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The idea of META parton distribution functions (PDFs) was proposed in our previous work.
It provides a nature way to combine predictions from different PDF fitting groups. In this
talk, we show detailed predictions on the SM Higgs boson production at the LHC. We also
discuss possibilities of reducing redundant PDF freedoms on predictions of certain observables.
As a result we provide a variation of our original META PDF set that the first 6 eigenvectors
could fulfill PDF inputs for a global analysis of the SM Higgs boson couplings at the LHC.

1 Introduction

The META parton distribution functions (PDFs) combine the measurements on PDFs from
different PDF fitting groups 1. It serves as an average procedure of the chosen PDFs, and is
designed specially for the LHC studies. In the META PDF framework all the PDFs are described
by a same function form and same evolutions at scales above the bottom quark mass. Thus the
heavy-quark scheme dependences are included as part of the boundary conditions. The META
PDFs work similarly as the 2010 PDF4LHC 2,3 prescriptions but directly in the PDF parameter
space and can be applied to most processes at the LHC.

After discovery of the SM Higgs boson 4,5, one of the major tasks at the LHC is to extract
the Higgs couplings and further investigate dynamics of the electro-weak symmetry breaking.
Uncertainties due to PDF and αs inputs are one of the most important systematics on such
measurements. They are comparable or even larger than the residual scale uncertainties of most
recent NLO/NNLO calculations6. In analyses based on 2010 PDF4LHC recommendations, PDF
induced correlations on Higgs cross sections from different channels could not be included in an
easy and straightforward way due to the “envelop prescription” used. While they could be
derived naturally in our META PDF framework.

We provide predictions on PDF uncertainties and induced correlations for a comprehensive
set of Higgs cross sections that would be studied at the LHC 8 and 14 TeV. Moreover, based
on the method of “data set diagonalization”, we identify 6 PDF eigenvectors out of 50 that are
relevant for a global analysis of the Higgs couplings at the LHC. Or equivalently, the PDF uncer-
tainties and correlations could be fully described by 6 nuisance parameters in the experimental
analyses. Impact of uncertainties due to the αs input are discussed as well.

2 PDF rediagonalization for global analyses of SM Higgs couplings

For META PDFs with the Hessian representation, physical predictions including uncertainties
are based on a multi-Gaussian distribution in the original PDF parameter space that are de-
scribed by 50 independent Gaussian distributions of linear combinations of the PDF parameters.
In the Hessian method the chosen of orthogonal basis or eigenvectors is not unique 7. We can



switch to another basis with a coordinate transformation zi = Uijxj , where U could be an arbi-
trary orthogonal matrix with UTU = 1. The so-called “data set diagonalization”7 is that we can
choose most of the new eigenvectors to be approximately orthogonal to the subspace spanned by
a certain group of physical observables, e.g., jet cross sections7, or Higgs cross sections discussed
later. Thus for studies of these observables, only a few of the eigenvectors or error PDFs are
needed to fully describe their PDF uncertainties including induced correlations.

As a first example, we consider several production channels of the SM Higgs boson at the
LHC 8 and 14 TeV, including gg → H, VBF, HW±/Z, bb̄→ H, H+1jet, HH, Htt̄ production.
For each channel we select the inclusive rate, as well as the rates in the large rapidity or high
pT region of the Higgs boson for some channels, defined as |yH | > 1 or pT,H > mH respectively.
The mass of the Higgs boson is set to 125 GeV close to the experimental measurements 4,5. We
arrive at 46 observables that cover most of the Higgs couplings would be measured at the LHC.
For channels involving jets, we use the anti-kT jet algorithm with R = 0.6 and a pre-selection
cut of |yj | < 3 and pT,j > 30 GeV. Especially for the VBF channel, we impose the VBF-cuts
in addition by requiring mjj > 600 GeV and dyjj > 4 for the two leading jets. Most of the
inclusive rates are calculated at NNLO in hard matrix elements. Others including the rates with
cuts applied are only at LO or NLO whether due to the NNLO calculations are not available or
just for simplification of our analysis.
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Figure 1 – Predictions on representative Higgs cross sections from the original META PDFs, including for the
central PDF (dashed line) and the error PDFs (error bar). Selected cross sections are for Higgs boson production
through gluon fusion and VBF, and HZ production at the LHC 8 TeV.

Fig. 1 shows predictions from META PDFs for several typical observables selected above,
including the inclusive rate of gg → H, VBF production, and HZ production, at the LHC 8
TeV. Complete results could be found on 8. The x axis show the eigenvector number (50 in
total). For each eigenvector the error bar shows predictions from the two error PDFs. The
horizontal line shows central predictions from META PDFs. From Fig. 1 it is clear that all
the eigenvectors contribute to predictions on total PDF uncertainties and induced correlations.
Thus all of them must be included in a global analysis of the Higgs couplings. Also symmetric
distribution of the error bars indicates a good linear dependence of the observables along the
eigenvectors.

Now we could rediagonalize the PDF eigenvectors to identify the PDF freedoms that are
most important for above observables of Higgs cross sections, and largely reduce the degree of
freedoms on PDF inputs. Using correlation informations of above 46 observables, we find a new
set of eigenvectors (50 in total, named “LHCH set”) that are physically identical to previous
META PDFs. While with the first 6 eigenvectors can describe all selected Higgs observables
with very good accuracies, e.g., reproducing the total PDF uncertainties with an error less than
10% in relative. Fig. 2 shows similar plots as Fig. 1 but for the new eigenvectors. We can see
all eigenvectors except the first 6 are almost irrelevant for predictions on PDF uncertainties of
the Higgs cross sections.

The Higgs cross sections are sensitive to input of αs as well, both directly and indirectly
through dependence on PDFs. There are several ways of combining the PDF and αs uncertainties
within the META PDF framework as discussed in 1. Here among all the possibilities, we assume
αs could be determined independently from global analyses including PDFs and with constraints
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Figure 2 – Same as Fig. 1, from the LHCH set with rediagonalized eigenvector basis.

much stronger than ones would from global analyses with PDFs. Also we treat αs as a pure
external input of QCD and will not try to mimic systematic uncertainties from unknown higher
order corrections by varying αs. Under these assumptions, as shown in 9, we can simply treat
αs uncertainty by another eigenvector and add the PDF and αs uncertainties in quadrature.
As for how to choose the input of αs we follow the 2010 PDF4LHC recommendation 2,3 with
αs(MZ) = 0.118± 0.0012 at 68% c.l.

3 Results for the ATLAS studies

By including the αs uncertainties we show combined PDF+αs uncertainties and correlations
in Fig. 3 for the Higgs cross sections studied at the ATLAS. Predictions on total fractional
PDF+αs uncertainties are shown in the bottom of Fig. 3 with plain ones from the original 50
eigenvectors and italic-bold ones from the first 6 eigenvectors of the LHCH set. It is similar
for predictions on the correlation cosines shown in grids on upper-left region. One can see the
first 6 eigenvectors well reproduce results using the full set. From Fig. 3 we can see strong
correlations between predictions on processes through gluon fusion except for H + 2jets since
the VBF-cuts force probing of the gluon PDF in relatively large x region. We also observe
moderate anti-correlations between the gluon fusion and VBF processes.

4 Summary

We performed a comprehensive study on the SM Higgs cross sections of different channels at
the LHC. We show predictions on total PDF uncertainties as well as PDF induced correlations
that could help improving the experimental analyses. We explain the “data set diagonalization”
method that can be used to remove redundant PDF freedoms for a certain group of observables.
In spirit of the method, we find that PDF predictions on all the Higgs cross sections shown can
be well described by just 6 eigenvectors. We also show αs dependence of the Higgs cross sections
and the combined PDF+αs uncertainties and correlations.

Acknowledgments

This work was supported by the U.S. DOE Early Career Research Award DE-SC0003870 by
Lightner-Sams Foundation.

References

1. J. Gao and P. Nadolsky, arXiv:1401.0013 [hep-ph].
2. M. Botje, J. Butterworth, A. Cooper-Sarkar, A. de Roeck, J. Feltesse, S. Forte, A. Glazov

and J. Huston et al., arXiv:1101.0538 [hep-ph].
3. S. Alekhin, S. Alioli, R. D. Ball, V. Bertone, J. Blumlein, M. Botje, J. Butterworth and

F. Cerutti et al., arXiv:1101.0536 [hep-ph].



4. G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-
ex]].

5. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235
[hep-ex]].

6. S. Heinemeyer et al. [LHC Higgs Cross Section Working Group Collaboration],
arXiv:1307.1347 [hep-ph].

7. J. Pumplin, J. Huston, H. L. Lai, P. M. Nadolsky, W. -K. Tung and C. -P. Yuan, Phys.
Rev. D 80 (2009) 014019 [arXiv:0904.2424 [hep-ph]].

8. http://metapdf.hepforge.org.
9. H. -L. Lai, J. Huston, Z. Li, P. Nadolsky, J. Pumplin, D. Stump and C. -P. Yuan, Phys.

Rev. D 82 (2010) 054021 [arXiv:1004.4624 [hep-ph]].

0.97

0.97

0.93

0.93

0.27

0.29

0.27

0.29

0.27

0.29

-0.41

-0.41

-0.41

-0.41

0.97

0.97

0.91

0.92

0.98

0.98

0.43

0.44

0.43

0.44

0.45

0.42

-0.43

-0.44

-0.43

-0.44

0.83

0.83

0.06

0.08

0.06

0.08

0.06

0.08

-0.44

-0.45

-0.44

-0.45

0.97

0.98

0.96

0.97

0.94

0.94

0.22

0.23

0.22

0.23

0.25

0.22

-0.49

-0.5

-0.49

-0.5

0.57

0.6

0.57

0.6

0.57

0.6

-0.31

-0.33

-0.31

-0.33

0.84

0.87

0.7

0.73

0.93

0.94

0.71

0.72

0.71

0.72

0.72

0.71

-0.3

-0.33

-0.3

-0.33

0.99

0.99

0.99

0.99

0.06

0.05

0.06

0.05

0.14

0.14

-0.07

-0.08

0.3

0.33

0.97

0.98

0.97

0.98

0.96

0.98

0.09

0.09

0.09

0.09

0.99

0.99

0.06

0.05

0.06

0.05

0.14

0.14

-0.07

-0.08

0.3

0.33

0.97

0.98

0.97

0.98

0.96

0.98

0.09

0.09

0.09

0.09

0.04

0.05

0.04

0.05

0.14

0.14

-0.07

-0.08

0.3

0.33

0.97

0.98

0.97

0.98

0.96

0.98

0.06

0.09

0.06

0.09

1.

0.99

-0.38

-0.39

-0.4

-0.4

-0.34

-0.34

-0.01

-0.02

-0.01

-0.02

-0.04

-0.05

0.92

0.93

0.92

0.93

-0.38

-0.39

-0.4

-0.4

-0.34

-0.34

-0.01

-0.02

-0.01

-0.02

-0.04

-0.05

0.92

0.93

0.92

0.93

0.97

0.97

0.97

0.97

0.29

0.29

0.29

0.29

0.31

0.28

-0.39

-0.4

-0.39

-0.4

0.89

0.9

0.07

0.07

0.07

0.07

0.08

0.05

-0.42

-0.44

-0.42

-0.44

0.46

0.48

0.46

0.48

0.47

0.46

-0.33

-0.35

-0.33

-0.35

0.99

0.99

0.99

0.99

0.02

0.02

0.02

0.02

0.99

0.99

0.02

0.02

0.02

0.02

0.

0.

0.

0.

1.

1.

3.3%
3.3%

3.2%
3.2%

3.6%
3.5%

6.9%
6.8%

6.9%
6.8%

7.%
6.8%

2.4%
2.4%

2.4%
2.4%

3.3%
3.3%

3.2%
3.2%

3.4%
3.4%

5.7%
5.7%

5.7%
5.7%

5.8%
5.8%

2.1%
2.%

2.1%
2.%

Correlation table for Higgs cross sections

Red indicates ÈcosHΦLÈ>0.7

Numbers in Italic-bold HplainL for 6 eigenvecotrs Hfull set 50 eig.L

META PDF 1.0 HLHCHL

VBF-like cut applied for 2 or more jets final states

jet Hanti-kT , 0.4L selection with ÈyÈ<4.5 and pT>30 GeV

including Αs uncertainty

G
G

H
in

c
.,

8
T

e
V

,
N

N
L

O

G
G

H
0

j
e

x
c
.,

8
T

e
V

,
N

L
O

G
G

H
1

j
e

x
c
.,

8
T

e
V

,
N

L
O

G
G

H
2

j
in

c
.,

8
T

e
V

,
L

O

G
G

H
2

j
e

x
c
.,

8
T

e
V

,
L

O

G
G

H
2

j
fu

ll
m

a
s
s
,
8

T
e

V
,
L

O

V
B

F
in

c
.,

8
T

e
V

,
L

O

V
B

F
e

x
c
.,

8
T

e
V

,
L

O

G
G

H
in

c
.,

1
4

T
e

V
,
N

N
L

O

G
G

H
0

j
e

x
c
.,

1
4

T
e

V
,
N

L
O

G
G

H
1

j
e

x
c
.,

1
4

T
e

V
,
N

L
O

G
G

H
2

j
in

c
.,

1
4

T
e

V
,
L

O

G
G

H
2

j
e

x
c
.,

1
4

T
e

V
,
L

O

G
G

H
2

j
fu

ll
m

a
s
s
,
1

4
T

e
V

,
L

O

V
B

F
in

c
.,

1
4

T
e

V
,
L

O

V
B

F
e

x
c
.,

1
4

T
e

V
,
L

O

GGH inc., 8 TeV, NNLO

GGH 0j exc., 8 TeV, NLO

GGH 1j exc., 8 TeV, NLO

GGH 2j inc., 8 TeV, LO

GGH 2j exc., 8 TeV, LO

GGH 2j full mass, 8 TeV, LO

VBF inc., 8 TeV, LO

VBF exc., 8 TeV, LO

GGH inc., 14 TeV, NNLO

GGH 0j exc., 14 TeV, NLO

GGH 1j exc., 14 TeV, NLO

GGH 2j inc., 14 TeV, LO

GGH 2j exc., 14 TeV, LO

GGH 2j full mass, 14 TeV, LO

VBF inc., 14 TeV, LO

VBF exc., 14 TeV, LO

G
G

H
in

c
.,

8
T

e
V

,
N

N
L

O

G
G

H
0

j
e

x
c
.,

8
T

e
V

,
N

L
O

G
G

H
1

j
e

x
c
.,

8
T

e
V

,
N

L
O

G
G

H
2

j
in

c
.,

8
T

e
V

,
L

O

G
G

H
2

j
e

x
c
.,

8
T

e
V

,
L

O

G
G

H
2

j
fu

ll
m

a
s
s
,
8

T
e

V
,
L

O

V
B

F
in

c
.,

8
T

e
V

,
L

O

V
B

F
e

x
c
.,

8
T

e
V

,
L

O

G
G

H
in

c
.,

1
4

T
e

V
,
N

N
L

O

G
G

H
0

j
e

x
c
.,

1
4

T
e

V
,
N

L
O

G
G

H
1

j
e

x
c
.,

1
4

T
e

V
,
N

L
O

G
G

H
2

j
in

c
.,

1
4

T
e

V
,
L

O

G
G

H
2

j
e

x
c
.,

1
4

T
e

V
,
L

O

G
G

H
2

j
fu

ll
m

a
s
s
,
1

4
T

e
V

,
L

O

V
B

F
in

c
.,

1
4

T
e

V
,
L

O

V
B

F
e

x
c
.,

1
4

T
e

V
,
L

O

Figure 3 – Predictions of the total PDF+αs uncertainties and correlations on the Higgs cross sections studied at
the ATLAS, from both the original full set (plain) and the first 6 eigenvectors of the LHCH set (italic-bold).
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