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MMHT19: datasets

• MMHT14 datasets listed 
in 1412.3989 (see Simone’s 
slides):
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Data set LO NLO NNLO
BCDMS µp F2 [125] 162 / 153 176 / 163 173 / 163
BCDMS µd F2 [19] 140 / 142 143 / 151 143 / 151
NMC µp F2 [20] 141 / 115 132 / 123 123 / 123
NMC µd F2 [20] 134 / 115 115 / 123 108 / 123
NMC µn/µp [21] 122 / 137 131 / 148 127 / 148
E665 µp F2 [22] 59 / 53 60 / 53 65 / 53
E665 µd F2 [22] 52 / 53 52 / 53 60 / 53
SLAC ep F2 [23, 24] 21 / 18 31 / 37 31 / 37
SLAC ed F2 [23, 24] 13 / 18 30 / 38 26 / 38
NMC/BCDMS/SLAC/HERA FL [20, 125, 24, 63, 64, 65] 113 / 53 68 / 57 63 / 57
E866/NuSea pp DY [88] 229 / 184 221 / 184 227 / 184
E866/NuSea pd/pp DY [89] 29 / 15 11 / 15 11 / 15
NuTeV ⌫N F2 [29] 35 / 49 39 / 53 38 / 53
CHORUS ⌫N F2 [30] 25 / 37 26 / 42 28 / 42
NuTeV ⌫N xF3 [29] 49 / 42 37 / 42 31 / 42
CHORUS ⌫N xF3 [30] 35 / 28 22 / 28 19 / 28
CCFR ⌫N ! µµX [31] 65 / 86 71 / 86 76 / 86
NuTeV ⌫N ! µµX [31] 53 / 40 38 / 40 43 / 40
HERA e+p NC 820 GeV[61] 125 / 78 93 / 78 89 / 78
HERA e+p NC 920 GeV[61] 479 /330 402 /330 373/ 330
HERA e�p NC 920 GeV [61] 158/ 145 129/ 145 125 /145
HERA e+p CC [61] 41 / 34 34 / 34 32 / 34
HERA e�p CC [61] 29 / 34 23 / 34 21 / 34
HERA ep F charm

2 [62] 105 /52 72 / 52 82 / 52
H1 99–00 e+p incl. jets [126] 77 / 24 14 / 24 —
ZEUS incl. jets [127, 128] 140/60 45 / 60 —
DØ II pp̄ incl. jets [119] 125 / 110 116 / 110 119 / 110
CDF II pp̄ incl. jets [118] 78 / 76 63 / 76 59 / 76
CDF II W asym. [66] 55 / 13 32 / 13 30 / 13
DØ II W ! ⌫e asym. [67] 47 / 12 28 / 12 27 / 12
DØ II W ! ⌫µ asym. [68] 16 / 10 19 / 10 21 / 10
DØ II Z rap. [90] 34 / 28 16 / 28 16 / 28
CDF II Z rap. [70] 95 / 28 36 / 28 40 / 28

ATLAS W+,W�, Z [10] 94/30 38/30 39/30
CMS W asymm pT > 35 GeV [9] 10/11 7/11 9/11
CMS asymm pT > 25 GeV, 30 GeV[77] 7/24 8/24 10/24
LHCb Z ! e+e�[79] 76/9 13/9 20/9
LHCb W asymm pT > 20 GeV[78] 27/10 12/10 16/10
CMS Z ! e+e� [84] 46/35 19/35 22/35
ATLAS high-mass Drell-Yan [83] 42/13 21/13 17/13
CMS double di↵. Drell-Yan [86] — 372/132 149/132
Tevatron, ATLAS, CMS �tt̄ [91]–[97] 53/13 7/13 8/13
ATLAS jets (2.76 TeV+7 TeV)[108, 107] 162/116 106/116 —
CMS jets (7 TeV) [106] 150/133 138/133 —
All data sets 3706 / 2763 3267 / 2996 2717 / 2663

Table 5: The values of �
2
/Npts. for the data sets included in the global fit. For the NuTeV

⌫N ! µµX data, the number of degrees of freedom is quoted instead of Npts. since smearing
e↵ects mean nearby points are highly correlated. The details of corrections to data, kinematic cuts
applied and definitions of �2 are contained in the text.
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MMHT19: datasets
• Since MMHT14, addition of HERA combined described in 1601.03413, 
and new LHC data in e.g. 1708.00047:

MMHT R.S. Thorne

The MMHT2014 parton distributions [1] were the first from our group to include LHC data
in their determination. Soon after we considered the effect of updating these to include the final
HERA total cross section measurements [2], noting only minor changes in the central values of
these PDFs and reductions in uncertainties of up to 10% [3]. I will start from the baseline of the
PDFs in [3] when considering the effect of further updates in this account.

The MMHT PDF fit has been updated to account for a fit to a wide variety of new hadron
collider data. We include in the PDF determination high rapidity W,Z data from LHCb at 7 and
8 TeV [4, 5, 6], W +c jets from CMS [7], which constrains strange quarks, high precision CMS data
on W

+,� rapidity distributions [8] which can also be interpreted as an asymmetry measurement,
and also the final e asymmetry data from D0 [9]. All these cross sections are calculated at NLO
using MCFM [10] in combination with Applgrid [11] and FEWZ [14].

Points NLO c2 NNLO c2

stt 18 19.6 (20.5) 14.7 (15.3)
LHCb 7 TeV W +Z 33 50.1 (45.4) 46.5 (42.9)
LHCb 8 TeV W +Z 34 77.0 (58.9) 62.6 (59.0)
LHCb 8 TeV Z ! ee 17 37.4 (33.4) 30.3 (28.9)

CMS 8 TeV W 22 32.6 (18.6) 34.9 (20.5)
CMS 7 TeV W + c 10 8.5 (10.0) 8.7 (7.8)
D0 e asymmetry 13 22.2 (21.5) 27.3 (25.8)

Total 3405 (3738) 4375.9 (4336.1) 3741.5 (3723.7)

Table 1: c2 at NLO and NNLO for the prediction (fit) to the new LHC and Tevatron data included in the
MMHT – 2016 fit. Also shown is the total number of points without (with) the new data included.

The results are shown in Table 1. The predictions from the existing PDFs are generally good,
and there is no real tension with other data when refitting (at NLO Dc2 = 9 for the remainder of
the data and at NNLO Dc2 = 8). The fit quality is slightly (⇠ 10 units) better than in a previous
report [12] due to improvements (and one correction) in NNLO K-factors. The data which requires
most PDF adjustment is the new 8 TeV CMS W

± rapidity and asymmetry data. This is shown in
the left of Figure 1 where good agreement is seen after refitting. (We fit to individual distributions
not the asymmetry, but it is easier to display the latter.) We have also included further results on
st̄t to those in the MMHT2014 study. The NNLO K-factors are calculated using top++ [13].
The fit quality is very good and with aS(M2

Z
) = 0.118 the fitted m

pole

t = 173.4 GeV at NNLO,
and at NLO m

pole

t = 170.2 GeV. In contrast the MMHT values were m
pole

t = 174.2 GeV and
m

pole

t = 171.7 GeV. When the coupling is left free in our new fits then at NLO aS(M2
Z
) stays very

close to the MMHT2014 value of 0.120 but at NNLO aS(M2
Z
) is marginally above 0.118, slightly

higher than the value of 0.1172 in MMHT2014 [15].
We have generated a central set at NLO and NNLO for the fit including these new data –

labelled MMHT (2016 fit). We also generate PDF eigenvector sets for uncertainties at NNLO
using the same basis of free PDF parameters as in MMHT2014. Hence, there are 50 eigenvector
directions, and 14 of these are best constrained by one of the new (LHC) data sets. There is a
large reduction in the s+ s̄ uncertainty, but little change in the central value, due to the W + c jets
data. There is also a significant change in uv �dv at small-x from the CMS W data, and noticeably
reduced uncertainty with the new data inclusion.
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• In addition, ATLAS precision W,Z included (1708.00047) and ATLAS, 
CMS 7 TeV jet data (1711.05757)

MMHT R.S. Thorne

We also perform a fully updated fit with all the new LHC data mentioned (except the jet data).
The simultaneous inclusion of the ATLAS W,Z data lowers the c2 for the other new LHC (plus
final D0) data by Dc2 =�10, while the other data in the fit sees little change, i.e. Dc2 = 3 in total,
with essentially no change in ATLAS W,Z data. Hence, the ATLAS W,Z data and other new LHC
data are fully compatible and any pulls tend to be in the same direction. Only the CMS W + c fit
deteriorates very slightly. We generate PDF eigenvector sets for uncertainties at NNLO using the
same basis as in MMHT2014. Of the 50 eigenvector directions, 21 are best constrained by one of
the new LHC data sets. There is a large increase in s+ s̄ and a decrease in its uncertainty. The
correlation with the fit to dimuon data (i.e. lower branching ratio) leads to a necessary increase
in the cross section at all x. For x > 0.1 this process has a significant down quark contribution
despite Cabibbo suppression since d(x > 0.1,Q2)� s(x > 0.1,Q2). Since the down quark is well
constrained, the enhanced cross section is obtained by a very large increase in strange quark for
x ⇠ 0.1. The large change in the charm meson to muon branching ratio may, however, be mitigated
by NNLO corrections to dimuon production, which appear to be negative, particularly at smaller x

[20]. Implementing these corrections in a PDF fit will be an important development.
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Figure 4: The comparison of NNLO MMHT PDFs including the new ATLAS W,Z data and other new LHC
data to the existing PDFs for the strange to light sea ratio (left) and for uV �dV (right).

The ratio of (s+ s̄) to ū+ d̄, i.e. Rs at Q
2 = 1.9 GeV2 is shown in Figure 4. At x = 0.023

Rs ⇠ 0.83± 0.15, compared to the ATLAS result [19] of Rs = 1.13+0.08
�0.13. Conversely, we are a

little larger than the NNPDF result in [21]. Our value of Rs exceeds unity at lower x, but this is
essentially an extrapolation and it is very consistent with a value of 1. Our final fit also shows a
significant impact on the shape of the valence quarks. The ATLAS W,Z data pulls in the same
direction as the other new LHC data. The significant change in uV � dV is also shown in Fig. 4.
The change in the strange quark affects the entire sea, making it generally larger, but the new fit
shows rather little impact on the gluon distribution.
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Figure 11: The impact on the gluon PDF when fitting the ATLAS [23] and CMS [24] 7 TeV
jet data and Tevatron data [14, 15] individually, as well as including all datasets within the
fit. For the LHC case Rhigh and pjet? are taken. The NLO (NNLO) results are shown in the
left (right) plots.

the baseline. For clarity we do not include the PDF uncertainties in this case; these will be
shown below. It will be interesting to see how this situation changes when the full NNLO
corrections are included for the Tevatron predictions.

5.2 PDF Uncertainties

In Fig. 12 we show the impact at NNLO of the ATLAS and CMS jet data on the gluon
PDF uncertainty, for the two choices of jet radii. As in the case of the central values, we
find that the di↵erence due to the scale choice is minimal, and so we only show results
for the pjet? scale. The overall impact is seen to be moderate, although not negligible. To
give a clearer comparison, we show the ratios to the baseline PDF uncertainty in Fig. 13
(left). For the higher R choice, for low and intermediate values of x the error reduction
relative to the baseline ranges from 10 � 20%, but for the x ⇠ 0.05 � 0.2 there is little
reduction and in some regions even a slight increase in the error. At high x there is again a
reduction in the uncertainty, although as x approaches 1 and the jet data places little or no
constraint, the quantitative result cannot be taken completely literally, as this will depend on
the precise choice of PDF parameterisation. For the lower R choice the reduction in the PDF
uncertainty is less significant, and the x region where this increases relative to the baseline is
wider. In Fig. 13 (right) we should the results for the higher jet radius choice and for di↵erent
treatments of the ATLAS systematic errors. We can see that the partial decorrelation leads
to a similar, although in some places slightly less constraining, impact on the uncertainties
across the entire x region in comparison to the default treatment, consistent with the impact
on the central values shown before. On the other hand, for fully decorrelated uncertainties
the impact at high x in particular is much less constraining, although in the x ⇠ 0.1 region

18



 4

MMHT19: datasets

• Further new data added/being added:

★ ATLAS and CMS 8 TeV Z pt.
★ CMS 8 TeV jets (ATLAS - no NNLO K-factors available yet).
★ D0 W asymmetry (replace lepton asymmetry).
★ HERA combined heavy flavour .

★ ATLAS, CMS 8 TeV differential top (lepton + jet, dilepton).

• Currently work in progress - work actively ongoing to include these, but 
no complete version yet. Time scale: O(months) for official release, less 
for unofficial set.
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Next steps: few technical comments

• From procedural/time point of view actual running of multiple toy fits 
not a huge issue (no need for additional manpower), within reason.

• (Probably) most time consuming part: ‘just’ making sure toy datasets 
are in the appropriate format (here help producing conversion script etc 
so that we are provided with everything in our format, would be useful).

• Suspect it will only be for older data that above issue could be relevant 
(more recent = more unified?).

• My view: first step should be to start with variation of (e.g.) HERA 
inclusive data alone. Straightforward to do, but still rather constraining 
(also recalling CT18 and MMHT19 not yet available).


