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The LHC Region
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HERA Contribution
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PDFs for LHC

j
Qµ µ

i

Start from basic factorization theorem:

σ(S) =
∑

i,j

∫
dx1dx2Di(x1, µ)Dj(x2, µ)σ̂ij(ŝ = x1x2S, αs(µ), Q/µ)

Uncertainties come from several sources:

PDF fits, parametrization, evolution
Hard process scale dependence,
higher orders, NP corrections

Power corrections: multiple interactions
(underlying event)



Parametrization Uncertainties
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Neural network approach doesn’t constrain form of 
PDFs so much as fixed (Regge?) parametrizations

L Del Debbio et al., JHEP0703, 039



CTEQ6.6 Strange Quarks

CTEQ6.1M

Due to new data (NuTeV):    νA→ µ+µ−X

(s = s̄)

sW → c in



NNLO PDFs
Intermediate Update at NNLO
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Recently updated partons at NNLO - officially
MRST06. Fit to same data as MRST04.

Previously only central values. No
NNLO partons with uncertainties due to
experimental errors.

Same procedure as before – 15 eigenvector
sets of partons and ∆χ2 = 50 for 90%
confidence limit.

Example, u(x, Q2) at NNLO compared to
NLO.

Size of uncertainties similar to at NLO.

At small x effect of coefficient functions,
particularly C2,g(x, Q2), important.

Change from NLO to NNLO greater than
uncertainty in each. Similar for other partons.

PDF4LHCMSTW 3

Small but significant changes from NLO, 
except for low-x gluon (see later)
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distributions at NLO and NNLO.
General result that NNLO becomes
more negative at very low x, still true.
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PDF4LHCMSTW 36
MSTW07



Parton-Parton Luminosities

dLij

dŝ dy
=

1
S

1
1 + δij

[Di(x1, µ)Dj(x2, µ) + (1↔ 2)]

σ =
∑

i,j

∫
dŝ dy

(
dLij

dŝ dy

)
σ̂ij(ŝ)

=
∑

i,j

∫
dŝ

(
dLij

dŝ

)
σ̂ij(ŝ)

Define

Then



Luminosities vs y
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Luminosity Uncertainties
CTEQ6.1 @ LHC
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Relative Luminosity Uncertainties
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Tevatron Jet Production
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Vector Boson Production
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Fig. 9: LHC W +, W−, Z rapidity distributions and their PDF uncertainties: top row: from the ZEUS-S global PDF analysis

not including HERA data; left plot W +; middle plot W−; right plot Z; bottom row: from the ZEUS-S global PDF analysis

including HERA data; left plot: W +; middle plot: W−; right plot: Z.

Table 5: LHCW and Z cross sections for decay via the lepton mode, for various PDFs

PDF Set σ(W+).B(W+ → l+νl) σ(W−).B(W− → l−ν̄l) σ(Z).B(Z → l+l−)
ZEUS-S no HERA 10.63 ± 1.73 nb 7.80 ± 1.18 nb 1.69 ± 0.23 nb
ZEUS-S 12.07 ± 0.41 nb 8.76 ± 0.30 nb 1.89 ± 0.06 nb
CTEQ6.1 11.66 ± 0.56 nb 8.58 ± 0.43 nb 1.92 ± 0.08 nb
MRST01 11.72 ± 0.23 nb 8.72 ± 0.16 nb 1.96 ± 0.03 nb

from the similar global PDF fit which does include HERA data. The corresponding predictions for theW
and Z cross sections, decaying to the lepton decay mode, are summarized in Table 5. The uncertainties

in the predictions for these cross sections have decreased from∼ 16% pre-HERA to∼ 3.5% post-HERA.

There could clearly have been no talk of using these processes as standard candle processes, without the

HERA data.

The post-HERA level of precision, illustrated in Fig. 9, is taken for granted in modern analyses.

However, when considering the PDF uncertainties on the Standard Model (SM) predictions it is nec-

essary not only to consider the uncertainties of one particular PDF analysis, but also to compare PDF

analyses. Figure 10 compares the predictions forW+ production for the ZEUS-S PDFs with those of the

CTEQ6.1 [47] PDFs and the MRST01 [48] PDFs5. The corresponding W+ cross sections for decay to

the leptonic mode are given in Table 5. Comparing the uncertainty at central rapidity, rather than the total

cross section, we see that the uncertainty estimates are somewhat larger: ∼ 6% for ZEUS-S; ∼ 8% for

CTEQ6.1M and ∼ 3% for MRST01. The difference in the central value between ZEUS-S and CTEQ6.1

is ∼ 4%. Thus the spread in the predictions of the different PDF sets is comparable to the uncertainty
estimated by the individual analyses. Since the measurable rapidity range is restricted to central rapidity,

it is more prudent to use these uncertainty estimates when considering ifW,Z cross sections can be used

as luminosity monitors. Comparing the results from the three PDF extractions it seems reasonable to use

the generous estimate of the CTEQ6.1 analysis, 8%, as an estimate of how well the luminosity could
5MRST01 PDFs are used because the full error analysis is available for this PDF set.

20

“Standard candles”: δσ/σ < 5%

Extra uncertainties due to cuts?



Cross Section Uncertainties
√

s Scattering σ,∆σ Correlation cos ϕ with
(TeV) process (pb) Z0 (Tev2) W±(Tev2) Z0 (LHC) W± (LHC)

pp̄→ (Z0 → #+#−)X 241(8) 1 0.987 0.23 0.33
1.96 pp̄→ (W± → #ν!)X 2560(40) 0.987 1 0.27 0.37

pp̄→ tt̄X 7.2(5) -0.03 -0.09 -0.52 -0.52
pp→ (Z0 → #+#−)X 2080(70) 0.23 0.27 1 0.956
pp→ (W± → #ν)X 20880(740) 0.33 0.37 0.956 1

14 pp→ (W+ → #+ν!)X 12070(410) 0.32 0.36 0.928 0.988
pp→ (W− → #−ν̄!)X 8810(330) 0.33 0.38 0.960 0.981

pp→ tt̄X 860(30) -0.14 -0.13 -0.80 -0.74

Note strong anticorrelation between tt and W,Z
at LHC, not present at Tevatron

CTEQ6.6, arXiv:0802.0007



Cross Section Correlations
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Higgs Cross Section
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experimental aspects. The results shown demonstrate the importance of NNLO results even
for processes with a far more benign perturbative expansion than the Higgs-production cross
section of Fig. 2: It would clearly be impossible to make precision predictions, or perform
precision analyses, based on the rough (and non-overlapping) LO and NLO error estimates
obtained by varying the renormalization and factorization scale(s). Thanks to the NNLO
calculations [44,45], on the other hand, the perturbative uncertainty has been reduced to a
level of about 1%, an accuracy unprecedented for hadron-collider cross sections.

6 Outlook: HERA results for the LHC era

Precision parton densities and QCD cross sections are required to fully realize the potential
of the LHC. For example, a very precise W -mass determination with δMW

<∼ 10 MeV seems
experimentally feasible, see Ref. [49]. Combined with δmtop ! 1 GeV such a result could
help to discriminate between, e.g., the standard model and its minimal supersymmetric
extension – see the figure (updated from Refs. [50]) shown at the end of the talk [1]. While
great progress has been made during the past years, considerable challenges remain.

At the time of this write-up 15 years of data-taking at HERA have ended. Its results
will remain indispensable throughout the LHC era, and it is important that also the high-
luminosity results of the last phase are fully exploited – despite the obvious temptation to
move on to, say, LHC Higgs hunting as soon as possible. Moreover, it is highly desirable to
preserve important data, e.g., on heavy quarks and jet production, in a manner facilitating
detailed re-analyses (as performed for PETRA data in Ref. [51]) a decade from now.
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[13] J. Blümlein and A. Vogt, Phys. Lett. B370 (1996) 149, hep-ph/9510410

[14] J. Blumlein and A. Vogt, Acta Phys. Polon. B27 (1996) 1309, hep-ph/9603450

DIS 2007



Heavy Quarks

Variable flavour-number schemes (VFNS): 
massless in evolution, matched at 

Complicated multi-scale problem:ΛQCD,mq, Q

Q2 = m2
q

Fixed flavour-number scheme (FFNS): heavy 
quarks only in hard process, misses lnn(Q/mq)

l (Nf+1)
i = l (Nf )

i + α2
s ANS,(2)

qq,h ⊗ l (Nf )
i

g (Nf+1) = g (Nf ) + α2
s

[
AS,(2)

gq,h ⊗ q (Nf )
S + AS,(2)

gg,h ⊗ g (Nf )
]

(h + h̄) (Nf+1) = α2
s

[
AS,(2)

hq ⊗ q (Nf )
S + AS,(2)

hg ⊗ g (Nf )
]
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Small x Resummation

ABF: Altarelli, Ball, Forte
CCSS: Ciafaloni, Colferai, Salam, Stasto

Gluon splitting function: results are converging

[also Thorne & White]



Resummed Splitting Functions
Resummed Splitting Function Matrix
NLO+ scheme includes, besides NLO, also NNLO terms ∼ α3
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Marcello Ciafaloni A Matrix formulation for small-x RG improved evolution RadCor Conference, GGI (Florence), October 2007 – p.12/13
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Convolution with gluon



Evolution of Gluon PDF
gluon pdf
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Evolution of Singlet Quark
singlet quark pdf
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PDFs for LO MCs

A Sherstnev & RS Thorne arXiv:0711.2473

Comparison of !S at LO and NLO
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LO* PDFs
Drell-Yan Cross-section at LHC for 80 GeV with Different Orders
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pdf type matrix σ (µb) K-factor
element

NLO NLO 183.2

LO LO 149.8 1.22
NLO LO 115.7 1.58
LO* LO 177.5 1.03

Table 10: The total cross sections σ(pp → jj) at the LHC with some reasonable cuts (pT (j) >
20GeV, |η(j)| < 5.0, ∆R(j, j) > 0.5).
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Figure 24: The distributions of x1,2 of the contributing parton distributions for the inclusive

2-jets production at the LHC in the different types of calculation.

and shape than NLO. Again the LO* pdfs provide the best description, very near to the full
NLO prediction as seen in table 10. As we go to higher ET the prediction largely converge, but
the NLO pdfs used in the LO calculation tend to be a little small.

5 Discussion

There are a variety of reasons why the NLO cross-section corrections may be fairly large. As
discussed earlier in the article, one major reason is when one probes small-x parton distri-

butions and there appears a 1/x divergence in the cross-section for the first time at NLO.
This is particularly the case for gluon dominated processes, and is the main reason for the

large corrections to the bb̄ production at the LHC, but it also contributes to the lowest ET

jet cross-section and even probably a little to the Higgs cross-section from gluon-gluon fusion

35

pdf type matrix σ (pb) K-factor
element

NLO NLO 38.0

LO LO 22.4 1.70
NLO LO 20.3 1.87
LO* LO 32.4 1.17

Table 6: The total cross sections σ(pp → H) at the LHC. Strictly speaking this is pp → H → τ τ̄
with BR(H → τ τ̄ ) excluded.

pdf type matrix σ (pb) K-factor

element

NLO NLO 4.52
LO LO 4.26 1.06

NLO LO 4.65 0.97
LO* LO 4.95 0.91

Table 7: The total cross sections for the process pp → Hqq at the LHC.

there is a very large K-factor, approximately 1.7, for Higgs production via this mechanism, so
it is no surprise that when using the LO generator the cross-section is suppressed by roughly
this factor using both the LO and NLO pdfs, whose gluon is of a similar size for of x ∼ 0.01.

However, from the right-hand side of Fig. 8 we see that the LO* gluon distribution is enhanced
by a factor of ≈ 1.25 for the relevant value of x and the extra gluon contribution factor of 1.252

compensates a large part of the NLO K-factor. Hence, the result using the LO* pdfs is much
better than for the LO and NLO pdfs, as seen in Table 6. Since gg → H is a s-channel process,
the “average” x has the same profile as the W and Z/γ production, as we see on the right-hand

plot in Fig. 18. The distributions in the final state are shown in in Fig. 17. The shapes are
good in all cases but the normalization is poor except for the LO* pdfs.

4.5 Higgs Production at the LHC – Vector Boson Fusion.

We again consider Higgs production, but via a different mechanism, i.e. a quark from each

proton emits a vector boson which fuse to produce the final state Higgs boson. In the case
we use quark pdfs and probe a different x region ≈ 0.1. As we can see from Table. 7, in this

case the NLO K-factor is only a few percent (positive or negative), so the result using the LO
generator and the NLO pdfs is only slightly above the truth. The result using the LO quarks
is about 6% too low due to the suppression of the quarks. We note that the LO* quarks are

similar to the NLO quarks for x = 0.01 so they give a very similar total cross-section, i.e. just
a little above the truth. The rapidity distributions are very good using both the LO* and NLO

partons as seen in Fig. 19 but we have, as usual, a small underestimate at central rapidities

27

pp→ H

pp→ jj



Underlying Event
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Really need multi-parton distributions
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Conclusions/Summary

Apologies again: spin, diffractive, unintegrated,...

PDFs for MCs: new developments

Benchmark cross sections: can we improve? Cuts??

Uncertainties:  theoretical important

Heavy quarks:  crucial for new physics. Uncertainty?

Small x: theory converged?

Underlying event: multiPDFs?


