hep-ph/0211080, hep-ex/0208023, and hep-ph/0503274(ZEUS jet fit). by summing over the pdfs given in the 40
(CTEQ), 30 (MRST) or 22 (ZEUS) eigenvector grids, in the following way:
sigma(central) +- 1/2 sqrt[sum_i=120(15)(11) {sigma(2i-1) - sigma(2i)}2 |

The Alekhin errors are generated from quadratic summing of the derivatives of the pdfs over all the 15 parameters, as described in the fortran programme. nJ

Questions and Comments to m.r.whalley@durham.ac.uk
" Durham Updsted: Des 11,2002

NEE
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Let's try it out e

Up and down quarks dominate at high x, gluon at low x.
As QZ? increases, note the growth of the gluon distribution, and to a lesser extent
the sea quark distributions.

~ 3 ~ 3 ,
S | [E= S | [E=
X O#s2= Geves2 X ; O#s2= 100  Geves2
o o
< ol —_up CTEQG.6M < ol ‘ —_up CTEQG.6M
L s:-down  CTEQB.BM L .- down  CTEQS.BM
L upbdx  CTEQS.6M - L upbar  CTEQS.6M
_. gluon CTEQG.6M N —.—. gluon CTEQG.6M
2 s 2 b
1.5 1.5
1+ 1+
oS - T T e
0 | | | 0 | | | -
1wt 107° 1072 157 1wt 107° 1072 157
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Uncertainties - Menet

— X — T T T T T
S NEEE ' '
Pl e ] B ""_i{ C QuxZ= 100  GeVasZ ]
S 2 Q2= 100 GeVai2 3= ¥ — gluon  CTEQG6E E
\:_f,, r — up CTEQGBRE 7 = r ———— gluon MRSTZO04NLO b
uncertainties "'} R B :
get large at e 1 B :
. 1.2 - — - .
high x g \ ] =F .
1= ] - .
C ] 15 | -
. 0.8 | . g ]
uncertainty for b S, 1 Wb :
gluon larger .. f 1 b ]
than that for o2 f I :
quarks ) S YTV S 107 1072 10"
10 16 10 10 %
s | T | =
pdf’'s from one ¢ 5w b - A E
; o v £y Lo(2i=1)-a(2i})
group don't % gl :
necessarily 5 5 2 ;
fall into g st Lo ;
uncertainty o F Y OF ¥
band of another _s f—— e "
...would be nice_, £ 0
if they did o F e
- —40
20 = = ”l-s -0 = "I-s — I-z
10 1¢ 10 1¢ 10
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® Beware of extrapolations to x values smaller than data available in

%)

xg (x, Q

the fits, especially at low Q2

Uncertainties and parametrizations

® Parameterization may artificially reduce the apparent size of the
uncertainties

® Compare for example uncertainty for the gluon at low x from the
recent neural net global fit to global fits using a parametrization

///////

note gluon can range
negative at low x
| | | | L1 |

CTEQ6.5

MRST2001E
Alekhin02
7 NNPDF1.0
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® Consider a cross section X(a)
® ith component of aradient of X is
0X _ oy _ Ly _ v
T = 0X = 5(X7 - X[7)
® Now take 2 cross sections Xand Y
¢ orone or both can be pdf's
® Consider the projection of gradients of
X and Y onto a circle of radius 1 in the
plane of the gradients in the parton
parameter space
® The circle maps onto an ellipse in the
XY plane
® The angle ¢ between the gradients of

X and is aiven bv
VX.-VY 1
AXAY — 4AXAY -

Cos p =

® The ellipse itself is given by

)+ (&) -2 (55 (

0X
AX

oY
AY

g
AY

ox
AX

) cos p = sin® ¢

(

) _ v (v _
> (7 - x7) (o

Correlations

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

- 2
contours of constant ¥ giopal
u,: eigenvector in the l-direction
p(i): point of largest a; with tolerance T

p(i) Syt global minimum

diagonalization and

rescaling by
the iterative method

a;
« Hessian ergenvector basis sets

(b)
Orthonormal eigenvector basis

(a)
Original parameter basis

Figure 28. A schematic representation of the transformation from the pdf parameter basis to the
orthonormal eigenvector basis.

*If two cross sections/pdf’s are very
correlated, then cos¢~1
«...uncorrelated, then cos¢~0
«...anti-correlated, then cos¢~-1

cosp ~ —1

oY

N

cos p ~ ()

oY

e

60X

cosp A 1
oYy

/

Figure 1: Dependence on the correlation ellipse formed in the AX — AY plane on the value of the

Y;(_))

correlation cosine cosg.
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Correlations between pdf's

Correlations between f(x;, ) and f(x,, ) at Q = 85 GeV

(X1, Q) vs. f1(x, Q) fo(X1, &) vs. (X, Q)

Cormelalions Betwoan CTEQGSE PDFs Correlations batween CTEQE.E PDF s

1St 107 o002 005 04 02
o in 1ol G=BE. Gai

05 o7

Cos
405 0 05 1 Pavel Nadolsky

Can you guess which PDF’s these are?



In-class answers

Correlations between f(x;, Q) and f(x;, ) at & = 85 GeV
U(X'I:Q) VS, U(XZ:Q) Q(Xh@) VS. Q(XZ:Q)

oosoz oos o1 02 0.5 0T

xingal O=85 Gow

et ot

Correlation patterns look similar for g, ¢. b PDF’s (no infrinsic
charm herel)

bvs. b CVs. g
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Correlations between f,(x;, Q) and f>(xp, ) at Q = 85 GeV

dvs u SVS U at =2

Cormintions bohwean CTEDG G POF's Coralaions botenon CTEQGE POFs
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® In o al O= 85 Gey
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Sometimes there is a clear physics reason behind the correlation
(e.g., sum rules or assumed Regge-like behavior); sometimes not



Try it yourself

®00 Correlations between CTEQ6.6 PDF's

~ Q- CTEQ6.6 webpage

CTEQG6.6: correlations between
parton distribution functions

Main PDF uncertainty CTEQ6.6 W, Z, tthar cross Additional correlation
reference bands sections plots

A collection of 2-dimensional contour plots showing the correlation cosine cos(phi) for two
parton distribution functions (PDF's) f,(x,Q) obtained in the CTEQ6.6 global analysis. The axes
specify momentum fractions x in the two PDF's with specified flavors and factorization scales.
The color (or gray shade) of the area is chosen to reflect the value of the correlation cosine at

each (x,, X,) point according to the scale shown below. Both axes are scaled as x°2.

Correlations batwean CTEQE.6 PDF's

Flavor of the PDF 1
i
Factorization scale 02
of the PDF 1
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Factorization scale
of the PDF 2

@® Color O Grayscale 10~
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Download eps png
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