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ulationsfor PDF FitsT. Kluge1, K. Rabbertz2, M. Wobis
h31 DESY, Hamburg, Germany2 University of Karlsruhe, Karlsruhe, Germany3 Fermi National A

elerator Laboratory, Batavia, IL, USAO
tober 10, 2006Abstra
tWe present a method for very fast repeated 
omputations of higher-order
ross se
tions in hadron-indu
ed pro
esses for arbitrary parton density fun
-tions. A full implementation of the method for 
omputations of jet 
ross se
-tions in Deep-Inelasti
 S
attering and in Hadron-Hadron Collisions is o�ered bythe \fastNLO" proje
t. A web-interfa
e for online 
al
ulations and user 
ode
an be found at http://hepforge.
edar.a
.uk/fastnlo/.
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1 Introdu
tionThe aim of the "fastNLO" proje
t is to make the in
lusion of jet data into global�ts of parton density fun
tions (PDFs) feasible. Due to the prohibitive 
omputingtime required for the jet 
ross se
tions using standard 
al
ulation te
hniques, jet datahave either been omitted in these �ts 
ompletely or they were in
luded using a simpleapproximation. The fastNLO proje
t implements a method that o�ers exa
t andvery fast pQCD 
al
ulations for a large number of jet data sets allowing to take fulladvantage of their dire
t sensitivity to the gluon density in the proton in future PDF�ts. This in
ludes Tevatron jet data beyond the in
lusive jet 
ross se
tion and alsoHERA jet data whi
h have been used to determine the proton's gluon density [1, 2,3, 4℄, but whi
h are ignored in 
urrent PDF �ts [5, 6, 7℄.2 Con
ept2.1 Cross Se
tions in Perturbative QCDPerturbative QCD predi
tions for observables in hadron-indu
ed pro
esses depend onthe strong 
oupling 
onstant �s and on the PDFs of the hadron(s). Any 
ross se
tionin hadron-hadron 
ollisions 
an be written as the 
onvolution of the strong 
oupling
onstant �s in order n, the perturbative 
oeÆ
ient 
n;i for the partoni
 subpro
ess i,and the 
orresponding linear 
ombination of PDFs from the two hadrons Fi whi
h isa fun
tion of the fra
tional hadron momenta xa;b 
arried by the partons�(�r; �f ) =Xn;i 
n;i(xa; xb; �r; �f )
 [�ns (�r) � Fi(xa; xb; �f )℄ : (1)The PDFs and �s also depend on the fa
torization and the renormalization s
ales �f;r,respe
tively, as does the perturbative predi
tion for the 
ross se
tion in �nite order n.An iterative PDF �tting pro
edure using exa
t NLO 
al
ulations for jet data, basedon Monte-Carlo integrations of (1), is too time-
onsuming. Only an approximationof (1) is, therefore, 
urrently being used in global PDF �ts.2.2 A Simple Approa
hThe \k-fa
tor approximation" as used in [6, 7℄ parameterizes higher-order 
orre
tionsfor ea
h bin of the observable by a fa
tor k = �NLO�LO = �(2) + �(3)�(2) 
omputed fromthe 
ontributions with n = 2 (�(2)) and n = 3 (�(3)) for a �xed PDF, averaged overall subpro
esses i. In the iterative �tting pro
edure only the LO 
ross se
tion is
omputed and multiplied with k to obtain an estimate of the NLO 
ross se
tion. Thispro
edure does not take into a

ount that di�erent partoni
 subpro
esses 
an havelargely di�erent higher-order 
orre
tions. Fig. 1 shows that the k-fa
tors for quark-only and gluon-only indu
ed subpro
esses 
an di�er by more than �20% from theaverage. The �2 is therefore minimized under an in
orre
t assumption of the truePDF dependen
e of the 
ross se
tion. Further limitations of this approa
h are:2
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tor for the in
lusive p�p jet 
ross se
tion at ps = 1:96TeV as afun
tion of pT at di�erent rapidities y for the total 
ross se
tion (solid line) and fordi�erent partoni
 subpro
esses: gluon-gluon (dashed), gluon-quark (dotted) and thesum of all quark and/or anti-quark indu
ed subpro
esses (dashed-dotted).� Even the LO Monte-Carlo integration of (1) is a trade-o� between speed andpre
ision. With �nite statisti
al errors, however, theory predi
tions are notideally smooth fun
tions of the �t parameters. This 
ontributes to numeri
alnoise in the �2 
al
ulations [8℄ distorting the �2 
ontour during the PDF erroranalysis, espe
ially for �t parameters with small errors.� The pro
edure 
an only be used for observables for whi
h LO 
al
ulations arefast. Currently, this prevents the global PDF analyses from using Tevatron dijetdata and DIS jet data.In a time when phenomenology is aiming towards NNLO pre
ision [5, 6℄, the k-fa
torapproximation is 
learly not satisfying 
on
erning both its limitation in pre
ision andits restri
tions 
on
erning data sets.2.3 The fastNLO SolutionA better solution is implemented in the fastNLO proje
t. The basi
 idea is to trans-form the 
onvolution in (1) into the fa
torized expression (4). Many proposals forthis have been made in the past, originally related to solving the DGLAP partonevolution equations [9℄ and later to 
omputing of jet 
ross se
tions [10, 11, 12, 13, 14℄.The fastNLO method is an extension of the 
on
epts developed for DIS jet produ
-tion [10, 13℄ whi
h have been applied at HERA to determine the gluon density in theproton from DIS jet data [1℄. Starting from (1) for the following dis
ussion the renor-malization s
ale is set equal to the fa
torization s
ale (�r;f = �). The extension to�r 6= �f is, however, trivial. The x dependen
e of the PDFs and the s
ale dependen
eof �ns and the PDFs 
an be approximated using an interpolation between sets of �xedvalues x(k) and �(m) (k = 1; � � � ; kmax ; m = 1; � � � ;mmax)�ns (�) � Fi(xa; xb; �) ' [\=" is true for kmax; lmax;mmax!1℄Xk;l;m�ns (�(m)) � Fi(x(k)a ; x(l)b ; �(m)) � e(k)(xa) � e(l)(xb) � b(m)(�) (2)3



Figure 2: Contributions of di�erent partoni
 subpro
esses to the in
lusive jet 
rossse
tion at RHIC (left), the Tevatron (middle) and the LHC (right) as a fun
tionof pT and xT = 2pT=ps. The subpro
ess gq ! jets has been separated into the
ontributions (2) and (3) where either the quark- or the gluon momentum fra
tion islarger.where e(k;l)(x) and b(m)(�) are interpolation fun
tions for the x and the � dependen
e,respe
tively. All information of the perturbatively 
al
ulable pie
e (in
luding phasespa
e restri
tions, jet de�nition, et
. but ex
luding �s and the PDFs) is fully 
ontainedin the quantity~�n;i;k;l;m(�) = 
n;i(xa; xb; �)
 �e(k)(xa) � e(l)(xb) � b(m)(�)� : (3)In the �nal predi
tion for the 
ross se
tion the 
onvolution in (1) is then redu
ed toa simple produ
t�(�) ' Xn;i;k;l;m ~�n;i;k;l;m(�) � �ns (�(m)) � Fi(x(k)a ; x(l)b ; �(m)) : (4)The time-
onsuming step involving the 
al
ulation of the universal (PDF and �sindependent) ~� is therefore fa
torized and needs to be done only on
e. Any further
al
ulation of the pQCD predi
tion for arbitrary PDFs and �s values 
an later bedone very fast by 
omputing the simple sum of produ
ts in (4). While the extensionof the method from one initial-state hadron [13℄ to two hadrons was 
on
eptuallytrivial, the 
ase of two hadrons requires additional e�orts to improve the eÆ
ien
yand pre
ision of the interpolation. Both, the eÆ
ien
y and the pre
ision, are dire
tlyrelated to the 
hoi
es of the points x(k;l), �(m) and the interpolation fun
tions e(x),b(�). The implementation in fastNLO a
hieves a pre
ision of better than 0:1% forkmax; lmax = 10 and mmax � 4. Computation times for 
ross se
tions in fastNLO are4
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Figure 3: Comparison of PDF un
ertainties for the in
lusive jet 
ross se
tion at RHIC(left), the Tevatron (middle) and the LHC (right). The un
ertainty band is obtainedfor the CTEQ6.1M parton density fun
tions and the results are shown as a fun
tionof pT and xT = 2pT=ps.roughly 40-200�s per order �s (depending on mmax). Further details are given inRef [15℄.The ~� in (3) are 
omputed using NLOJET++ [16, 17℄. A unique feature in fastNLOis the in
lusion of the O(�4s) threshold 
orre
tion terms to the in
lusive jet 
rossse
tion [18℄, a �rst step towards a full NNLO 
al
ulation.3 ResultsCal
ulations by fastNLO are available at http://hepforge.
edar.a
.uk/fastnlofor a large set of (published, ongoing, or planned) jet 
ross se
tion measurementsat HERA, RHIC, the Tevatron, and the LHC (either online or as 
omputer 
odefor in
lusion in PDF �ts). Some fastNLO results for the in
lusive jet 
ross se
tionin di�erent rea
tions are shown in this se
tion. The 
ontributions from di�erentpartoni
 subpro
esses to the 
entral in
lusive jet 
ross se
tion are 
ompared in Fig. 2for di�erent 
olliders: For pp 
ollisions at RHIC and the LHC, and for p�p s
atteringat Tevatron Run II energies. It is seen that the quark-indu
ed subpro
esses aredominated by the valen
e quarks: In proton-proton 
ollisions (RHIC, LHC) the quark-quark subpro
esses (4,5) give mu
h larger 
ontributions than the quark-antiquarksubpro
esses (6,7) while exa
tly the opposite is true for proton-antiproton 
ollisionsat the Tevatron. The 
ontribution from gluon-indu
ed subpro
esses is signi�
ant at all
olliders over the whole pT ranges. It is interesting to note that at �xed xT = 2pT=psthe gluon 
ontributions are largest at RHIC. Here, the jet 
ross se
tion at xT = 0:5still re
eives 55% 
ontributions from gluon-indu
ed subpro
esses, as 
ompared to only35% at the Tevatron or 38% at the LHC. As shown in Fig. 3, this results in mu
h largerPDF un
ertainties for the high xT in
lusive jet 
ross se
tion at RHIC, as 
ompared to5
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Figure 4: An overview of data over theory ratios for in
lusive jet 
ross se
tions,measured in di�erent pro
esses at di�erent 
enter-of-mass energies. The data are
ompared to 
al
ulations obtained by fastNLO in NLO pre
ision (for DIS data) andin
luding O(�4s) threshold 
orre
tions (for p�p data). The inner error bars representthe statisti
al errors and the outer error bars 
orrespond to the quadrati
 sum ofall experimental un
ertainties. In all 
ases the perturbative predi
tions have been
orre
ted for non-perturbative e�e
ts.the Tevatron and the LHC for whi
h PDF un
ertainties are roughly of the same size(at the same xT ). This indi
ates that the PDF sensitivity at the same xT is aboutthe same at the Tevatron and at the LHC, while it is mu
h higher at RHIC.An overview over published measurements of the in
lusive jet 
ross se
tion indi�erent rea
tions and at di�erent 
enter-of-mass energies is given in Fig. 4. Theresults are shown as ratios of data over theory. The theory 
al
ulations in
lude the best6
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Figure 5: The phase spa
e in x and pT 
overed by the data sets shown in the previous�gure.available perturbative predi
tions (NLO for DIS data and NLO + O(�4s) threshold
orre
tions for p�p data) whi
h have been 
orre
ted for non-perturbative e�e
ts. Overthe whole phase spa
e of 8 < pT < 700GeV jet data in DIS and p�p 
ollisions are well-des
ribed by the theory predi
tions using CTEQ6.1M PDFs [7℄. The phase spa
e inx and pT 
overed by these measurements is shown in Fig. 5, demonstrating what 
anbe gained by using fastNLO to in
lude these data sets in future PDF �ts. A �rststudy using fastNLO on the future potential of LHC jet data has been published inRef. [19℄.Referen
es[1℄ C. Adlo� et al. [H1 Collaboration℄, Eur. Phys. J. C 19, 289 (2001) [arXiv:hep-ex/0010054℄.[2℄ S. Chekanov et al. [ZEUS Collaboration℄, Eur. Phys. J. C 23, 615 (2002)[arXiv:hep-ex/0112029℄. 7
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