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Abstract

Parton distribution functions (pdfs) are an important @aient for LHC phe-
nomenology. Recent progress in determining pdfs from glabalyses is re-
viewed, and some of the most important outstanding isswuesighlighted.

Particular attention is paid to the precision with whichdictions for LHC

‘standard-candle’ cross sections can be made, and alswtmfegmation that
LHC can provide on pdfs.

1 Introduction

High-precision cross-section predictions for both Staddéodel and Beyond Standard Model processes
at the LHC require high-precision parton distribution ftioes (pdfs). In some cases, the uncertainty in
our knowledge of the pdfs is a significant or even dominant piathe overall uncertainty in the theo-
retical prediction. Of course, the more accurate the signdlbackground predictions, the easier it will
be to detect new physics. Fortunately the LHC provides a mumb'standard-candle’ processes, whose
measured cross sections can be used to check the theofetioawork (factorisation, DGLAP evolu-
tion etc.). The paradigms argZ) ando (W), for which there are realistic prospects of experimental
measurements and theoretical predictions accurate agth&oflevel.

At the same time, the LHC can provide new information on this pliemselves. Hadron collider
data have always been an important ingredient of pdf global ffor example, fixed-target Drell-Yan
data currently provide (unique) information on highsea quarks, Tevatron highir jet data provide
direct information on the high-gluon, and Tevatro®l” and Z cross sections and distributions provide
information on quark distributions complementary to thratri deep inelastic scattering. There is every
prospect that similar measurements at the LHC will imprawekmowledge of pdfs even further.

The basic theoretical tool for precision predictions foditwa colliders such as the Tevatron and
the LHC is the QCD factorization theorem for short-distaimegusive processes:

oAB = /dfﬂadwb faja(@a, 12) forp(@e, pi) x [60 + as(ph) 61 + - Jabox - 1)

Formally, the cross section calculated to all orders inypb#tion theory is invariant under changes in
the factorization scaleu(z) and the renormalization scalgx), the scale dependence of the coefficients
690,01, ... €xactly compensating the explicit scale dependence ofdfsegmd the QCD coupling constant.
This compensation becomes more exact as more terms areédcin the perturbation series. In the
absence of a complete set of higher-order corrections,neéégessary to make a specific choice for the
two scales in order to make cross-section predictions. Aatian of the scales by a factor of 2 around
some ‘natural’ scalé\/ for the process, i.eM/2 < pp,ur < 2M, is often usell to characterise
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! Care should be taken when comparing scale uncertaintiesiged in this way. Some authors get ur = ug and vary
w1 in the standard range, while others either aljpwandy.r to vary independently in the range, or place additionaticgins
onr = ur/ur,€.9.1/2 <r < 2.
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the uncertainty from unknown higher-order terms in theeseriThe overall theoretical error on a cross
section prediction can then be estimated@$ = doy; + do2,.

Almost all the theoretical quantities (subprocess crossmes, coefficient functions and splitting
functions) that are needed for a global fit are nowadays knowdNLO in pQCD, and so this will be
thede facto benchmark for LHC phenomenology. In some cases,¥.@ndZ production, electroweak
corrections are also known and can be included. The follguwable illustrates the relative size of the pdf
and scale uncertainties for some standard processes diltbechlculated at NNLBin pQCD. Here the
pdf uncertainties are taken from the recent MSTW global fi2[1while the scale uncertainty estimates
for ¢t and Higgs production are taken from Refs. [3] and [4] respelgt Evidently the pdf uncertainty
is a significant issue fa¥ andtt production, but not at present for Higgs production.

process 00 par 00l
pp— Z + X +2% +1%
pp — tt+ X +2% +3%
pp — H(120 GeV) + X +2% +15%

2 How pdfsare obtained

The method by which pdfs are obtained from a global fit to aetgrof ‘hard scattering’ data is by now
well known — a schematic summary is shown in Eig. 1. A typiedldaf input data (as used, for example,
by the MSTW and CTEQ collaborations, see Sedtion 3) is gimethe following Table, together with the
partons that they constrain.

H1, ZEUS F§ P(2,Q%), F3 "(,Q%) NC+CC

BCDMS F¥P(x,Q7), Fy(z, Q%)

NMC Fi?(2,Q%), F§(2, Q), Fy"(z, Q*) ) F§" (2, Q%)
SLAC Fy P(z,Q%), F5 Y(z,Q%

E665 F3P(2,Q?), Fy (z, Q%)

CCFR, NuTeV, CHORUS FY (2. Q?), YN (2, Q?)
— ¢, q atallxz andg at medium, smalk

H1, ZEUS Fy P(2,Q%), FyyP(2,Q%) — b

E605, E772, E866 Drell-YanpN — puji + X — G (g)

E866 Drell-Yan p, n asymmetry— ,d

CDF, DO W rapidity asymmetry— w/d ratio at highz
CDF, DO ZY rapidity distribution— wu,d

CDF, DO inclusive jet data— g at highx

H1, ZEUS DIS + jet data— ¢ at mediumz

CCFR, NuTeV dimuon data— strange seas, 5

Over the past 15 years, the quality and quantity of the dasairhproved enormously, so that
nowadays the pdfs are known to very high accuracy, typidallywithin a few % over a broad range of
x away fromz = 0, 1. In terms of recent developments, much attention has bemrséd on the heavy
quark (s, ¢, b) distributions. Until recently, the strange quark digitibn was generally parametrised as

K

s(z,QF) = 8(x, QF) = 5 |u(z, QF) + d(x. Q)| )

with k = 0.4 — 0.5 suggested by (neutrino DIS) data. The suppression was stnddras a non-
perturbative mass effect. Recent measurements of dimumdugtion invN DIS (for example, by

2In the case oft production, an approximation to the (as yet uncalculatetfizbrrection has been derived, see [3].



Formalism ay(M,)
LO, NLO, NNLO DGLAP
MSbar factorisation

o (x,0%) £6f;(x,0?
functional form @ Q2 f,( ’Q) f,( ’Q)
sea quark (a)symmetry

etc.

Data Output

DIS (SLAC, BCDMS, NMC, E665, FORTRAN, C++ code
CCFR, CHORUS, H1, ZEUS, ...) in user-friendly form

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

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

etc.

Fig. 1: Anatomy of a pdf global fit.

CCFR and NuTeV) allow a more-or-less direct determinatibiboth s ands, via

do _ b do _ o
M V(7)) N — pp”X) = BcNAdxdy (Vus(u5) — cp™ (ep™)) )
in the ranged.01 < = < 0.4. The data appear to slightly prefefz, Q3) # 5(z,Q3), both having a
different shape to the light sea quark distributions. Galissd parametrisations ferands are therefore
used in the most recent global fits.

The charm and bottom quarks are considered sufficiently iveassallow a pQCD treatment, i.e.
the distributions are assumed to be generated perturlyaticeg — QQ. Two regimes can be distin-
guished: ()Q? ~ mé where it is essential to include tiall m dependence in order to get the correct
threshold behaviour, and (iQ)? > mé where the heavy quarks can be treated as essentially nsssles
partons, with large logarithmic contributions of the ford In"(Q? /mé) automatically resummed by
the DGLAP equations. The so-called Fixed Flavour Numbere8ah (FFNS), in which heavy quarks
are not treated as partons, is only valid in region (i), wheréhe Zero Mass Variable Flavour Number
Scheme (ZM-VFNS), in which heavy quarks evolve as masskasgsmns from zero at threshold, applies to
region (ii) only. In recent years, a more general set of Garidass Variable Flavour Number Schemes
(GM-VENS) have been developed, with the advantage of intating smoothly and consistently be-
tween the twoQ? regions, at a given order (up to and including NNLO in pragtion perturbation
theory. The two most important points to note are: (i) thertdigdin of a consistent GM-VFNS is tricky
and non-unique (not least due to the assignmer@(ofz%/@z) contributions), and implementation of
an improved treatment of heavy quarks can have a significgamtkkon effect on light partons, and (ii)
GM-VFENS predictions for the structure functiof$® and F* agree well with measurements at HERA.
A more detailed discussion of the treatment of heavy quaf& gah be found in [5].

Another major advance in recent years has been the treathantertainties in the distribution
functions, and most global fit groups produce ‘pdfs with er@ets. These are of course useful in
assessing the error on cross-section predictions due pafe¢hemselves. A typical package will consist
of a ‘best fit’ set and~ 30—40 error sets designed to reflect & variation of all the parameters used
to define the starting distributions, as determined by treedainties on the data used in the global fit.
However, in addition to these ‘experimental’ uncertaisitithere are also uncertainties associated with



theoretical assumptions and/or prejudices in the way tbkajlfit is set up and performed. Although
these are generally more difficult to quantify, they areroftee main reason for the differences between
the sets produced by different groups. The following is a-eximaustive list of the reasons why ‘best fit’
pdfs and errors can differ:

o different data sets in the fit:
— different subselection of data
— different treatment of experimental systematic errors
¢ different choice of:
— pQCD order (in DGLAP and cross sections)
— factorisation/renormalisation scheme/scale
— Q3
— parametric formyf;(z, Q%) = Az%(1 — z)bc(x) etc., and implicit extrapolation
— ag
— treatment of heavy flavours
— theoretical assumptions abaut— 0, 1 behaviour
— theoretical assumptions about sea quark flavour asymmetry
— x? tolerance to defined f;
— evolution, cross-section codes, rounding errors etc.

Note that these can apply both to comparisons of the type QEEQIRST vs. ... and to CTEQ®G.1s.
CTEQ 6.5 etc.

3 Recent progress

There are a number of groups producing pdf sets from glolsaiditlata. In this section we give a very
brief summary of these, with references to where more infion can be found.

The Martin—Stirling—Thorne-Wati STW (formerly Martin—Roberts—Stirling—Thorn®1RST)
collaboration produces sets at LO, NLO and NNLO using a ‘mmai set of fitted data as described
in the previous section. The previous MRST2006 sets [6]ainatd an update of the NNLO fit to in-
clude both pdf errors and an improved GM-VFNS treatmentaridb. The new MSTW2008 sets [1, 2]
include (i) new data sets in the fit (CHORUS and NuTeV neutdata and HERA DIS jet data), (ii)
a more sophisticated treatment ©&nd s in which both are allowed to have independent shapes and
normalisations, and (iii) an improved treatment of therafee procedure to define the error sets (for a
summary see [1]).

The CTEQ collaboration (Ref. [7] and references therein) produc@sand NLO pdf sets from
global fits using roughly the same maximal data set as MSTWSNREarlier this year, the previous
(2006) 6.5 set was updated to produce set 6.6. CTEQ 6.5 wascthidsed by the first implementation
of a GM-VFNS (the ‘SACOTx’ scheme [8, 9]), which had a significant impact on trendb distribu-
tions, a compensating impact on thendd partons, and a corresponding change in the predictions for
o(W, Z). The new 6.6 set has a more sophisticated treatment afahes pdfs, allowing these to have
a more general shape and normalisation than previously.ifipact of an additional ‘intrinsic charm’
contribution is also studied.

Given the similarity of the data fitted and the theoreticahiework used, it is no surprise that the
pdf outputs from the MSTW and CTEQ analyses are similar. Fhiléustrated Fig[ R, which compares
the latest MSTW2008 and CTEQ6.6 NL:Oand g pdfs (with errors) at)? = 10* Ge\2. Note that the
broader CTEQ error band is in part a reflection of a differddtice of tolerance in defining the allowed
range ofAx2. The MSTW gluon is smaller at smatl because the parameterisationgt= 1 GeV?
allows the starting distribution to be negative at smalinlike in the CTEQ (central) fits where the gluon
is always constrained to be positive.

Alekhin et al. produce sets at LO, NLO and NNLO. The original 2002 (Aleklsie) [10] was up-
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Fig. 2: Comparison of recent MSTW and CTEQ up quark (left) gluwbn (right) NLO parton distributions.

dated first in 2006 [11] (Alekhin—Melnikov—Petriello) andain in 2007 [12] (Alekhin—Kulagin—Petti).
The 2002 fit was based on DIS structure function data only (§LRCDMS, NMC, E665, H1, ZEUS).
The 2006 AMP version added E605 and E866 Drell-Yan data, dh@RUS, CCFR and NuTeV neu-
trino structure function and dimuon data. Unlike the CTEQ B(ASTW/MRST fits, the Alekhin fit does
not include Tevatron higlisy jet data, nor a complete GM-VFNS treatment of heavy quankd,this
accounts for much of the differences between the resuli@mgpp distributions.

Both theH1 and ZEUS collaborations have produced pdf sets in the past basedeinativn
HERA DIS data supplemented by other DIS data. The most rdd¢&r{003) set added BCDMS data
to H1 structure function data to give a broad coverage and Q?. The ZEUS (2005) set was based
on ZEUS data (both inclusive structure function and Bj& data) only. The two collaborations also
had different treatments of pdf errors: offset (ZEUS) Hessian (H1). Recently H1 and ZEUS have
joined together to produce a combined pdf set, HERAPDF@ihjld of which can be found in the talk by
Gang Li[13]. Differences between the previous H1 and ZEURdjtprocedures have been resolved, and
experimental and model uncertainties have been carefoligidered. However this fit uses only HERA
inclusive cross section NC and GCp data, and therefore there are small but significant diffegen
in both quark and gluon differences in comparison with MSThWd & TEQ, which can in large part be
traced to the influence of Tevatron and fixed-target Drelt-¥ata in the latter global fits.

The NNPDF (Neural Net) collaboration [15] uses neural net technolimgihe fit to avoid having

to choose a particular parametric form@§. The new (NLO) set, NNPDF1.0, is based on a Monte
Carlo approach, with neural networks used as unbiasegoitarts. The method is designed to provide
a faithful and statistically sound representation of theautainty on parton distributions. The fit is
performed to a restricted ‘DIS only’ data set in a ZM-VFNSete for the heavy quarks. The absence
of Drell-Yan and neutrino dimuon data from the fit means thatdetailed flavour structure of the quark
sea is not well determined (and therefore neither are thdigtiens for W and Z cross sections at the
LHC, see Sectiohl4 below). The absence of Tevatron Highjet data from the fit is another signficant
source of difference between NNPDF and CTEQ/MSTW. A recediite (NNPDF1.1 [16]) introduces
independent parametrisations for the strange pdfs.

Finally, there have been a number of other studies of pdfiyded for particular purposes or
to investigate different theoretical frameworks. For epémnthe ‘dynamical parton model’ approach
(see [14] and references therein) attempts to describe DdiSother data from a set of valence-like
partons evolved upwards {2 from a low starting scale. A reasonable fit is obtained, aigfothe total
x? is signficantly larger than in a (standard) fit in which the Bragparameters are unconstrained.



proton - (anti)proton cross sections LHC parton kinematics
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Fig. 3: Standard Model cross section predictions at hatieairon colliders (left), and the partanQ? region probed by the
production of a heavy object of mad$ and rapidityy at the LHC (right).

4 Parton distributionsat theLHC

There are a number of LHC standard-candle proces$gg;", 20, tf, jets, ...), that can be used to probe
and test pdfs, typically in the range ~ 1072*1, Q% ~ 10%~6 GeV? (see Fig[B), which is where
most New Physics signals (Higgs, SUSY, etc.) are expecthd.tdtallV and Z cross sections provide
a particularly important point of comparison between theous pdf sets. A number of factors are
relevant, including (i) the rate of evolution from ti? of the fitted DIS data t@)? ~ 10* GeV?, driven
mainly by a.s and the gluon distribution, and (ii) the mix of quark flavaus®ceF;, ando (W, Z) probe
different combinations of quark flavours. A very precise measurementass sectiorratios at LHC
(e.9.0(WT)/o(W~) anda(W*)/o(Z)) will allow these subtle quark flavour effects to be explored

By way of example, we show in Fifj] 4 a selection of predictiforsr (W *) ands(Z) LHC cross
sections [2]. The error ellipses correspond to the MSTW2808® and NNLO pdf sets. Note that
the cross section ratios are determined more preciselyttfteabsolute cross sections themselves. In
the case of théV+ /W~ cross section ratio, the overall uncertainty is of ortig, and comes mainly
from the uncertainty in the:/d ratio at the relevant and Q? values. Note that the change in the
cross sections going from MRST2004 to MRST2006 is due to gwdmement in the heavy flavour
prescription [6] discussed earlier, which mainly affe¢is tharm distribution, while the predictions are
relatively stable in going from MRST2006 to MSTW2008. TheELJ6.6 and CTEQ6.5 predictions are
very similar, but both are significantly higher than the CTEDQpredictions. Again, this is mainly due
to a different treatment of, ¢, b quarks in the fit. The CTEQ6.6 LHC predictions are abe@t: higher
than MSTW2008, because of slight differences in the quarld,(s, c) distributions, but overall the
predictions agree reasonably well within the quoted uagsies. Care is however needed in comparing



W and Z total cross sections at the LHC W* and W total cross sections at the LHC
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Fig. 4: W* vs. Z (left) andW T vs. W~ (right) total cross sections at the LHC calculated usingouer past and present pdf
sets at NLO and NNLO. Théo error ellipses are shown for the MSTW 2008 NLO and NNLO pdfs.

predictions based on different orders of QCD perturbati@oty (NLO, NNLO, NNLL-NLO, ...), since
the higher-order contributions to the cross sections areegligible.

The error ellipses on the MSTW and Z predictions come from the new ‘dynamical tolerance’
treatment of pdf uncertainties described in [1]. There isdditional uncertainty of the same size from
scale variation (quantified in the usual way by varying trees fromA/ /2 to 2M). Combining these,
we predict a total (to’) uncertainty of~ +4% on the totall¥’ and Z cross sections at LHC, and these
could therefore be useful in calibrating the machine lursityo A more complete discussion of the role
of higher-order corrections in cross-section predictiathe LHC can be found in Refs. [17, 18].

It is clear from Fig[B that in order to probe very smalht the LHC we need to produce relatively
light objects at forward rapidity, since thean~ (M/./s)exp(—y) < 1. The simplest process to use
for this purpose is Drell-Yan (DY) lepton pair productiont #he LHC this requires good detection of
low pr leptons in the forward region. Interestingly, this is psety the region that will be accessible to
LHCb [19]. Translating the detector acceptance for muorsgato the(z, Q?) plane gives the ‘LHCb’
region shown in Fid.J5. There are two main impacts of such asareanent: (i) quark distributions can
be measured in the perturbative domain at smallgalues than at HERA, and (ii)) DGLAP evolution
over 1-2 orders of magnitude @ can be tested by comparing pdf measurements at the samé) (smal
value at HERA and LHCb. Detailed studies are underway to tifyethe improvement in pdf precision
at smallx resulting from the inclusion of such LHCb data in the globl fi

5 Summary

In the past few years there has been progress in our undgirgjasf parton distribution functions, and
convergence of the various approaches used to determime ffifee main distinguishing features of the
currently available ‘precision’ pdf sets are (i) how heawarks are treated, (ii) how the tolerance for
determining pdf error sets is defined, and (iii) whether thegiron high- £r jet data are included in the
fit. If they are, then the high-gluon is slightly larger than the gluon derived from fits whigre based
on structure function data only. In the context ol NNLO global pdf analysis, the NNLOJ(a%))
corrections to the highEr jet cross section are still the most important missing idgnet, although
their quantitative impact on the current partial-NNLO as& is not expected to be large.



LHC parton kinematics

109 g WAL IR ALY LML, LML ALY IR B B """§
X, = (M/14 TeV) exp(zy)
10°F Q=M M =10 TeV
[ DY lepton pair production at LHCb
10"
6 -
10° E T P e
[ ratios of parton luminosities
O 100 E at 10 TeV LHC and 111 TeV LHC
> 0.8} -
(D =
~ 10'F  M=100GeV i)
o T o6
2>
‘®
o]
£ 00
S
=
0.2
| MSTW2008NLO
O ————e T
107 10
M (GeV)

Fig. 5: The partor{z, Q) region probed by Drell-Yan lepton pair production in LHCbf(), and the ratio ob " qq, gg and
GG (whereG = g +4/9 (¢ + q)) parton luminosities at 10 TeV and 14 TeV LHC (right).

The situation regarding the treatment of heavy quark flagau distributions is now quite sat-
isfactory, with GM-VFNS generally accepted as the correccedure. Within this framework, there
is good agreement with HERA data & and Y. However, it is important to remember that pQCD-
generated heavy flavour distributions may not be the wholg.sThe issue of additionahtrinsic heavy
flavour contributions, dominant at highwhere the structure function data are sparse, is still am ope
question.

Early data from the LHC will be important for benchmarkinguember of Standard Model standard-
candle cross sections. In the case 0f) ando(Z), the (NNLO) cross sections are predicted to approx-
imately £4% [2]. Note that such cross sections are not much smallgfsat= 10 TeV energy, since
they tend to sample small-partons that are not changing rapidly with This is illustrated in the
right-hand figure in Fid.]5, which shows the ratio of the pariaminosities at 10 TeV and 14 TeV for
3" qq (relevant foriW, Z, etc. production)gg (relevant for Higgstt etc. production), and?G (with
G =g+4/9%,(q+ q), relevant for high- E7 dijet production) initial states.

Looking further ahead, a number of LHC measurements havpdtential to constrain the pdfs
even further. The most interesting appears to be the cras®isdor relatively low-mass Drell-Yan
lepton pairs produced at large rapidity, which may be abl@gdwide information on quark distributions
at very smalle ~ 10~° — 1075, outside the domain currently accessible at HERA. The LHEator
appears well suited to this measurement.

Acknowledgements

Useful discussions with and input from my MSTW collaborat@lan Martin, Robert Thorne and
Graeme Watt are gratefully acknowledged. | would also likéhenk the organisers for arranging such
an excellent conference.



References

[1] G. Watt, A. D Martin, W. J. Stirling and R. S.Thorn®roceedings of 16th International Workshop on Deep Inelastic
Scattering and Related Subjects (D1S2008), London, England, April 2008, larXiv:0808.4890[hep-ph].

[2] A.D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, ingparation.

[3] S. Moch and P. Uwer, Phys. Rev. T8 (2008) 034003.

[4] R.V.Harlander and W. B. Kilgore, Phys. Rev. L8, 201801 (2002).

[5] R.S. Thorne and W. K. Tundg, arXiv:0809.0714 [hep-ph].

[6] A.D. Martin, W. J. Stirling, R. S. Thorne and G. Watt, Phigtt. B 652 (2007) 292.
[7] P. M. Nadolskyet al., Phys. Rev. 78 (2008) 013004.

[8] S.Kretzer, H. L. Lai, F. I. Olness and W. K. Tung, Phys. RBw69 (2004) 114005.
[9] W. K. Tung, S. Kretzer and C. Schmidt, J. Phys2&(2002) 983.

[10] S. Alekhin, Phys. Rev. B8 (2003) 014002.

[11] S. Alekhin, K. Melnikov and F. Petriello, Phys. Rev.7 (2006) 054033.

[12] S. Alekhin, S. Kulagin and R. Petti, arXiv:0810.489%fph].

[13] Gang Li, these proceedings.

[14] P.Jimenez-Delgado and E. Reya, arXiv:0810.4274 fbtep-

[15] J. Rojo, these proceedings; R. D. Batlhl., Nucl. Phys. B309 (2009) 1.

[16] J. Rojoet al.,larXiv:0811.2283 [hep-ph].

[17] S. Moch, these proceedings.

[18] Ch. Anastasiou, these proceedings.

[19] T. Shears, these proceedings.


http://arXiv.org/abs/0808.4890
http://arXiv.org/abs/0809.0714
http://arXiv.org/abs/0810.4893
http://arXiv.org/abs/0810.4274
http://arXiv.org/abs/0811.2288

	Introduction
	How pdfs are obtained
	Recent progress
	Parton distributions at the LHC
	Summary

