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Parton Distribution Functions —
Hadron Collider Phenomenology

James Stirling
IPPP, Durham University

® overview
e current status of pdf ‘global analyses’

e some outstanding issues

— pdf uncertainties: understanding the
differences between various pdf sets

— is there a problem with the NLO DGLAP DIS
fit at small z7

— sin?0y from vN scattering

— QED effects in pdfs

e conclusions

Ip3

racrorisation in YLy — precision predictions

For short-distance (‘hard-scattering’) inclusive processes,
the QCD factorisation theorem applies

® perturbative collinear singularities are universal

1
ox = Z/D dxdzs fa(mlaﬂ%‘) fb(m%:u’?ﬁ)
a,b
Q’ Q2)

X OapsX ($1,$2,{pg};CIS(M?z),Q(M%),_Q,_z
Hr Hrp
where X =W, Z, H, QQ, high-Er jets, Gq, ... etc.

® 5 known either

— completely to some fixed order (e.g. NLO or NNLO)
in pQCD and EW

— in some leading logarithm approximation (LL, NLL,
...} to all orders via resummation

— or combination of both (matching)

® 1z, and z fixed by the mass and rapidity of X
® Note: ‘higher-twist’ power-suppressed contributions (e.g.

double parton scattering) and more exclusive event
selection will break this factorisation
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sLraiegy

LHC parton kinematics ® make theoretical predictions as precisely as possible for

e B B B I B all relevant (SM and BSM) processes through
F X, , = (M/14 TeV) exp(zy) ]

2

— calculation of HO corrections

10°F Q=M M=10TeV .. .. .
— precision determination of input pdfs
]_07 ;— tO g|Ve Jth j: (50_t}1
10° & ® compare with measurements of ‘standard candle’
processes, e.g. a(Z), a(jet), o(tt), ...
— 10F . oo
> 3 e ..and perhaps refine predictions as a result (e.g.
(j.i \ improved determination of the gluon pdf)
10 F M = 100 GeV
el . : L
: ® incorporate as many HO corrections as possible into
10 parton shower models, for improved event simulation
(e.g. MC@NLO, )
10°
1 This was the topic of the recent Binn Workshop on
10 “Precision Cross Section Measurements at the LHC” -
see
10°
10" 10°  10° 10t 10’ 1w® 1w 1’
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parton Adistriputions rrom giopal TIts

® DIS structure functions (e.g. F.7)

A = [ 3 utmes) 60

z
+ Cig(y, 2s) 9(—, Qg)}

Y
® hadronic cross sections (e.g. o(pp — W.X))

daX — Z [dmadxb fa(maa Qz) fb(mb: Qz) d&abﬁ\X

partons a,b
® DGLAP evolution

0gi(x, Qz) _ os ! dy T g
OlogQ? 271-/56 y{quj(yvaS) qg(gaQ )

T o
+ P‘Iz‘g(yaaS) g(y: Q )}

6 z, 9 o ld r
9(z,Q%) _ oas _y{pgqj(y,as)q,,-(;,cf)

dlog Q2 ~ or ]
I
+ Pyg(y, as) Q(;:Qz)}

® NLO: coefficient functions C, & and splitting functions
P evaluated to next-to-leading order in ag at present

recent work

H1, ZEUS: ongoing fits for pdfs + uncertainties from HERA
and other DIS data

Martin, Roberts, WIS, Thorme (MRST): updated
‘MRST2001" global fit (hep-ph/0110215}); LO/NLO/‘NNLO’
comparison  (hep-ph/0201127); parton  distribution
uncertainties: from experiment (hep-ph/0211080) and
theory (hep-ph/0308087)

Pumplin et al. (CTEQ): updated 'CTEQ6' global fit (hep-
ph/0201195), including uncertainties on pdfs; dedicated
study of high Er jet cross sections for the Tevatron (hep-
ph/0303013); strangeness asymmetry from neutrino dimuon
production (hep-ph/0312323)

Giele, Keller, Kosower (GKK): restricted global fit, focusing
on data-driven pdf uncertainties (hep-ph/0104052)

Alekhin: restricted global fit (DIS data only), focusing on
effect of both theoretical and experimental uncertainties
on pdfs and higher-twist contributions (hep-ph/0011002);
updated and including ‘NNLO' fit (hep-ph/0211096)

Comprehensive repository of past and present polarised
and unpolarised pdf codes (with online plotting facility)
can be found at the HEPDATA pdf server web site:
http://durpdg.dur.ac.uk/hepdata/pdf.html — this
is also the home of the LHAPDF project

p3 5
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INGreaients: adtid Lypicany usea in current gioodal rits

H1, ZEUS FE P(z, Q2), FE *(z, Q%)
BCDMS F¥P(z, Q?), Fi(z, Q?)
NMC F4* (2, Q%), F3“(z, Q%), (F3" (2, @*)/ F3" (2, Q%)
SLAC FP(z,Q?), Fi(z,Q?)
E665 F(z,Q%), Fz, Q%)
CCFR FY PPz, @2), FY PP (2, Q?)

— ¢, q at all z and g at medium, small =
H1, ZEUS F§.P(z, Q) — c
E605, E772, EB66 Drell-Yan pN — pji+ X — G (g)
E866 Drell-Yan p,n asymmetry — i, d
CDF W rapidity asymmetry — u/d ratio at high x
CDF, DO Inclusive jet data — ¢ at high =

CCFR, NuTeV Dimuon data constrains strange sea s, 3

Note: nowadays, no prompt photon data included in fits

metnoa anda assumptions

Choose theoretical framework (e.g. MS, NLO) and data set

Perform fit by minimizing x? to all data, including both
statistical and (correlated, where available)} systematic errors
— ’best fit’ set of pdfs + pdf errors (see later)

Start evolution at some Q2 (e.g. = 1 GeV?), where pdfs
parametrised with functional form, e.g.
2f(2,Q3) = (1 - 2)7(1 + e + yz)2®
Cut data at Q2 > @2, and at W? > W32,

twist contamination

to avoid higher

Allow u # d as implied by e.g. E866 Drell-Yan asymmetry
data

s(= 57) is constrained by CCFR & NuTeV Dimuon data =
s =~ 0.45(u + d)/2 at Q3 =1 GeV?

For heavy (c,b) quarks use a VFNS (improves global fit
compared to ZIV-VENS and FFNS)

By-product of fit is

oS NLO(Af2) = 0.116 — 0.120
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ViK> 1 ZUUL parton aistributions

up
down

1.0} antiup d
antidown
strange
charm
gluon

- MRST2001 \
Q%= 10 GeV* \N
1 3 a1l L L5 11133 i

00 saaal 1
10° 10° 107

par uncertainuies

direct effect on Tevatron, LHC cross section predictions,
i.e. :Eéd'pdf

currently receiving a lot of attention; various approaches
being used. For review see

(Working Group at IPPP Statistics Workshop, March
2002)

1. Hessian (error matrix) approach (H1, ZEUS, CTEQ,
Alekhin,...)

2. Offset method (H1, ZEUS, Zomer, Pascaud, Botje,...)
3. Statistical method (Giele, Keller, Kosower)
4. Lagrange Multiplier method (CTEQ, MRST, ...)

contrast 1. (— generic pdfs sets which form uncertainty
‘envelope’) with 4. (— predicted error on particular
observable due to pdfs)

. in both cases, the main problem is normalising the
overall uncertainty, i.e. Ay? = 77
in examples below, will use the package of
31 pdf sets as illustration
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ressian IvIatrix approacn RESUITS OT | £\ Messian approacn Tor giuon uncertainty
04
I Gluon distribution -
(0 I - ]
X2 = Xoin = A2 =Y Hij(ai — a{”)(a; — o) [ ; -
2,7 i |
03— —
The Hessian matrix /7 is related to the covariance matrix ?:
of the parameters by o2 g -
.IFQ - .
2/ pr—1 * H :
Cij(a) = Ax“(H™ )y il R
Then using the standard formula for linear error propagation: E\'._
0. L, .t
OF m“m“ 0102 06 1 2 5 1
AF 2 — A 2 1>+ x
(AF) Z D
2.0 T T T
: Gluon uncertainty at Q=10GeV
Problem due to extreme variations in Ay? in different
directions in parameter space solved by finding and rescaling =
eigenvectors of I leading to diagonal form Ax? = 5", 27 B
. . . . A 1o .‘H‘H‘;L’H'FH_— ]
Uncertainty on physical quantity then given by >~ E HHL ;
o 3
X F ]
— 2 S E 3
(AF)? =) (F(S{7) - F(5(7) = arf :
i 3 W 3
_ ] ] T T BT
where SZ-(H and S§ ) are pdf sets displaced along eigenvector %53 102 1071 100

direction by given Ay?. Art in choosing ‘correct’ Ax? given
complication of errors in full fit: CTEQ choose Ax? ~ 100

p3 10 p3 1
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g values, with Ay“ =1, 1UU StatistiCal approacn (LN}

Construct an ensemble of distributions labeled by 7 each

o o1 ol CERTT0R an s with probability P({F}). Mean po and deviation oo of
— " observable O then given by
—— ZEUS 2 2
= po =Y OUFHPUFY), o4 = (O{F}—po)*PUF}).
L {7} {7}
— . Note that this is statistically correct, and does not rely on
. the approximation of linear propagation errors in calculating
== CDFjet oo . a . .

observables. However it is somewhat inefficient — in practice

0.09 0.l oll 0.12 0.13 0.14 015
alpha 5

generate N, ~ 100 different sets of pdfs with unit weight
but distributed according to P({F})

Hypothesis westing uncertainty ranges
ol 0. ol3

0.09 0.1 12 0.14 015

wmnmennsdi——— B CD S|
chllsi 1 dif 1 N;Ddf
————— 12
2 2
s po = 5— Y OUFY), ob=75— D (OUF)—no)".
pdf “J pdf 3
—— OO FR2
——— OCER3 . . .
e e Can incorporate full information about measurements and
coew their error correlations in the calculation of P({F})
E866
em—— D0t
T =™ Currently uses only proton DIS data sets in order to avoid
0.09 0.1 ol 0.12 013 0.14 ols . . . .
. complicated uncertainty issues such as shadowing effects for

nuclear targets etc
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‘H1" set of parton parameters from
Gaussian approx. and blue line value.
for g is LEP result.

p3

“an an
E

Red curve
Green curve

14

Lagrange IViuITIpler metnoa

First suggested by . Perform fit while constraining
value of some physical quantitity F. Minimize

\l,(/\: CL) = X?,‘]oba.l(a’) + )\F(a)

for various values of A\ and parton parameters {a}. Gives
set of best fits for particular values of parameter F'(a)
without relying on Gaussian approximation for ?, e.g. W
cross section at Tevatron:

‘W production at the Tevatron

1350
1320
2 1290
1260
1230
1200

21 21.5 22 22.5
oy (ob)

Uncertainty then determined by deciding allowed range of
Ax?. Can also see which data sets in global fit most directly
influenced by variation in F'(a). Typically deterioration in
x* comes from 2 or 3 data sets. MRST impose (rough)
criterion that for all data well fit by central best fit no data
set has worse than 1% confidence level = Ax? ~ 50

As a specific example, we can consider W and Higgs cross
sections at Tevatron and LHC
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MESUITS OT WIro | TOr riggs, vv Cross secton MESUITS OT VIro | TOr riggs, vv Cross section
pdf uncertainty at LHC pdf uncertainty at LHC
blue contours: ag flx.ed in fl.tS i increase i global analyss s the
red contours: asg varled in fltS ] W and H cross sections are varied at the LHC
xl increase in global analysis as the L
W and H cross sections are varied at the LHC L
6 ]
S 4r
L § i 200-
L @ | 150 =
+ | 5, 100 & CTEQ6
o L s L 50 .
g L = “
§ i 2 o1 ' MRST2002 -
Q2 = 5]
e L = L
o 7] L
2 r 2 | A e
R &, L
) L
I I L
3 = s
&, L 4L
-4 = -67“"" vl v b b e e v b by
L 4 3 2 -1 0 1 2 3 4
L Per cent change in W cross section
6-\“..‘|‘.‘.\.‘..|H..m [ ] N N
4 3 2 -1 0 1 2 3 4
Per cent change in W cross section
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M 2 2 7 - & M M 1 7 “=* - &
error on up distribution at 1U GeV error on up distribution at 10* GeV
— 2 : T — 2 : T
(] L HEPDATA ] (] L HEPDATA ]
<8 b Qs+2= 10 GeVes2 ] 2.8 b Qe+2= 10000 GeVes2 ]
X r —_up MRST2001E X r —_up MRST2001E ]
Y= Y=
e B - e b -
1.4 — 1.4 -
1.2 — 1.2 —
1B - 1B -
08 [ ] 08 [ ]
06 [ - 06 | ‘
04 | . 04 | .
0z [ = 0z F ]
I I
Q Q
1072 167" 1072 167"
X X
L 10 ¢ R et . L 10 i .
b 15 B Eoa b 15 E
o £ 1 Yo(2i- 1)—a(2D)? o £ 1/ Ylo(2i- 1)—a(2D)?
o 2 i=1 o 2 i=1
o 6 [ ] s
= =
o 4 .
] 7]
o 2 a
O — —
-10 - -10 -
1672 107! 1072 107!
X X
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AL/L(%)

The dependence of parton-parton luminosities for the LHC
(full curves) and the Tevatron (dashes) on the produced

mass M

20

gq, gg WIMINOSITy UNCErtainties at L
as estimated by

efF T T
14 - parton luminosity uncertainties ]
atLHC

luminosity uncertainty (percent)
o

21
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par uncertainties contd.

® the above represent experimental pdf uncertainties, i.e.
due to errors on experimental data used in global analysis

® much more difficult to quantify are theoretical systematic
pdf uncertainties, which are the reason why
for example

® sources of these include (see for example

)

— selection of data fitted

— presence of In(1/z), In(1 — z), HT contributions

— input assumptions: choice of parameterisation, heavy
target corrections, isospin and strange-antistrange
asymmetry violation, etc.

. in the MRST study, the effect on the extracted pdfs
(and on some reference cross sections, e.g. oy ) of
varying the ‘standard assumptions’ was investigated

® particularly interesting was the effect of systematically
removing small = and small Q* DIS data from the NLO
and ‘NNLO’ global fits

® effect of removing small x, {J“ data from the nt

— start with zcu; = 0, Q2%,, = 2 GeV?

— systematically increase these to remove DIS data

— notice that the quality of the fit to the remaining
data signifcantly improves, until stability is reached
for Ty =~ 0.005, Q2 ~ 10 GeV?

— call the resulting partons ‘the conservative set’

— repeat at ‘NNLO’

Ratio MRST(cons./MRST2002
12 b atQi=10GeV: .

T T — T

Ratio MRST(cons.)/MRST2002 |

12 b atQ’=10"GeV? M
Ry

0.8 — i ]

|
06 I W Ll
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® tne gIUON agjusts tO De larger at medium z (Detter Tt
& JUSES O De 178 . \pete MRST(2001) NLO fit , x=0.0004 - 0.0025
to DIS data in this region) and at high x (better fit to
Tevatron jet data) 35 e EET T
x=4.0x10
. . ) , MRST2001
® the adjustment of the pdfs is much less at ‘NNLO’, 0,005
. . . ' xcut =0,
suggesting that higher-order perturbative corrections x=5.0x10*
(&1n™(1/x))) could be responsible for the problems i 7
with the NLO fit at small z x=6.3x10°
=
1
15 T T T T K x=8.0x10™*
Gluon MRST(x_ =0.005) / Gluon MRST2002 ol 25 —
at Q= 10 GeV? S o
o e +
L g o ] S x=1.0x10"
ey 4 =4
Twio E
) / B , L x=1.5x107)
05 |
/ NLO
o Lo _ ol
0™ 1072 0* 0" % Ls L
L5 T T T
Gluon MRST(x,, =0.005) / Gluon MRST2002 [
at Q= 10° GeV? P
1 —— e I 7i .-‘ . p—
NNLO _— 1
_NLO
e
05 |~ 1
05 —
0 \ Ll I
0™ 10 10* 0" x 1
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errect on vv, R Cross sections at LG

24
F MRST NLO and NNLO partons W @ LHC ]
2 .
i NLO ]
Y
=T | D S 4 S
E7F : ¢ o) * :
- NNLO Q. =7GeV ]
z | ]
e 18 F e ]
g | @, =10GV
16 - o
. x,=0 00002 0001 00025 0005 0.01 ]
14 L 1
46
44 £ MRSTNLO and NNLO partons H @ [LHC
2 fE NNLO
40 — > S S
— C Q =7GeV’
8 8E
~ C
g.1\)36 - NLO
%034 E__ _______ I — e @ ! _________ @ | I
) - - Q@ =10 GeV*
30FE x,=0 00002 0001 00025 0005 001
28 E
P3

26

errect on vv, 1 Cross secrtions at i1evatron
2.80 :
[ MRSTNLO and NNLO partons W @ Tevatron 3
275 F .
2,70 : © E
N S S *...o- ..o e R ot DS
\=2 2 O Q=76 ]
R 2.65 :- ° °® —:
) C NLO b O @', =10GeV ]
[ R S— o & - -
o C ]
255 :_ x,=0 00002 0001 00025 0005 001 _:
250 C 1
L1 ]
[ MRST NLO and NNLO partons H @ Tevatron 1
LOF  NNLO .
R S * 4 S g — . — Y S—
3 0.9 E— oQiﬁ—?GeVz _E
e f b
~ 08 | 3
5 [ o e ®. °
SALL R S o @& Q¥e=10GeV
0.6 | -
- x, =0 00002 0001 00025 0005 001 E
05 L .

p3

27
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comparison npetween L 1 EW0, IVIKD 1 ZUUL,
Alekhin02 NLO pdfs

2-0 | T T T L] LN LB |
[ — MRST2001E
14} feor(z, QE) :— 14 fPDF[-T:QQ) -1 1.5 | ALEKHINO2 7]
@ = (100 GeV)? g Q* = (100 GeV)? [ ® [E866
MRST/CTEQ Alekhin/CTEQ [
12F — 12 F - 10
s [
1 1 O
3 05
0.8 0.8 [
©
o
0.6 : 0.6 : © 00
105 D000L D001 OOL 01 1  1e05 00001 0001 001 01 1 i
I ks -0.5 i
A0 L
e CTEQ - MRST differences understood, see 107 10
(mainly, CTEQ gluon at Q3 required to %
be positive at small z means gcreq > gurst there) e evidence for
® Alekhin gluon smaller at high = (no Tevatron jet data —d>u
in fit) and different flavour content of sea at small z —z(d—u)—~0
(different assumption about (i) % — d as z — 0 and (ii) as z — 07
s/(u+ d))
L] (ep and ed DIS at small x) could provide an

interesting measurement!
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solid lines = large NN, non-perturbative (chiral soliton} model

of

dashed lines = dynamical parton model

Databases

0.9 Qux2= 4 GeVes2
__ upbar ALEKHINO2NLO

0.8 __ downbar ALEKHING2NLD

upbar MRST2002NLO

0.7 .. downbar MRST2002NLO

0.6

0.5

04 r

0.3

0.2

0.1

31
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FIggs Cross sections at tne LU

0.8
- [
=) i
X L Qui2= 4 GeVes? 100 g r T3 T T T T
w07 __ strange ALEKHINOZNLO E o(gg — H) [pb] 12 T
B .. downbar ALEKHINO2NLO i Vs =1 TeV L1E ez -
as Lo .. strange MRSTZ002NLO I 2 1 1 L] e
NN in eeeen- 00 .
I w.e. downbar MRST2002NLO 0E S ekin E 0.7 | : 7
N b ] 150 200
05 | [ 05
\:‘l:;._ " 0.3} MRST
o4 T Alekhin -----
L . b 02
i i o(gg — H) [pb]
o3 | ~‘-.~_::?‘- I T V5 = 1.9 TeV
K “15‘.“ 1 . N A 1 1 1 1
- i, 100 1000 100 120 140 160 180 200
L 2,
o2 b My [GeV] My [GeV]
L a
r 1 T T T T
] 11 .
‘ o(gg — Hygg) [pb] LOSE T

32

T T

0.1

1.2

W, E =14 TeV

MRST — A
CTEQ
Alekhin ------

115
L1F™
| 105

0.95
0.9

100

1000

100

1000
My [GeV]

0.1

J oS E———

0.95

MRST ——
CTEQ
Alekhin ------

| o(pp — Hit) [pb]
V5 =14 TeV

100 120 140 160 180 200

My [GeV)

33
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CroOSs section predictions at Luw

1. W,Z total cross sections

EW Tevatron Z(x10)

CDF(e) DO(e.p) CDF(e,n) DO(e)

_ NNLO E ]
NLO E

LO

bl7f —— 10 3

partons: MRST2001
NNLO evolution: van Neerven, Vogt approximation to Vermaseren et al. moments
NNLO W.Z corrections: van Neerven et al. with Harlander, Kilgore corrections

34

current pest (IVIRS 1 } estimate

Sopy 70 (total pdf) = +4%

cf. £2% for ‘expt. pdf’ errors only

but note that there is a much greater uncertainty in the
NLO prediction, due to problems at small z in the global

fit to DIS data (see previous)

this is because the large rapidity W and Z total cross

sections sample very small z

MRST2002-NLO

LHC

4 -
x =01z | |x=0008
o) %, =0.0003 | |*z=0.008
[=
z
o
Fer
3
(5
b=l

x, =0.0003
x, =012

35
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e Cross section ratios
® o(W™)/o(W™)is gold-plated

Re— c(W*) u(zi)d(za) ul@1)

o(W=) = d(z)u(zs) — d(z1)
iff we assume that the sea is u, d symmetric at small z
(see previous discussion on vS. )
and using

dow+(expt. pdf) = +2%, R (expt. pdf) = £1.4%

Assuming all other uncertainties cancel, this is probably
the most accurate SM cross section test at LHC

Note: attempt to pin down d/u ratio at large z using
forward W¥ production appears hopeless

36

do / dy, (I/1%)

ratio of I and 1" rapidity distributions

pp, Vs = 14 TeV

LO QCD

MRST99

MRST99(d/u enhanced)

37
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(W) /(W)

04 F

0.2

14 |
12 |

10 |

LHC

 MRST99 partons
+ NNLO QCD
00 L

l 10
Vs (TeV)

38

ratio of W™ and W' rapidity distributions

1.0 T T T T T T T T I

0.8

o |
E 06
S’
=
%‘ L
~ 04
©
~ pp, Vs = 14 TeV
| NLOQCD
02 L - MRST99
—— MRST99(d/u enhanced)
------- diu (Q=M,)
0.0 [ 1 | 1 ] 2 1 1 | L |
0 1 2 3 4 5

39
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% of total o, (W ,W)

100 —r—

10

0.1

flavour decomposition of W cross sections

__________

1 10

40

® using o (W ) Or ¢(%) TO calibrate Other Cross Sections,
e.g. o(WH), o(Z')

pdf uncertainties on W, WH
cross sections at LHC

4 1 T 1 T 1 T 1 " 1
o(W)
o(WH)

i o(WH) / o(W) ]

N
1
1

pdf uncertainty (percent)

0 [ 1 " 1 " 1 " 1 " 1
100 150 200 250 300

M, (GeV)

® o(WH) more precisely predicted because it samples
quark pdfs at higher z than o (/)]
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(gg —) Higgs cross section

10°
® a light (SM or MSSM) Higgs dominantly produced via
[ ] gg — H and the cross section has small pdf uncertainty
ey J because g(x) at small = is well constrained by HERA
F E DIS data
10" _ _ ® current best (MRST) estimate, for M = 120 GeV:
o 6 SN0 (total pdf) = +3%
S 100 F 3
S o(H) / o(tt) ] ... with less sensitivity to small = than o(W).
= ]
®
o 10'F 5 ® this is much smaller than the uncertainty from higher-
2 F 3 order corrections, for example
o .
10° F E
SoiNO (scale variation) = +10%,
6o L (scale variation) = +8%
10° F 3
o(WH) / o(W)
10-7 | | 1 | | | |
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® no ObvIous advantage In using o(it) as a calibration SIvI
cross section, except maybe for large My:

® Note: the

ES

pdf uncertainty (percent)
N

w

—_

pdf uncertainties on top, (gg—) H
cross sections at LHC

100 200 300 400 500 600 700
M, (GeV)

sets have fixed ag; the variation

in e.g. o(H) is slightly larger when the uncertainty in
ag is also taken into account. This is the advantage of
the Lagrange Multiplier method.

44

pdf uncertainty (%)

g8 g & 8 8

(nb/GeV)

ds/dEdy],,

t]

singie jet inciusive

10° = LHG
Tevatron

N PPN [PPYOE [FPIO PP [FPTV [UE POt [EWRT [FUPE (U [P s S gt |

a3
0 1000 2000 3000 4000 5000 6000

E™ (GeV)

8 8 &8 8
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sin“ty trom N scattering

NuTeV (2001): 6*M"N = sin? By = 0.2277 + 0.0016

cf. world average: sin” @y = 0.2227 & 0.0004

68%,20%,95%,99% C.L. Contours, Grid of SM X 10 mtop, My

Large Myggs
T Large my,
0.034 +
0.032 +
&
g
™~
o
0.03
0.028
L 1 L L | L " ! 1 | L
0.295 0.3 0.305
2 (eff)
gL
p3 46

new pnysicsr
The NuTeV measurement of sin” 0y assumes

— isospin symmetry: u,(z) = d, (z) etc.
— strange—antistrange symmetry: s(z) = s(z)

otherwise
Asin?0y = /01 dzF,(z)[s(z) — 5(x)]
+ £1de;(m)[up(m) — dn(Z)] + .-
and in particular s > 5 around z ~ 0.1 = sin” fy | .

Further constraints on s(x), 5(z) from CCFR and NuTeV
dimuon data, vN, 0N — ptpu~ + X

Flsin®@,,s(x)~5(x);x1

=1.25

TR et T TV TV FUUIE SV SO TN
o ¢1 Q02 C3 04 05 06 07 08 09 1
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@ FasCnos-vvolirenstein ratio
v 17
_ T — O
R = —U‘:O - U;C
CcC cC
. 2 - — _ _ _
~ i sin” 0w + R, + 0Rgyw + 0Ry o0+ 0R, +0R,,

® new analysis by Kretzer et al., hep-ph/0312322, hep-
ph /0312323 focuses on

ST, (2(s — 5))
0R, = - (E_Esm 9”’) (@(u—a+d—ad)/2)

via global (CTEQ) fit including ¥ N dimuon data for
s (x) = s(z) — 8(x)
= —0.005 <R, < +0.001

X
5
107 .001 0.01 005 0.1 2 3 4 5 678
0.05 T T T T T T T T T T T3

0.04 & Strangeness Asymmetry ’/‘r ‘--‘\ Q1 —10 GeV* 3
o 5 N ]
0.03F i E
= s by 3
0.02 i e -
0.01E 3

C ; X 3
= b . /\_
oF 7 -~ E
c ; E
:
;
/

001F

s (x,Q) dx/dz

00 F

===~ Class B =
—— BPZ "with ccft” o
Cefr NuTeV

003f

oof 7

-0.05F s,
E (scale: linear in z = Xw) E
! 1 L 1 1 T S T |

-0.06; S

(BPZ = Barone et al., Eur. Phys. J. C12, 243 (2000))

® recent IVIKD1 analysis (Nep-phn/ususus’ ) Investigated
possible isospin symmetry breaking, i.e.

uy(z) = dy (z) + Kf(z) v(z) = uy(z) — kf(z)
where f(z) = z7%5(1—2z)%(z—0.0909) and fol fdx = 0.
® global fit slightly prefers k # 0; best fit is
k=-02 = §(sin®fy) = 0.002

with —0.8 < x < +0.65 at 90%cl

=  —0.007 < R, < +0.007

conclusion

Uncertainties in detailed parton structure needed to relate
R~ to sin? @y are substantial on the scale of the precision
of the NuTeV data — consistency with the Standard Model
does not appear to be ruled out at present.
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WELU errects In pars

QED corrections to DIS include

e e
: q
Y
Y

= mass singularity when « || ¢

= (e2) In (Q—Q) ~ 0.01

2
27 my

for Q = 100 GeV, m, = 10 MeV, (¢2) = 5/18.

® such corrections included in standard QED radiative
correction packages:

HERACLES:

HECTOR.:

4
3R

i

IS i

+ loop corrections

2
|:C]cpt + 6(1 Cqua,rk + €yq Cint

® Note: interference of leptonic and partonic radiative
corrections finite as my; — 0

® [ssue: exactly what EW corrections have been applied
in extraction of structure function measurements in DIS

experiments?

P>

51
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® apove WELU CONINEar SINGUIArities are universatr and can
be absorbed into pdfs, exactly as for QCD collinear
singularities, leaving finite (as m,; — 0} O(a) QED
corrections in coefficient functions

4|

—I»W,Z,... -

® relevant for existing electroweak correction calculations
for processes at Tevatron, LHC, eg. W, Z, WH, ...

— see for example U. Baur, S. Keller and D. Wackeroth,
Phys. Rev. D59, 013002 (1999) for a full discussion of
the formalism

WEU—Improved UDGLAF equations

3111(93:»11’2) ag 1dy{ T 9 T 9 }
= =mn —< P, qi(—, + P, y &g s
8 log p? o). v qq(y) (y u) qy(y ) g(y ©)
a [fldyf - x x
L —{qu(y) e;ai(=, 1) + Pir(y) €v(=, ;f)}
TJe Y Y Y
dg(z, u*) as ['dy { x
i3 = o= TPy qi(— p
alog ’1'2 2 s Y QQ( ) ; J(y )

T
+ ng(y) g(g:ﬂg)}
oy (z, u?) a [ dy{ s & g
SOAEINE I e =P > qi (=
8 log u? o t. y ra(¥) Zﬁ:ej qJ(yaM )
T
+ P’m*(y) 'Y(;: MZ)}
at leading order in ag and a, where
75 —1 —1
qu:OF qu’ P’YQZCF quv
P‘I'Y

2
=Ty Py, Pv’y:_"é ;e?c?(l—z)
and momentum is conserved:

/01 de { Z: gi(z, u%) + g(z, u*) + (=, ,(1,2)} =1
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NULE. I PHNCipie CLouid Imurouuce uy)jererit 1daLunisdLion Stdics 1or
QCD, QED subtraction, thus q(w,uich,u%qed) etc with DGLAP

equations for evolution with respect to each scale T ' tTT
L1003 — Ratio of MRST2002 with em corr./MRST2002 -

Loz | aQ7=10GeV?

e first quantitative estimate of effect on pdfs by Lot |- T~ .

Etfect of including em corrections to valence quark evolution

0999 |- . e A

0998 |- \ -

0.997 - -

0.996 N -

0995 N

0,594 Ll .

&
s
T
]
=
|

L.02 T L T T T T T T

1015 |~  Ratio of MRST2002 with em corr./MRST2002 —

06 F .
' Lol | atQ’=10" GeV? _

0.8 | E 1005 |~ -

0.995 e 4

12 F(z. Q% e 099 S —

T w = 0505 0985 - ~ |
S1d . d, \

] AT | A e 098 - VT

10 )2 10 1w 108 | A
szGCVE 0.975 \

0.97 L I Lol 1 R
107 0’ 1

® new study by in progress
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CUITHTICIILS
® effect on quark distributions is entirely negligible at small
x where gluon contribution dominates DGLAP evolution
® at large z, effect only becomes noticeable (percent order)
at very large 2, where it is equivalent to a slight shift

in g
Aag(M2) ~ +0.0003

cf. world average (global pdf fit} error of

ag O (M%) = 0.1165 4+ 0.002 (expt.) =+ 0.003 (theory)

® dynamic generation of photon parton distribution

v(z, Q%)

conciuaing remarks

pdf uncertainties: several groups now producing f(x) +
df(z), but need to understand better the differences
between various pdf sets — presumably due to different
theoretical assumptions used in the fits (including choice
of data fitted)

focus on dopar = 00pas,exp B 00par,en at LHC, Tevatron

does the DGLAP DIS fit at small z show evidence of
higher-order contributions?

sin?0y; from vN scattering: subtle effects in parton
structure could explain all or part of the apparent
discrepancy = more work needed

QED effects in pdfs: needed for electroweak corrections
to hadron collider cross sections — formalism exists for
incorporation in existing global fits
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