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In 2010, we carried out an exercise to
which all PDF groups were invited to
participate

A comparison of NLO predictions for
benchmark cross sections at the LHC
(7 TeV) using MCFM with prescribed
input files

Benchmarks included

o W/Z production/rapidity
distributions

+ ttbar production

+ Higgs production through gg
fusion

A masses of 120, 180 and 240
GeV

® PDFs used include CTEQG.6,
MSTWO08, NNPDF2.0, HERAPDF1.0 2

ABKMO09, GJR08

1.
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All of the benchmark processes were to be calculated with the following settings:

at NLO in the M S scheme

. all calculation done in a the 5-flavor quark ZM-VFNS scheme, though each group uses a different

treatment of heavy quarks
at a center-of-mass energy of 7 TeV
for the central value predictions, and for +68% and +90% c.l. PDF uncertainties

with and without the as uncertainties, with the prescription for combining the PDF and « errors
to be specified

repeating the calculation with a central value of ag(myz) of 0.119.



2010 PDF luminosities ~{p3~

® Define and to compare PDF luminosities from the
different PDF groups

dLi; 1 1

[fi(z1, 1) f(@2, p) + (1 2)] . 27)

The prefactor with the Kronecker delta avoids double-counting in case the partons are identical. The
generic parton-model formula

|
o= /0 day dzy fi(z1, 1) f;(x2, 1) (28)
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can then be written as




2010 PDF luminosities ~{p>~

® The gqQ luminosities for the groups tend to have different behaviors
at low mass and at high mass

® The reasons can often be understood

+ NNPDFZ2.0 does not use a heavy quark flavor scheme; this suppresses the low
x quark and anti-quark distributions (NNPDF2.1 does use such a scheme)

+ HERAPDF uses the HERA combined Run 1 dataset that prefers a higher
normalization

® The agreement tends to be much better in the W/Z region
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2010 PDFs

® Larger differences are observed for gg luminosities, especially at
high mass

+ critically depends on whether Tevatron inclusive jet data have
been used or not
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2010 uncertainties (par

Z4(qq) luminosity at LHC (s =7 TeV)

® Uncertainties, at least among
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2010 cross section comparisons ~{Ip3/~

® Notice that the CTEQ and MSTW predictions for W/Z production
are very close to each other

® Also, in general, there is very little dependence of the cross
sections on the value of a,(m;) (as expected)

® And of course, the higher qQ luminosities observed earlier lead to
higher predictions for W/Z cross sections for HERAPDF
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2010 cross section comparisons

® Larger gg differences and greater dependence on o, lead to larger
differences in Higgs/tT cross section
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Comparison of NNLO PDF luminosity functions™Ip3)

Zq(aq) Iummosnty at LHC Ns =7 TeV)
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Comparison of NNLO predictions
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NNLO (approx.) tt cross sections at the LHC (\'s =7 TeV)
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PDF4LHC recommendations “@W

2. The PDF41L.HC recommendation

Before the recommendation is presented, it is useful to highlight the differences between two use cases:
(1) cross sections which have not yet been measured (such as, for example, Higgs production) and (2)
comparisons to existing cross sections. For the latter, the most useful comparisons should be to the
predictions using individual PDFs (and their uncertainty bands). Such cross sections have the potential,
for example, to provide information useful for modification of those PDFs. For the former, in particular
the cross section predictions in this report, we would like to provide a reliable estimate of the true
uncertainty, taking into account possible differences between the central values of predictions using
different PDFs '. From the results seen it is clear that this uncertainty will be larger than that from any
single PDF set, but we feel it should not lose all connection to the individual PDF uncertainties (which
would happen for many processes if the full spread of all PDFs were used), so some compromise is
proposed.



PDF4LHC recommendations(arXiv:1101 .0538’)”/-\W\IP3 )

So the prescription for NLO is as follows:

e For the calculation of uncertainties at the LHC, use the envelope provided by the central values and
PDF+a§ errors from the MSTWOS, CTEQ_6.6 and NNPDEF2 .0 PDFs, using each grouE’s ErescriE-
tions for combining the two types of errors. We propose this definition of an envelope because the
deviations between the predict-ions are as large as their uncertainties. As a central value, use the
midpoint of this envelope. We recommend that a 68%c.1. uncertainty envelope be calculated and
the o variation suggested 1s consistent with this. Note that the CTEQ6.6 set has uncertainties and
g variations provided only at 90%c.1. and thus their uncertainties should be reduced by a factor
of 1.645 for 68%c.1.. Within the quadratic approximation, this procedure is completely correct.

So the prescription at NNLO is:

e As a central value, use the MSTWOS prediction. As an uncertainty, take the same percentage
uncertainty on this NNLO prediction as found using the NLO uncertainty prescription given above.

Of course, there is the freedom/encouragement to use any individual PDF desired
for comparison to measured cross sections. This has been the norm for the 2010 LHC
results.



More benchmarking e

2 studies in 2011 Les Houches proceedings(1203.6803)

® Benchmarking for inclusive DIS cross sections
+ with S. Alekhin, A. Glazov, A. Guffanti, P. Nadolsky, and J.
Rojo
+ excellent agreement observed between CTEQ code with
alternative DIS calculation provided by A. Guffanti
® Benchmark comparison of NLO jet cross sections
+ J. Gao, Z. Liang, H.-L. Lai, P. Nadolsky, D. Soper, C.-P. Yuan
o compare EKS results with FastNLO (NLOJET++)

+ excellent agreement between the two if care is taken on
settings for jet algorithm, recombination scheme, QCD scale
choices



Correlations between DO Run-2 inc. jet data and gluon PDF
Z. Lliang, P. Nadolsky, in 2011 Les Houches Proceedings
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Higgs Yellow Reports  ~{p3

CERN-2011-002
17 February 2011

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH Handbook of LHC Higgs cross sections:

2. Differential Distributions

Handbook of LHC Higgs cross sections:
1. Inclusive observables

Report of the LHC Higgs Cross Section Working Group

arXiv:1201.3084v1 [hep-ph] 15 Jan 2012

Reportof the LHC Higgs Cross Section Working Group Editors: S. Dittmaier
C. Mariotti
G. Passarino
R. Tanaka

arXiv:1101.0593v3 [hep-ph] 20 May 2011

paralleled 2010 PDF4LHC  &iwrs: s. pitmaier

C. Mariot more extensive use of PDF and cross
re po rt G. Passarino . .
R. Tanaka section correlations

GENEVA
2011
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Followup for PDFALHC (I3

® Study of NNLO PDFs from 5 PDF groups (no new updates for JR)

+ drawing from what Graeme Watt has done, but now including CT10
NNLO, and NNPDF2.3

+ using common values of o (0.117 and 0.119)

+ including a detailed comparisons to LHC data which have provided
detailed correlated systematic error information, keeping track of
required systematic error shifts, normalizations, etc

a ATLAS 2010 W/Z rapidity distributions

a ATLAS 2010 inclusive jet cross section data

a CMS 2011 W lepton asymmetry

a LHCb 2010 W lepton rapidity distributions in forward region

® The effort is being led by Juan Rojo and Pavel Nadolsky and will result in
an independent publication

+ with Stefano Carrazza, Jun Gao, Stefano Forte, JH, and Robert
Thorne

® The results from this paper will be utilized in a subsequent PDF4LHC
document(s)



PDFs used in the comparison @W

PDF set Reference | ot (NLO) | a, range (NLO) | of” (NNLO) | a, range (NNLO)
NNPDF2.3 3] all [0.114,0.124] all [0.114,0.124]
MSTWO08 4] 0.1202 [0.110,0.130] 0.1171 [0.107,0.127]
CT10 7] 0.118 [0.112,0.127] 0.118 [0.112,0.127]
ABM11 Ny =5 9] 0.1181 [0.110,0.130] 0.1134 [0.104,0.120]
HERAPDF1.5 0.1176 [0.114,0.122] 0.1176 [0.114,0.122]

Table 1: PDF sets used in this paper. All PDF sets are provided both at NLO and NNLO. In

both cases, we quote the value ago) for which PDF errors are provided in all sets but NNPDF2.3,

and the range in as in which PDF central values are provided. For ABM11 the as varying PDF
sets are not available in the Np = 3 PDF set.
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Figure 1: Comparison of the gluon PDF at Q2 = 2 GeV? between different NNLO PDF sets, in a
linear scale (upper plots) and in a logarithmic scale (lower plots). The left plots show the compar-
ison between NNPDF2.3, CT10 and MSTWO08, while in the right plots we compare NNPDF2.3,
HERAPDF1.5 and MSTWO0S.



Comparison of PDFs
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Figure 2: Same as Fig. 1 for the total quark singlet and the total strangeness PDF's.
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Same as Fig. 1 for the non-singlet triplet and total valence PDF's.
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Figure 5: The gluon—gluon parton (upper plots) and charm-charm (lower plots) luminosities,
Eq. 1, for the production of a final state of invariant mass Mx at LHC 8 TeV. The left plots show
the comparison between NNPDF2.3, CT10 and MSTWO08, while in the right plots we compare
NNPDF2.3, HERAPDF1.5 and MSTWO08. All PDF luminosities are computed at a common value
of ag = 0.119.
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Figure 6: The quark-quark parton (upper plots) and quark-gluon (lower plots) luminosities,
Eq. 1, for the production of a final state of invariant mass M x at LHC 8 TeV. The left plots show
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Figure 10: Comparison of the ATLAS electroweak vector production data with the NNPDF2.3,
CT10 and MSTW2008 (left plots) predictions with oz = 0.119. The experimental error band is
obtained adding in quadrature all experimental systematics including normalization errors.



LHC data s

CMS W electron charge asymmetry CMS W electron charge asymmetry

® CMS 2011 e e ey
;0-24: @ 2$P05§.3 ONNLO E —;0-24_ 8 NNPDF2.3 NNLO -
E | = cTionnL . £ Has 1
|ept0n $022¢ 7% MSTW2008 NNLO E Z0.22H 11 HERAPDF1ONNLO =
E 02-_—0— Experimental data E %‘ 02:_—0— Experimental data _:
s ] E L ]
asymmetry ;>o.1e:— 3 %o.w:— =
and LHCDb g6 1 o E
5014 3 5014 E
2010 lepton %“23‘ 1 5ot E
T C . s F .
w 0.1 -] o 01 -
rapldlty o: 05 1 15 5 2-5 Y I e 55
d | Strl b ut' ons " Electron Pseudorapidity Il Electron Pseudorapidity Il )

LHCb W* muon pseudorapidity distribution LHCb W' muon pseudorapidity distribution LHCb W' muon pseudorapidity distribution

S00FETTETTTT T T T = 800pTT T T T T T T T 450P ™R

700F- E 70 E 400f E

s00f- E 50 E 350 E

z soog— 4 g 500 — g 3D°§ E

€“° 3 - 5140 = g;250E E

B 3 = E * F 3
& a00f- £ § 300 E 5 2%

g NNPDF2.3 NNLO e 20 NNFDF2.3 NNLO E 180 NNPDF2.3 NNLO E

E | s crionnto ] ABM11 NNLO E 100F CTIONNLO 3

100f-| %4 MSTW2008 NNLO E 10 HERAPDF1.5 NNLO K E % MSTW2008 NNLO E

F | —e— Expermanta data 3 Expermental data B 50f-| —*— Expermental data =

b1 1 1 1 1 1 1 ! ! ! h = ottt 1 1 Laaal L 1 1 Iy I Bt 1 1 1 1 1 1 L 1 L ! It

Y 22242628 3 32 34 36 38 4 42 44 22 24 28 28 :1, 3.3 34 3.% :?.8 4 42 44 22 24 26 28 3 32 34 36 38 4 42 4.4

Muon Pssudorapidity I | uon Pseudorapidity ) Muon Pseudorapicity In |

LHCb W muon pseudorapidity distribution

B NNPOF2.3 NNLO
ABM1TNNLO

—e— Exparmental cata

22 24 26 28 3 32 34 36 38 4 42 44
Muon Pseudorapidity I |

Figure 11: Comparison of the CMS LHCb electroweak vector production data with the NNPDF2.3
NNLO, CT10 NNLO and MSTW2008 NNLO predictions with ag = 0.119. The experimental error
band is obtained adding in quadrature all experimental systematics including normalization errors.
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Figure 12: Comparison of the ATLAS R = 0.4 inclusive jet production data from the 2010
dataset with the NNPDF2.3 NNLO, CT10 NNLO and MSTW2008 NNLO predictions with ag =
0.119. The experimental error band is obtained adding in quadrature all experimental systematics
including normalization errors.
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Figure 1: Comparisons of NLO theoretical predictions for 2010 ATLAS single-inclusive jet production (R = 0.4) from various
numerical programs. NNPDF2.3 NLO PDFs are used with as(Mz) = 0.119.
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Calculation of 2 (Ip3yas

Given the knowledge of the statistical, systematic and normalization uncertainties for
a given experiment, we define the experimental covariance matrix used to quantify the
data/theory quality as follows:

Ne Na Nr
(cov)rs = (Z 011071+ 5IJ0'%,3> FiFy + (Z O1nOsn+ Y UI,nUJ,n) FiFy  (2)
=1 n=1 n=1

where I and J run over the experimental points, F; and F'; are the measured central values
for the observables I and J. The uncertainties, given as relative values, are: o, the IV,
correlated systematic uncertainties; oy, the N, (IN,) absolute (relative) normalization
uncertainties; or s the statistical uncertainties (which includes uncorrelated systematic
uncertainties). Note that Eq. (2) cannot be used in an actual PDF fit since it is affected
by the D’Agostini bias for the treatment of normalization errors [21], but it is suitable to
compare predictions from different PDF sets.

Other definitions of the covariance matrix rather than Eq. (2) will lead to somewhat

different results, as well as different treatments of systematic and luminosity uncertainties,
can lead to somewhat different results. We will study in the appendix the impact of

different definitions of the covariance matrix in the context of the ATLAS 2010 inclusive
jet measurements.
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Figure 2: Comparisons of NLO theoretical predictions for 2010 ATLAS single-inclusive jet production (R = 0.4) from AP-

PLGRID using varions NNLO PDFs with as(Mz) = 0.119.

PDFset(as(Mz) = 0.119)

x2/d.o.f x*(res.) x*(sys.) Ae.lum.

v? for all PDFs

are good (too good?)

2010 data not

constraining for

PDF fits?

ABM11 NNLO 0.81 44 .4 28.5 -1.12
CT10 NNLO 0.81 47 4 25.5 -1.76
CT10 NLO 0.94 24.0 306  -1.18
HERA1.5 NNLO 0.85 50.7 25.8  -2.36
MSTWO08 NNLO 0.79 45.7 25.1 -2.00
NNPDF2.3 NNLO 0.79 42.4 29.1 -1.88

A

also irﬁportant to check that no

major systematic errors need large shift

Table I: Fit of 2010 ATLAS single-inclusive jet data (R = 0.4), including reduced x?, luminosity systematic shift, and the
separate contributions to the total x? from residuals and systematic shifts, using NLO theoretical predictions from FASTNLOv2
for various PDFs with as(Mz) = 0.119.



Which 2? ~(Ipdrer

® There are a number of y? values being quoted that can differ
greatly depending on the details of the definition

x? definition
PDF Code Eq. (Al),|Eq. (A4),| Eq. (A1), Eq. (A1),
or =Dy | o, = Dy, |or, = Tk(CT10) |0k = Tk(NN2.3)
CT10 FNLO 0.95 0.95 0.55 0.60
CT10 MEKS1 1.11 1.11 0.67 0.71
CT10| MEKS2 1.00 1.00 0.65 0.68
NN2.3 FNLO 0.86 0.87 0.60 0.57
NN2.3| MEKSI1 1.11 1.12 0.80 0.82
NN2.3| MEKS2 0.90 0.90 0.65 0.62
NN2.3|APPLGRID| 1.00 1.00 0.64 0.58

Table I1: x?/Np: values for the ATLAS inclusive jet production data (y/s = 7 TeV, R = 0.4) obtained with various NLO PDFs,
computer codes, and definitions of the x? function. The cross sections are computed at NLO using FASTNLO (FNLO), MEKS
with pp r equal to the individual jet pr (MEKS1) or pr of the hardest jet (MEKS2), and APPLGRID. The correlation matrix
is obtained from the raw experimental matrix as the percentage of the central experimental value (columns 1 and 2), CT10
theoretical prediction (column 3) and NNPDF2.3 theoretical prediction (column 4).

Np¢ 2 Ny
2({a},{x}>=zé Dy — Ti({a}) - Zﬁka +3 a2, (A1)
k=1 a=1
Npt O N 6 /[3
Ca} Po@)}) = 30 (Di=T)CF (D =Ty) €' = | 5= 3 G Ay
i,j=1 i qpB=1 55
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Figure 7: Comparison of the predictions for the LHC Standard Model Higgs boson cross section
in gluon fusion at 8 TeV between various NNLO PDF sets. Left plot: results for ag(Mz) = 0.117.
Right plot: results for ag(Mz) = 0.119.
as(Mz) NNPDF2.3 MSTWO08 CT10 ABM11 HERAPDF1.5

0.114 19.74 £ 0.25 | 19.17 + 0.24 | 18.76 + 0.36 | 18.77 £ 0.43 | 19.22 + 1.08
0.117 20.87 = 0.21 | 20.41 £+ 0.26 | 19.92 £+ 0.38 | 20.01 = 0.46 | 20.22 + 1.14
0.118 21.29 £+ 0.23 | 20.78 £ 0.26 | 20.31 £ 0.40 | 20.36 + 0.47 | 20.42 + 1.15
0.119 21.66+ 0.28 | 21.19 + 0.27 | 20.73 £+ 0.40 | 20.73 £ 0.47 | 20.91 + 1.18

Table 3: The cross sections for Higgs production at 8 TeV in the gluon fusion channel at NNLO,
using the settings described in the text. The cross sections are given in pb. We have assumed a
Higgs boson of my = 125 GeV. We show the results for different values of ag(Mz).



8 TeV cross section predictions
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Figure 8: Comparison of the predictions for the top quark pair production at LHC 8 TeV between
various NNLO PDF sets. Left plot: results for ag(Mz) = 0.119. Right plot: the dependence
on as(Mz) = 0.119 for the CT10 results. In both cases we also show the recent CMS 8 TeV
measurement.
as(Mz) NNPDF2.3 MSTWO08 CT10 ABM11 HERAPDF1.5
0.114 206.35 + 4.5 | 2088 £ 5.2 | 204.3 £ 7.4 | 1814 + 5.0 207.2 £+ 24.0
0.117 + 2225 £ 5.5 | 2180 £ 7.8 | 199.7 £ 5.5 225.1 £+ 26.1
0.118 + 227.1 £ 5.7 | 2229 + 8.0 | 2054 £ 5.6 | 228.8 + 26.5
0.119 227.8 +£ 5.0 232.1 = 5.8 | 227.6 £ 8.2 | 211.2 + 5.8 237.5 £ 27.5

Table 4: Same as Tab. 3 for the cross sections for top quark pair production at 8 TeV at
NLO+NNL, using the settings described in the text. The cross sections are given in pb. We
have assumed a top quark mass of my = 173.3 GeV.



8 TeV cross sections (Ip3

LHC 8 TeV o(W") - VRAP NNLO -og=0.119 LHC 8 TeV o(W') - VRAP NNLO - a5 =0.119
7.8¢ —@— NNPDF23 s 5'65 —@— NNPDF23 B
[ ——><— msTwos ’ 5.5 —>— msTwo8 =
7.6 —S— c110 — - —&— cT10 ]
- ——f—— ABMI1 )l< ] 5.4 ——<— aBM11 —
L ——®— HERAPDF15 i - ——® — HERAPDF1.5 =
74— cMms2012 7] 5.3 —+— ocms202 =
o IR OO UUUPPPRTRTRY SUUPRTTPRRRSRRI ] o) - 3
= = 5.2 -
,% 7.2~ - % = =
e T T s >l< =
6.8:— _: 4.95— + _E
6.6/~ 7] 4.7 =

LHC 8 TeV o(Z° - VRAP NNLO - ag=0.119
1.26

1.24
1.22
1.2
1.18
.16 =
1.14 + + —i
1.1
1.08
1.06

+

NNPDF2.3
MSTWO08
CT10
ABM11

HERAPDF1.5
CMS 2012

t

]

lllllllllllllllll

]

Z°) [pb

llllllllll!l




8 TeV cross section ratios =

Here the uncertainty is closer to a factor of 2, even though mostly qQ initial states.
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Figure 9: Comparison of the predictions for inclusive cross sections for electroweak gauge boson
production between different PDF sets at LHC 8 TeV. In all cases the branching ratios to leptons
have already been taken into account. From top to bottom and from left to right we show the
W+, W— and Z inclusive cross sections and then the W+ /W~ and W/Z ratios. All cross sections
are compared at a common value of as(Mz) = 0.119.
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® The plan is to put the paper on the archive before the
CERN PDF4LHC (mini)meeting

+ wWhere Juan will present the results

+ and then submit the paper to a journal

® And then to derive a PDF4LHC update from this
document, which will include a new recommendation for
NNLO predictions where it is necessary to calculate an

uncertainty band beyond the use of one PDF error set
alone

+ My suggestion would be to use the envelope of

CT10, MSTW2008 and NNPDF2.3, similar to what is
now done at NLO
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e Partonic leading order contributions at O(a?):

q w q W q W

q W 7 W q W
e Photon-induced contributions at O(a?):

v W v W v W

v W v W v W

— MSTW2004qged PDF set is adopted [Martin et al. 2005]
— Potentially large contribution at large invariant masses

Anastasiya Bierweiler 9
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High energy cuts: pT w= > 15 GeV, |yw=x| < 2.5 GeV, Mywyw > 1 TeV
MSTW2008LO PDFs [Martin et al. 2009]
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e WW production dominated e drastic distortion of angular

by small scattering angles distribution
e drastic forward-backward e > § varies from —30% and
peaking of vy — WW +45% for Myw > 1 TeV
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