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• Introduction to PDFs

• Summary of available fits

• Comparison of PDFs

• Impact (and issues) on Higgs Cross section : 
        gg channel for inclusive cross section
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calculation of     coefficientsG

  Not a good approximation for ‘bottom’ ! dominated by b-t interference:
  small and negative

Effective vertex

• Higher order QCD corrections very challenging due
to heavy quark loop at LO

• Work in the MH/4Mt ! 1 approximation: effective
ggH vertex (1 loop less)
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  If full Born result is retained
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Main ingredient of any high-energy observable in Hadronic Colliders

perturbative partonic cross-section

non-perturbative parton distributions
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Expression relies on factorization theorem :  HT, mass corrections, etc. not trivial



• Include all observables where pQCD is under control : each one helps to 
constrain a combination of pdfs at certain kinematics

Process Subprocess Partons x range
!± {p, n} → !± X γ∗q → q q, q̄, g x ! 0.01
!± n/p → !± X γ∗ d/u → d/u d/u x ! 0.01
pp → µ+µ− X uū, dd̄ → γ∗ q̄ 0.015 " x " 0.35
pn/pp → µ+µ− X (ud̄)/(uū) → γ∗ d̄/ū 0.015 " x " 0.35
ν(ν̄) N → µ−(µ+) X W ∗q → q′ q, q̄ 0.01 " x " 0.5
ν N → µ−µ+ X W ∗s → c s 0.01 " x " 0.2
ν̄ N → µ+µ− X W ∗s̄ → c̄ s̄ 0.01 " x " 0.2
e± p → e± X γ∗q → q g, q, q̄ 0.0001 " x " 0.1
e+ p → ν̄ X W+ {d, s} → {u, c} d, s x ! 0.01
e±p → e± cc̄X γ∗c → c, γ∗g → cc̄ c, g 0.0001 " x " 0.01
e±p → jet + X γ∗g → qq̄ g 0.01 " x " 0.1
pp̄ → jet + X gg, qg, qq → 2j g, q 0.01 " x " 0.5
pp̄ → (W± → !±ν) X ud → W, ūd̄ → W u, d, ū, d̄ x ! 0.05
pp̄ → (Z → !+!−) X uu, dd → Z d x ! 0.05

Table 1: The main processes included in the current global PDF analysis ordered in three groups:
fixed-target experiments, HERA and the Tevatron. For each process we give an indication of their
dominant partonic subprocesses, the primary partons which are probed and the approximate
range of x constrained by the data.
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MSTW

Fixed target :
 lp and DY

HERA

Tevatron

PDFs are universal !



ansatz for PDFs at    
with initial set of parameters

evolve PDFs to relevant scale 
Q using DGLAP

Calculate observable
and   

2500-3000
 data points

  minimum?
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• Uncertainties:

Fit: χ2 minimization for n data points Ei with errors δEi [Ti: theo. estim.]
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Many strategies: the Hessian approach and the Lagrange-multipliers approach
(Pumplin, Stump, Tung; Stump et. al. PRD 65, 2002).

The Hessian method (HKNS):
- Expansion of χ2 around the minimum χ2
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Vogt, Moch, Vermaseren

provide 40/50 pdfs to compute uncertainties for any observable



Neural Network approach

• Construct a set of MonteCarlo replicas of the original data set where the 
replicas fluctuate about central data 

• Split data sets into training and validation sets

• Fit to the data replicas obtaining PDF replicas

• PDFs generated using a neural net to find the best fit. Eliminates largely 
dependence on parameterization. Still includes pre-processing factor to 
constrain kinematic limits

• Statistical definition of mean value and standard deviation for observable 

f(x, µ2
0) = Axα(1− x)β NN(x)

over the ensemble of PDF replicas, using the following master formula:

〈F [{q}]〉 =
1

Nrep

Nrep
∑

k=1

F [{q(k)}], (5)

where Nrep is the number of replicas of PDFs in the Monte Carlo ensemble. The associated uncertainty
is found as the standard deviation of the sample, according to the usual formula
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These formulae may also be used for the determination of central values and uncertainties of the parton
distribution themselves, in which case the functional F is identified with the parton distribution q :
F [{q}] ≡ q. Indeed, the central value for PDFs themselves is given by

q(0) ≡ 〈q〉 =
1

Nrep

Nrep
∑

k=1

q(k) . (7)

NNPDF provides both sets of Nrep = 100 and Nrep = 1000 replicas. The larger set ensures
that statistical fluctuations are suppressed so that even oddly-shaped probability distributions such as
non-gaussian or asymmetric ones are well reproduced, and more detailed features of the probability dis-
tributions such as correlation coefficients or uncertainties on uncertainties can be determined accurately.
However, for most common applications such as the determination of the uncertainty on a cross section
the smaller replica set is adequate, and in fact central values can be determined accurately using a yet
smaller number of PDFs (typically Nrep ≈ 10), with the full set of Nrep ≈ 100 only needed for the
reliable determination of uncertainties.

NNPDF also provides a set 0 in the NNPDF20 100.LHgrid LHAPDF file, as in previous releases
of the NNPDF family, while replicas 1 to 100 correspond to PDF sets 1 to 100 in the same file. This set
0 contains the average of the PDFs, determined using Eq. (7): in other words, set 0 contains the central
NNPDF prediction for each PDF. This central prediction can be used to get a quick evaluation of a
central value. However, it should be noticed that for any F [{q}] which depends nonlinearly on the PDFs,
〈F [{q}]〉 &= F [{q(0)}]. This means that a cross section evaluated from the central set is not exactly equal
to the central cross section (though it will be for example for deep-inelastic structure functions, which
are linear in the PDFs). Hence, use of the 0 set is not recommended for precision applications, though
in most cases it will provide a good approximation. Note that set q(0) should not be included when
computing an average with Eq. (5), because it is itself already an average.

Equation (6) provides the 1–sigma PDF uncertainty on a general quantity which depends on PDFs.
However, an important advantage of the Monte Carlo method is that one does not have to rely on a
Gaussian assumption or on linear error propagation. As a consequence, one may determine directly a
confidence level: e.g. a 68% c.l. for F [{q}] is simply found by computing the Nrep values of F and
discarding the upper and lower 16% values. In a general non-gaussian case this 68% c.l. might be
asymmetric and not equal to the variance (one–sigma uncertainty). For the observables of the present
benchmark study the 1–sigma and 68% c.l. PDF uncertainties turn out to be very similar and thus only
the former are given, but this is not necessarily the case in in general. For example, the one sigma error
band on the NNPDF2.0 large x gluon and the small x strangeness is much larger than the corresponding
68% CL band, suggesting non-gaussian behavior of the probability distribution in these regions, in which
PDFs are being extrapolated beyond the data region.
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Nrep = 100or 1000

NNPDF, Ball et al



set order data uncertainty HQ

MSTW 
2008

NNLO global
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(+ external 
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CT10 NLO global
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Each group one provides a number of sets to compute central values 
and pdfs,  pdf+coupling uncertainties
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Figure 2. NLO parton–parton luminosities as the ratio with respect to MSTW 2008.

distributions. The somewhat larger gg luminosity of CTEQ6.6/CT10 at large ŝ compared

to MSTW08 may be due to the inclusion of Tevatron Run I jet data, which are known

to prefer a larger high-x gluon distribution than the more reliable Run II data [37], while

the larger gg luminosity at small ŝ may be due to the positive-definite input gluon con-

straint of CTEQ6.6/CT10, which is not imposed in the MSTW08 or NNPDF2.1 fits. By

the momentum sum rule, the CTEQ6.6/CT10 gg luminosity at the intermediate ŝ values

relevant for gg → H and tt̄ production is then slightly smaller than that of MSTW08 and

NNPDF2.1. The GG luminosities in figure 2(e,f), relevant for dijet production, interpolate

– 10 –

much bigger differences for 
non-global pdfs!
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Figure 2. NLO parton–parton luminosities as the ratio with respect to MSTW 2008.

distributions. The somewhat larger gg luminosity of CTEQ6.6/CT10 at large ŝ compared

to MSTW08 may be due to the inclusion of Tevatron Run I jet data, which are known

to prefer a larger high-x gluon distribution than the more reliable Run II data [37], while

the larger gg luminosity at small ŝ may be due to the positive-definite input gluon con-

straint of CTEQ6.6/CT10, which is not imposed in the MSTW08 or NNPDF2.1 fits. By

the momentum sum rule, the CTEQ6.6/CT10 gg luminosity at the intermediate ŝ values

relevant for gg → H and tt̄ production is then slightly smaller than that of MSTW08 and

NNPDF2.1. The GG luminosities in figure 2(e,f), relevant for dijet production, interpolate

– 10 –
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µ2
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Three global fits in reasonable agreement 
but deviations sometimes as large as 
uncertainties (not well understood why!)
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Figure 2. NLO parton–parton luminosities as the ratio with respect to MSTW 2008.

distributions. The somewhat larger gg luminosity of CTEQ6.6/CT10 at large ŝ compared

to MSTW08 may be due to the inclusion of Tevatron Run I jet data, which are known

to prefer a larger high-x gluon distribution than the more reliable Run II data [37], while

the larger gg luminosity at small ŝ may be due to the positive-definite input gluon con-

straint of CTEQ6.6/CT10, which is not imposed in the MSTW08 or NNPDF2.1 fits. By

the momentum sum rule, the CTEQ6.6/CT10 gg luminosity at the intermediate ŝ values

relevant for gg → H and tt̄ production is then slightly smaller than that of MSTW08 and

NNPDF2.1. The GG luminosities in figure 2(e,f), relevant for dijet production, interpolate

– 10 –

much bigger differences for 
non-global pdfs!
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Figure 2. NLO parton–parton luminosities as the ratio with respect to MSTW 2008.

distributions. The somewhat larger gg luminosity of CTEQ6.6/CT10 at large ŝ compared

to MSTW08 may be due to the inclusion of Tevatron Run I jet data, which are known

to prefer a larger high-x gluon distribution than the more reliable Run II data [37], while

the larger gg luminosity at small ŝ may be due to the positive-definite input gluon con-

straint of CTEQ6.6/CT10, which is not imposed in the MSTW08 or NNPDF2.1 fits. By

the momentum sum rule, the CTEQ6.6/CT10 gg luminosity at the intermediate ŝ values

relevant for gg → H and tt̄ production is then slightly smaller than that of MSTW08 and

NNPDF2.1. The GG luminosities in figure 2(e,f), relevant for dijet production, interpolate

– 10 –
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Envelope to partially account for TH uncertainties (assumptions)
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Fig. 34: Top: Combined relative PDF+αs uncertainty band for the total Higgs cross section from gluon fusion, at
NLO (left) and at NNLO (right) obtained using MSTW2008. Bottom: rescaling factor for the NNLO uncertainty
(left), obtained as the ratio of the percentage width of the NLO envelope with respect to its mid point to the
percentage uncertainty of the MSTW2008 NLO band, and final NNLO uncertainty band obtained applying the
rescaling to the MSTW08 NNLO result (right).

In order to obtain a meaningful comparison between different PDF sets it is crucial to adopt the
same uncertainty range for the value of αs. Here we assume the same range as for the PDF4LHC
benchmarks of Ref. [45] namely

δ(90)αs = 0.002 at 90% CL, δ(68)αs = 0.0012 = 0.002/C90 at 68% CL, (14)

where C90 = 1.64485. In Fig. 33 we show the combined PDF+αs uncertainty bands obtained with
CTEQ6.6, MSTW2008, NNPDF2.0, for LHC at 7 and 14 TeV, all normalized to the central MSTW2008.
For different Higgs mass values the predictions show partial agreement of different pairs of the three col-
laborations in such a way that only an envelope (the black line) of the three bands provides a conservative
estimate of the uncertainty. This black line corresponds to the NLO PDF4LHC prescription.

At NNLO, the PDF4LHC prescription amounts to multiplying the MSTW08 NNLO percentage
uncertainty by a factor obtained as the ratio of the MSTW08 NLO percentage uncertainty to the NLO
envelope percentage uncertainty (all shown in Fig. 34 along with the final result). Note that in this case
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PDF4LHC at work 2 : NNLO with MSTW and NNPDF

NNLO supports PDF4LHC prescription : stability from NLO
CTEQ NNLO coming soon



Of course, any time there is a prescription/recommendation 

there should be criticism !

Example: ABM + JR
@ Tevatron

rates for gauge boson production at LHC energies can be rather confidently predicted with an
accuracy better than about 9%. These differences are due to the different light sea distributions
(ū, d̄, s̄) obtained in the various analyses and require more detailed theoretical and experimental
investigations in the future.

3 Higgs Boson Production. The inclusive partonic production cross section 4 of the Higgs
boson of the Standard Model σ(pp → H0+X) [2] depends on the strong coupling constant ∝ α2

s

and a large part of the cross section exhibits a quadratic dependence of the gluon density. As
has been shown in Table 1, the αs(M2

Z) values determined, resp. assumed [12], are still different.
Despite having reached an impressive accuracy of O(1%) in individual analyses of the world
deep-inelastic data and related collider data, [8–10,29,31] 5, and for a large number of other high
energy processes and decay widths, cf. [33], an overall agreement has not yet been reached. As
well-known, the gluon density and the value of αs(M2

Z) are anticorrelated, see e.g. the tables of

MH (GeV) ABM10 [8] ABKM09 [9] JR [10] MSTW08 [11] HERAPDF [12]

100 1.438 ± 0.066 1.380 ± 0.076 1.593 ± 0.091 1.682 ± 0.046 1.417

110 1.051 ± 0.052 1.022 ± 0.061 1.209 ± 0.078 1.265 ± 0.038 1.055

115 0.904 ± 0.047 0.885 ± 0.055 1.060 ± 0.072 1.104 ± 0.034 0.917

120 0.781 ± 0.042 0.770 ± 0.050 0.933 ± 0.067 0.968 ± 0.031 0.800

125 0.677 ± 0.038 0.672 ± 0.045 0.823 ± 0.062 0.851 ± 0.029 0.700

130 0.588 ± 0.034 0.589 ± 0.041 0.729 ± 0.058 0.752 ± 0.026 0.615

135 0.513 ± 0.031 0.518 ± 0.037 0.647 ± 0.054 0.666 ± 0.024 0.541

140 0.449 ± 0.028 0.456 ± 0.034 0.576 ± 0.050 0.591 ± 0.022 0.479

145 0.394 ± 0.025 0.403 ± 0.031 0.514 ± 0.047 0.527 ± 0.020 0.424

150 0.347 ± 0.023 0.358 ± 0.028 0.461 ± 0.044 0.471 ± 0.018 0.377

155 0.306 ± 0.020 0.318 ± 0.026 0.413 ± 0.041 0.421 ± 0.017 0.336

160 0.271 ± 0.019 0.283 ± 0.024 0.371 ± 0.039 0.378 ± 0.016 0.300

165 0.240 ± 0.017 0.253 ± 0.022 0.335 ± 0.036 0.341 ± 0.014 0.269

170 0.213 ± 0.015 0.226 ± 0.020 0.302 ± 0.034 0.307 ± 0.013 0.241

175 0.190 ± 0.014 0.203 ± 0.019 0.274 ± 0.032 0.278 ± 0.012 0.217

180 0.169 ± 0.013 0.182 ± 0.017 0.248 ± 0.030 0.251 ± 0.012 0.195

185 0.151 ± 0.012 0.164 ± 0.016 0.225 ± 0.028 0.228 ± 0.011 0.176

190 0.136 ± 0.011 0.148 ± 0.015 0.205 ± 0.027 0.207 ± 0.010 0.159

200 0.109 ± 0.009 0.121 ± 0.013 0.170 ± 0.024 0.172 ± 0.009 0.131

Table 3: NNLO predictions for the production cross sections σ(pp → H0 +X) [pb] at
√
S = 1.96 TeV.

The errors refer to the ±1σ pdf uncertainties.

the correlation coefficients given in [9]. The values of αs(M2
Z) determined in global analyses

to derive the parton distribution functions have all lower central values than the world average

4The vector boson fusion channel adds a correction of about 10%, with an O(2%) pdf uncertainty, cf. [30].
5For a compilation see Ref. [32].

5

-30% (>5 sigma)

ABM vs MSTW 
at 160 GeV

Baglio, Djouadi, Godbole 
ABM&JR

Why so different Higgs cross sections? : gluons and coupling constant

Potentially big concern for Higgs exclusion limits

Uncertainties might be substantially underestimated by PDF4LHC prescription : use all available sets



One big issue: coupling constant • affects cross-section
• strong correlation with pdfs

αs(MZ) = 0.1184± 0.0007World average : PDG (S. Bethke) uncertainty most probably larger
but not more than 0.002
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• strong correlation with pdfs

αs(MZ) = 0.1184± 0.0007World average : PDG (S. Bethke) uncertainty most probably larger
but not more than 0.002

±0.0012 (±0.002) at 68% (90%) c.l.∆αs(MZ) =
PDF4LHC recommendation : use for each fit the corresponding
and consider uncertainty
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Figure 1. Values of αS(M2
Z), and their 1-σ uncertainties, used by different PDF fitting groups

at (a) NLO and (b) NNLO. The smaller symbols indicate the PDF sets with alternative values of
αS(M2

Z) provided by each fitting group. The shaded band indicates the world average αS(M2
Z) [51].

GJR08) agree with the world average [51], while MSTW08 is the only set in agreement at

NNLO.

The prescription for “PDF+αS” uncertainties in the MSTW08 case was given in

ref. [52]. We compare this prescription with the alternative prescription of adding in

quadrature in table 2 for all the benchmark processes. (The settings for the cross-section

calculations are given later in section 4.) Adding in quadrature for MSTW08 was proposed

as a simplification in refs. [16, 20] and expected to give slightly smaller uncertainties.

For CTEQ6.6/CT10 and HERAPDF1.0/1.5 we simply add αS uncertainties in quadrature

with the PDF uncertainties, as recommended by the fit authors. For NNPDF2.1, we use

the prescription given in refs. [53, 54], that is, we take the number of replicas for each

αS(M2
Z) value from a Gaussian distribution with mean of 0.1190 and standard deviation

0.0012. Rounding to the nearest integer values, this gives N (j)
rep = 4, 25, 71, 100, 71, 25, 4,

for α(j)
S (M2

Z) = 0.116, 0.117, 0.118, 0.119, 0.120, 0.121, 0.122, then we take the averages and

standard deviations over Nrep =
∑

j N
(j)
rep = 300 replicas. For each α(j)

S (M2
Z) value, the

N (j)
rep replicas are chosen randomly from the full 100 replicas available. To eliminate depen-

dence on the particular subset of N (j)
rep replicas chosen, the averages and standard deviations

over the Nrep = 300 replicas are themselves calculated many (105) times, then the results

averaged. This final averaging is supplementary to the official NNPDF prescription and

can be considered as an improvement at little computational cost. For ABKM09 and

GJR08/JR09, αS(M2
Z) is one of the fit parameters used to produce the eigenvector sets,

which implies mixing of αS(M2
Z) with PDF parameters, so a “PDF+αS” uncertainty is ob-

tained automatically and it is not straightforward to calculate a “PDF only” uncertainty.

Care must then be taken that a different αS value is used in the partonic cross section for

each eigenvector PDF set.
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MSTW

CTEQ

NNPDF

ABM

(G)JR 0.1145± 0.0018

0.1180± 0.0019

0.1202+0.0012
−0.0015

0.1191± 0.0006

0.1179± 0.0016

0.1171± 0.0014

0.1135± 0.0014

0.1124± 0.0020

NLO NNLO

• Results from global fits agree with world average, large differences with non-global
• DIS only-fits prefer smaller coupling? Challenged by recent analyses: only BCDMS?
• Thorne and Watt : Dis-only fits spoil gluon behavior at large x
• Jets stabilize result towards world average   NNPDF-Thorne, Watt

• HERA also finds large value 0.1176

only 
experimental

errors

What about pdf sets?
partially responsible for the disagreement 

•NNPDF-MSTW



•ABM claims wrong use of NMC data as responsible for both gluons and coupling

R

and the less precise FNS
2 = 2(F p

2 − F d
2 ) for x < 0.3. However, using the MSTW08 NNLO

central fit, contributions other than valence quarks are found to make up about 10% (2%)

of F p
2 at x = 0.3 (x = 0.5). As an exercise we performed the MSTW08 NNLO DIS-

only fit just to F p
2 and F d

2 for x > 0.3 (comprising 282 data points, 160 of these from

BCDMS), which gave αS(M2
Z) = 0.1103 (0.1130) without (with) the singlet contribution

included. This is even lower than the BBG06 value presumably due to lack of the y > 0.3

cut on BCDMS data applied in the BBG06 analysis. The low value of αS(M2
Z) found by

BBG06 [73] is therefore due to both dominance of BCDMS data and by what we conclude

is the unjustified neglect of the singlet contribution to F p
2 and F d

2 for x ≥ 0.3. Given that

it was argued above that the Tevatron jet data are needed to pin down the high-x gluon,

we conclude that an extraction of αS(M2
Z) only from inclusive DIS data is not meaningful,

and the closest possible to a reliable extraction is the MSTW08 NNLO combined analysis

of DIS, Drell–Yan and jet data [13, 32]:

αS(M
2
Z) = 0.1171 ± 0.0014 (68% C.L.) ± 0.0034 (90% C.L.). (4.2)

This value is the only NNLO determination, from a simultaneous fit with PDFs, which is in

agreement with the current world average αS(M2
Z) = 0.1184 ± 0.0007 [31]; see figure 5(b).

5 Treatment of NMC data and stability to low Q2 data

A recent claim has been made [11] that the bulk of the MSTW08/ABKM09 difference

in both the extracted αS(M2
Z) value and the gg → H predictions is explained by the

treatment of NMC data [14]. The differential cross section for DIS of charged leptons off

nucleons, "N → "X, neglecting the nucleon and lepton masses, and assuming single-photon

exchange, is
d2σ

dxdQ2
$

4πα2

xQ4

[

1− y −
y2/2

1 +R(x,Q2)

]

F2(x,Q
2), (5.1)

where R = σL/σT $ FL/(F2 − FL) is the ratio of the γ∗N cross sections for longitudi-

nally and transversely polarised photons, Q2 is the photon virtuality, x is the Bjorken

variable and y $ Q2/(x s) is the inelasticity (with
√
s the "N centre-of-mass energy). The

ABKM09 [15] analysis fitted the NMC differential cross sections directly, calculating FL

to O(α2
S) and including empirical higher-twist corrections. The MSTW08 [13] analysis

instead fitted the NMC F2 values corrected for R, where [14]

R(x,Q2) =

{

RNMC(x) if x < 0.12

R1990(x,Q2) if x > 0.12
. (5.2)

Here, RNMC(x) was a (Q2-independent) value extracted from NMC data, whileR1990(x,Q2)

was a Q2-dependent empirical parameterisation of SLAC data dating from 1990 [74]. By

replacing the NMC differential cross-section data by NMC F2 data, ABM [11] find that

their best-fit αS(M2
Z) moves from 0.1135 to 0.1170 and their gg → H cross sections at the

Tevatron and LHC move closer to the MSTW08 values. ABM [11] therefore conclude that
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•ABM claims wrong use of NMC data as responsible for both gluons and coupling

R

and the less precise FNS
2 = 2(F p

2 − F d
2 ) for x < 0.3. However, using the MSTW08 NNLO

central fit, contributions other than valence quarks are found to make up about 10% (2%)

of F p
2 at x = 0.3 (x = 0.5). As an exercise we performed the MSTW08 NNLO DIS-

only fit just to F p
2 and F d

2 for x > 0.3 (comprising 282 data points, 160 of these from

BCDMS), which gave αS(M2
Z) = 0.1103 (0.1130) without (with) the singlet contribution

included. This is even lower than the BBG06 value presumably due to lack of the y > 0.3

cut on BCDMS data applied in the BBG06 analysis. The low value of αS(M2
Z) found by

BBG06 [73] is therefore due to both dominance of BCDMS data and by what we conclude

is the unjustified neglect of the singlet contribution to F p
2 and F d

2 for x ≥ 0.3. Given that

it was argued above that the Tevatron jet data are needed to pin down the high-x gluon,

we conclude that an extraction of αS(M2
Z) only from inclusive DIS data is not meaningful,

and the closest possible to a reliable extraction is the MSTW08 NNLO combined analysis

of DIS, Drell–Yan and jet data [13, 32]:

αS(M
2
Z) = 0.1171 ± 0.0014 (68% C.L.) ± 0.0034 (90% C.L.). (4.2)

This value is the only NNLO determination, from a simultaneous fit with PDFs, which is in

agreement with the current world average αS(M2
Z) = 0.1184 ± 0.0007 [31]; see figure 5(b).

5 Treatment of NMC data and stability to low Q2 data

A recent claim has been made [11] that the bulk of the MSTW08/ABKM09 difference

in both the extracted αS(M2
Z) value and the gg → H predictions is explained by the

treatment of NMC data [14]. The differential cross section for DIS of charged leptons off

nucleons, "N → "X, neglecting the nucleon and lepton masses, and assuming single-photon

exchange, is
d2σ

dxdQ2
$

4πα2

xQ4

[

1− y −
y2/2

1 +R(x,Q2)

]

F2(x,Q
2), (5.1)

where R = σL/σT $ FL/(F2 − FL) is the ratio of the γ∗N cross sections for longitudi-

nally and transversely polarised photons, Q2 is the photon virtuality, x is the Bjorken

variable and y $ Q2/(x s) is the inelasticity (with
√
s the "N centre-of-mass energy). The

ABKM09 [15] analysis fitted the NMC differential cross sections directly, calculating FL

to O(α2
S) and including empirical higher-twist corrections. The MSTW08 [13] analysis

instead fitted the NMC F2 values corrected for R, where [14]

R(x,Q2) =

{

RNMC(x) if x < 0.12

R1990(x,Q2) if x > 0.12
. (5.2)

Here, RNMC(x) was a (Q2-independent) value extracted from NMC data, whileR1990(x,Q2)

was a Q2-dependent empirical parameterisation of SLAC data dating from 1990 [74]. By

replacing the NMC differential cross-section data by NMC F2 data, ABM [11] find that

their best-fit αS(M2
Z) moves from 0.1135 to 0.1170 and their gg → H cross sections at the

Tevatron and LHC move closer to the MSTW08 values. ABM [11] therefore conclude that
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Figure 19. Effect of NMC treatment on the gluon distribution at a scale Q2 = (165 GeV)2. The
values of x = MH/

√
s relevant for central production (assuming pHT = 0) of a Standard Model

Higgs boson of mass MH = 165 GeV at the Tevatron and LHC are indicated. We also show the
effect of raising the cuts imposed on the DIS data compared to the default of removing data with
Q2 < 2 GeV2 and W 2 < 15 GeV2. Finally, we show the effect of simply fixing αS(M2

Z) to be close
to the ABKM09 value, or performing a fit with a positive-definite input gluon distribution and no
jet data, and we compare directly to ABKM09.

In table 5 and figure 19 we show the results of the MSTW08 NNLO fit with a fixed

αS(M2
Z) = 0.113 [32] (slightly below the ABKM09 value), and even in this case the gluon

distribution and Higgs cross sections move only part of the way towards the ABKM09

result, as already seen in figure 7. The MSTW08 input gluon parameterisation is [13]

xg(x,Q2
0 = 1 GeV2) = Ag x

δg (1− x)ηg (1 + εg
√
x+ γg x) + Ag′ x

δg′ (1− x)η
′

g , (5.3)

compared to the much more restrictive functional forms of the other NNLO fits, namely:

ABKM09 [15]: xg(x,Q2
0 = 9 GeV2) = Ag x

δg (1− x)ηg xγg x, (5.4)

JR09 [21]: xg(x,Q2
0 = 0.55 GeV2) = Ag x

δg (1− x)ηg , (5.5)

HERAPDF1.0 [23]: xg(x,Q2
0 = 1.9 GeV2) = Ag x

δg (1− x)ηg . (5.6)

The normalisation Ag is determined from the momentum sum rule constraint, leaving

7 free parameters for MSTW08 compared to only 3 for ABKM09 and only 2 for JR09

and HERAPDF1.0 (although the value of Q2
0 is optimised in the case of JR09). In the
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• ABM claims Tevatron data not essential for Higgs (find ~ 15% increase)

•ABM claims wrong use of NMC data as responsible for both gluons and coupling

R

and the less precise FNS
2 = 2(F p

2 − F d
2 ) for x < 0.3. However, using the MSTW08 NNLO

central fit, contributions other than valence quarks are found to make up about 10% (2%)

of F p
2 at x = 0.3 (x = 0.5). As an exercise we performed the MSTW08 NNLO DIS-

only fit just to F p
2 and F d

2 for x > 0.3 (comprising 282 data points, 160 of these from

BCDMS), which gave αS(M2
Z) = 0.1103 (0.1130) without (with) the singlet contribution

included. This is even lower than the BBG06 value presumably due to lack of the y > 0.3

cut on BCDMS data applied in the BBG06 analysis. The low value of αS(M2
Z) found by

BBG06 [73] is therefore due to both dominance of BCDMS data and by what we conclude

is the unjustified neglect of the singlet contribution to F p
2 and F d

2 for x ≥ 0.3. Given that

it was argued above that the Tevatron jet data are needed to pin down the high-x gluon,

we conclude that an extraction of αS(M2
Z) only from inclusive DIS data is not meaningful,

and the closest possible to a reliable extraction is the MSTW08 NNLO combined analysis

of DIS, Drell–Yan and jet data [13, 32]:

αS(M
2
Z) = 0.1171 ± 0.0014 (68% C.L.) ± 0.0034 (90% C.L.). (4.2)

This value is the only NNLO determination, from a simultaneous fit with PDFs, which is in

agreement with the current world average αS(M2
Z) = 0.1184 ± 0.0007 [31]; see figure 5(b).

5 Treatment of NMC data and stability to low Q2 data

A recent claim has been made [11] that the bulk of the MSTW08/ABKM09 difference

in both the extracted αS(M2
Z) value and the gg → H predictions is explained by the

treatment of NMC data [14]. The differential cross section for DIS of charged leptons off

nucleons, "N → "X, neglecting the nucleon and lepton masses, and assuming single-photon

exchange, is
d2σ

dxdQ2
$

4πα2

xQ4

[

1− y −
y2/2

1 +R(x,Q2)

]

F2(x,Q
2), (5.1)

where R = σL/σT $ FL/(F2 − FL) is the ratio of the γ∗N cross sections for longitudi-

nally and transversely polarised photons, Q2 is the photon virtuality, x is the Bjorken

variable and y $ Q2/(x s) is the inelasticity (with
√
s the "N centre-of-mass energy). The

ABKM09 [15] analysis fitted the NMC differential cross sections directly, calculating FL

to O(α2
S) and including empirical higher-twist corrections. The MSTW08 [13] analysis

instead fitted the NMC F2 values corrected for R, where [14]

R(x,Q2) =

{

RNMC(x) if x < 0.12

R1990(x,Q2) if x > 0.12
. (5.2)

Here, RNMC(x) was a (Q2-independent) value extracted from NMC data, whileR1990(x,Q2)

was a Q2-dependent empirical parameterisation of SLAC data dating from 1990 [74]. By

replacing the NMC differential cross-section data by NMC F2 data, ABM [11] find that

their best-fit αS(M2
Z) moves from 0.1135 to 0.1170 and their gg → H cross sections at the

Tevatron and LHC move closer to the MSTW08 values. ABM [11] therefore conclude that
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Figure 19. Effect of NMC treatment on the gluon distribution at a scale Q2 = (165 GeV)2. The
values of x = MH/

√
s relevant for central production (assuming pHT = 0) of a Standard Model

Higgs boson of mass MH = 165 GeV at the Tevatron and LHC are indicated. We also show the
effect of raising the cuts imposed on the DIS data compared to the default of removing data with
Q2 < 2 GeV2 and W 2 < 15 GeV2. Finally, we show the effect of simply fixing αS(M2

Z) to be close
to the ABKM09 value, or performing a fit with a positive-definite input gluon distribution and no
jet data, and we compare directly to ABKM09.

In table 5 and figure 19 we show the results of the MSTW08 NNLO fit with a fixed

αS(M2
Z) = 0.113 [32] (slightly below the ABKM09 value), and even in this case the gluon

distribution and Higgs cross sections move only part of the way towards the ABKM09

result, as already seen in figure 7. The MSTW08 input gluon parameterisation is [13]

xg(x,Q2
0 = 1 GeV2) = Ag x

δg (1− x)ηg (1 + εg
√
x+ γg x) + Ag′ x

δg′ (1− x)η
′

g , (5.3)

compared to the much more restrictive functional forms of the other NNLO fits, namely:

ABKM09 [15]: xg(x,Q2
0 = 9 GeV2) = Ag x

δg (1− x)ηg xγg x, (5.4)

JR09 [21]: xg(x,Q2
0 = 0.55 GeV2) = Ag x

δg (1− x)ηg , (5.5)

HERAPDF1.0 [23]: xg(x,Q2
0 = 1.9 GeV2) = Ag x

δg (1− x)ηg . (5.6)

The normalisation Ag is determined from the momentum sum rule constraint, leaving

7 free parameters for MSTW08 compared to only 3 for ABKM09 and only 2 for JR09

and HERAPDF1.0 (although the value of Q2
0 is optimised in the case of JR09). In the
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NLO PDF (with NLO σ̂) µ = pT /2 µ = pT µ = 2pT
MRST04 1.06 (0.59) 0.94 (0.31) 0.84 (0.31)

MSTW08 0.75 (0.30) 0.68 (0.28) 0.91 (0.84)

CTEQ6.6 1.25 (0.14) 1.66 (0.20) 2.38 (0.84)

CT10 1.03 (0.13) 1.20 (0.19) 1.81 (0.84)

NNPDF2.1 0.74 (0.29) 0.82 (0.25) 1.23 (0.69)

HERAPDF1.0 2.43 (0.39) 3.26 (0.66) 4.03 (1.67)

HERAPDF1.5 2.26 (0.40) 3.05 (0.66) 3.80 (1.66)

ABKM09 1.62 (0.52) 2.21 (0.85) 3.26 (2.10)

GJR08 1.36 (0.23) 0.94 (0.13) 0.79 (0.36)

NNLO PDF (with NLO+2-loop σ̂) µ = pT /2 µ = pT µ = 2pT
MRST06 2.96 (1.24) 1.21 (1.18) 1.03 (0.84)

MSTW08 1.39 (0.42) 0.69 (0.44) 0.97 (0.48)

HERAPDF1.0, αS(M2
Z) = 0.1145 2.64 (0.36) 2.15 (0.36) 2.20 (0.46)

HERAPDF1.0, αS(M2
Z) = 0.1176 2.24 (0.35) 1.17 (0.32) 1.23 (0.31)

ABKM09 2.55 (0.82) 2.76 (0.89) 3.41 (1.17)

JR09 0.75 (0.37) 1.26 (0.41) 2.21 (0.49)

Table 1. Values of χ2/Npts. for the CDF Run II inclusive jet data using the kT jet algorithm [33]
with Npts. = 76 and Ncorr. = 17, for different PDF sets and different scale choices µR = µF = µ =
{pT /2, pT , 2pT }. The χ2 values are calculated accounting for all 17 sources of correlated systematic
uncertainty, using eq. (3.1), including the 5.8% normalisation uncertainty due to the luminosity
determination. At most a 1-σ shift in normalisation is allowed. We highlight in bold those values
lying inside the 90% C.L. region, defined by eq. (3.9), which gives χ2/Npts. < 0.83. The values
of χ2/Npts. computed using eq. (3.7), simply adding all experimental uncertainties in quadrature
(including luminosity), are shown in brackets in the table. If the theory prediction was identically
zero, the χ2/Npts. values would be 25.0 (37.5) with (without) accounting for correlations between
systematic uncertainties.

GJR08 [57, 58]. We consider NNLO PDFs from MRST06 [59], MSTW08 [13], HER-

APDF1.0 [23], ABKM09 [15] and JR09 [21, 22]. The MRST04 and MRST06 fits only

included Tevatron Run I data [60, 61], and were superseded by the MSTW08 fits, but we

show the χ2 values here just to demonstrate that these older fits do not give a good descrip-

tion of the newer Tevatron Run II data due to their harder high-x gluon distribution. The

CTEQ6.6 fit includes only the Tevatron Run I data [60, 61], while the CT10 fit includes

Run II data [34, 35] in addition to the Run I data [60, 61], contrary to the MSTW08 and

NNPDF2.1 fits which include only Run II data [33, 36]. The GJR08 fit included some Run

I [61] and Run II [62] data, while the JR09, ABKM09 and HERAPDF fits did not include

any Tevatron jet data.

The most constraining data set appears to be the CDF Run II inclusive jet data

using the kT jet algorithm [33] (see table 1) where, other than MSTW08, only NNPDF2.1

gives an acceptable description for µ = pT , while HERAPDF1.0 and ABKM09 typically
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χ2/Npts. < 0.83 within 90%C.L.

CDF Run II inclusive jet data using kT algorithm (76 points)

 No acceptable description of jet data from non-global sets

Interesting exercise by R.Thorne and G.Watt (2011)

Check how well PDFs reproduce jet Tevatron data

Message from TW : only global analysis provide accurate distributions and uncertainties
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Figure 12. Data/theory ratios for the DØ Run II inclusive jet data using a cone jet algorithm [35]
with Npts. = 110 and Ncorr. = 23, for MSTW08 and ABKM09 NNLO PDFs with NLO partonic
cross sections supplemented by 2-loop threshold corrections, with scale choice µR = µF = pT ,
and (a) all experimental errors added in quadrature, then (b) accounting for correlated systematic
uncertainties using eq. (3.1) and showing only the uncorrelated experimental errors.
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Figure 13. Data/theory ratios for the DØ Run II dijet data using a cone jet algorithm [36]
with Npts. = 71 and Ncorr. = 70, for MSTW08 and ABKM09 NNLO PDFs and NLO partonic cross
sections, with scale choice µR = µF = pT , where pT ≡ (pT1+pT2)/2, with (a) all experimental errors
added in quadrature, then (b) accounting for correlated systematic uncertainties using eq. (3.1) and
showing only the uncorrelated experimental errors.
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JETS

Closest observable to Higgs in terms of Luminosity, kinematics and power of coupling!

PV:  Any PDF should reproduce jet data if being used for Higgs
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JETS

• Jets at NNLO? use NLO or NLO +Threshold corrections
soft corrections are small (few %), depend on definition of threshold Owens, Kidonakis

DdeF, Vogelsang

Now, jets are not so trivial!

• Sizable scale dependence (TH uncertainty)

• Comparison subtle because of large correlations in systematic uncertainties

• Dijet more complicated (no NNLO-threshold corrections available)

• Run I vs Run II tension in data

Closest observable to Higgs in terms of Luminosity, kinematics and power of coupling!

PV:  Any PDF should reproduce jet data if being used for Higgs

not using Run II jets up to 100% change in gluon at large x Thorne, Watt
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Conclusions

Do not expect such big modification in the future. But to be safer, I 
would recommend try PDF4LHC prescription with larger uncertainty 
to leave room for possible TH/EXP improvements (mostly on jets!)

• Everything looks pretty solid and coming LHC data will help to constrain 
PDFs much better! 

• PDFs play a role in setting exclusion limits for Higgs, but limit can not 
depend of pdf set used

• We know recent examples (e.g. MRST-06 vs MSTW-08) where TH 
improvements produced considerable change in PDFs (and Higgs cross section)





Example: MSTW 2008 vs MRST 2006

 Caution about ‘PDF uncertainty’ 

Real PDF uncertainty might exceed ‘error’ bands

! from 2002 to 2008 many changes (NNLO kernels)

" but check from 2006 to 2008
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2006/2008 ‘Error’ bands do not overlap
in kinematical range relevant for Higgs 
production

underestimate of ‘error’ in 2006 ?

Tevatron

2006 analysis did not provide a reliable estimate of uncertainties in large x gluon 
distribution due to issue in parametrization (DIS to MS scheme transformation)

Do not expect such a big modification in the future



Some questions/Comments/Conclusions

• So far, only experimental errors considered

Some TH (assumptions) uncertainties estimated by “envelope” prescription

might be incorporated directly on the analysis∆αTH

s
= ±0.002Baglio et al

MSTW :  0.117
NNPDF : 0.119

central values

Siegfried Bethke: The 2009 World Average of αs 11

The presence of correlated errors, if using the equations
given above, is usually signalled by χ2 < ndf . Values of
χ2 > ndf , in most practical cases, are a sign of possibly
underestimated errors. In this review, both these cases are
pragmatically handled in the following way:

In the presence of correlated errors, described by a
covariance matrix C, the optimal procedure to determine
the average x is to minimise the χ2 function

χ2 =
n

∑

i,j=1

(xi − x)(C−1)ij(xj − x) ,

which leads to

x =





∑
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(C−1)ijxj


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∑
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and
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.

The choice of Cii = ∆x2
i and Cij = 0 for i "= j re-

tains the uncorrelated case given above. In the presence
of correlations, however, the resulting χ2 will be less than
ndf = n − 1. In order to allow for an unknown common
degree of a correlation f , the method proposed in [61] will
be applied by choosing Cij = f×∆xi×∆xj and adjusting
f such that χ2 = n − 1.

For cases where the uncorrelated error determimation
results in χ2 > ndf , and in the absence of knowledge which
of the errors ∆xi are possibly underestimated, all individ-
ual errors are scaled up by a common factor g such that
the resulting value of χ2/ndf , using the definition for un-
correlated errors, will equal unity.

Note that both for values of f > 0 or g > 1, ∆x
increases, compared to the uncorrelated (f = 0 and g = 1)
case.

4.2 Determination of the world average

The eight different determinations of αs(MZ0) summarised
and discussed in the previous section are listed in ta-
ble 1 and are graphically displayed in figure 5. Apply-
ing equations 14, 15 and 16 to this set of measurements,
assuming that the errors are not correlated, results in
an average value of αs(MZ0) = 0.11842 ± 0.00063 with
χ2/ndf = 5.4/7.

The fact that χ2 < ndf signals a possible correlation
between all or subsets of the eight input results. Assuming
an overall correletion factor f and demanding that χ2 =
ndf = 7 requires f = 0.23, inflating the overall error from
0.00063 to 0.00089.

In fact, there are two pairs of results which are known
to be largely correlated:

– the two results from e+e− event shapes based on the
data from JADE and from ALEPH use the same theo-
retical predictions and similar hadronisation models to

0.11 0.12 0.13
!!    ((""    ))s Z

Quarkonia (lattice)

DIS  F2 (N3LO) 

#-decays (N3LO)

DIS  jets (NLO)

e+e– jets & shps (NNLO) 

electroweak fits (N3LO) 

e+e– jets & shapes (NNLO) 

$ decays (NLO)

Fig. 5. Summary of measurements of αs(MZ0). The vertical
line and shaded band mark the final world average value of
αs(MZ0) = 0.1184 ± 0.0007 determined from these measure-
ments.

correct these predictions for the transitions of quarks
and gluons to hadrons. While the experimental errors
are uncorrelated, the theoretical uncertainties may be
assumed to be correlated to 100%. The latter accounts
for about 2/3 to 3/4 of the total errors. An appropriate
choice of correlation factor between the two may then
be f = 0.67.

– the QCD predictions for the hadronic widths of the
τ -lepton and the Z0 boson are essentially identical, so
the respective results on αs are correlated, too. The
values and total errors of αs(MZ0) from τ decays must
therefore be correlated to a large extend, too. In this
case, however, the error of one measurement is al-
most entirely determined by the experimental error
(Z0-decays), while the other, from τ -decays, is mostly
theoretical. A suitable choice of the correlation factor
between both these results may thus be f = 0.5.

Inserting these two pairs of correlations into the error
matrix C, the χ2/ndf of the averaging procedure results
in 6.8/7, and the overall error on the (unchanged) central
value of αs(MZ0) changes from 0.00063 to 0.00067. There-
fore the new world average value of αs(MZ0) is defined to
be

αs(MZ0) = 0.1184± 0.0007.

For seven out of the eight measurements of αs(MZ0),
the average value of 0.1184 is within one standard devi-
ation of their assigned errors. One of the measurements,
from structure functions [45], deviates from the mean value
by more than one standard deviation, see figure 5.

The mean value of αs(MZ0) is potentially dominated
by the αs result with the smallest overall assigned un-
certainty, which is the one based on lattice QCD [26]. In
order to verify this degree of dominance on the average
result and its error, and to test the compatibility of each

αs(MZ) = 0.1184± 0.0007

World average PDG (S. Bethke)

αs(MZ) = 0.1209± 0.0013
only EW & tau (N3LO)

• Coupling constant and World average : mixing of perturbative orders

PDF4LHC recommendation ±0.0012 (±0.002) at 68% (90%) c.l.∆αs(MZ) =



PDFs provide sets obtained with different values of αs(MZ)
Sizable effect in uncertainties
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Figure 11. gg → H total cross sections, plotted as a function of αS(M2
Z), at NLO.

different αS(M2
Z) values. The dependence of the gg → H cross sections at the LHC (and

Tevatron) on the choice of PDFs (and αS) will be discussed in much more detail in ref. [29],

where we argue that the Tevatron jet data provide an important discriminator between the

different PDF sets and strongly favour MSTW08 over ABKM09.

4.3 tt̄ production

We calculate tt̄ production (without decay) for a top-quark pole mass mt = 171.3 GeV

(PDG 2009 best value). At NLO we use private code (originally by J. Stirling) with NLO
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Figure 12. gg → H total cross sections, plotted as a function of αS(M2
Z), at NNLO.

corrections from ref. [69], again checked to agree with mcfm to within the numerical in-

tegration error (of around 0.1%). The NNLO calculation of the total cross section for tt̄

production is still in progress (see, for example, ref. [70] for the status), although various

approximations based on threshold resummation are available, in particular in the hathor

public code [27]. We will use the hathor [27] code with the default settings for an approx-

imate “NNLO” calculation, although we will make no attempt to quantify the theoretical

uncertainty (other than from PDFs and αS); see also the discussion in ref. [71]. There

are very slight differences at NLO because hathor [27] uses a parameterisation [72] of the
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Results in better agreement when evaluated at same value: coupling main 
source of discrepancy at LHC but not enough at Tevatron
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Figure 7. gg → H total cross sections, plotted as a function of αS(M2
Z), at NNLO.

and at most ±0.002 at NNLO, where these values should be interpreted as roughly 1-σ

(68% C.L.). However, this additional uncertainty was not recommended to be propagated

to the “PDF+αS” uncertainty on cross sections, in the same way that theoretical errors

on PDFs are not generally provided and propagated to uncertainties on cross sections. It

was intended simply to be an estimate of how much the value of αS(M2
Z) might change

if extracted at even higher orders. It has subsequently been proposed (by Baglio and

Djouadi) to include the theoretical uncertainty on αS in the cross-section calculation for

the gg → H process at the Tevatron [7] and LHC [8], which somewhat reduces the ap-
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Some issues:

•Selection of data

•Weights for some experiments

•“Aesthetic” requirements

•Theoretical issues 

•Uncertainties

which observables (no prompt photon)
“incompatible” data sets (W lepton asymmetries)
open bins/combined data (Hera)

enhance the relevance of some data set
enhance some “parton distribution”
reduce effect of inconsistent data sets

unphysical behavior of pdfs at x=0 and 1 : penalty terms

what is 1sigma in a global fit? ∆χ2 =?

HQ treatment and masses
Parametrization of pdfs
Selection of factorization/renormalization scales
TH improvements for some observables (resummation)
Solution of evolution equations and precision (speed!)
      from fit or external value? which value/uncertainty?αs



Future
HERA PDF can include Tevatron and LHC data

Candidate NNLO fit (compared to CT10.1 NLO)

PRELIMINARY
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� Differences between NLO and NNLO sets are comparable to

such differences in ABM & MSTW NNLO PDF sets

� Reduced gluon at x → 0; increased light quarks at x ≈ 10−3;

lower strangeness

Pavel Nadolsky (SMU) Workshop on SM benchmarks, DESY June 15, 2011 4

from P. Nadolsky
CT 10.1 with NNLO

ABM 10 : includes Tevatron jets and improvement in HQ thresholds

NNPDF 2.2 will soon include LHC data (W lepton asymmetry)


