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Abstract: By applying the Error PDF Updating Method, we analyze the impact of the absolute and normalized

single differential cross-sections for top-quark pair production data from the ATLAS and CMS experiments at the
Large Hadron Collider, at a center-of-mass energy of /s =8 TeV, on the CTI4HERA2 PDFs. We find that the top
quark pair single differential distributions provide minor constraints on the CT14HERA?2 gluon PDF when the nom-
inal CT14HERA?2 inclusive jet production data are included in the fit. Larger constraints on the gluon distribution

are present when the jet data are removed (CTI4HERA2mJ) and/or when increased weights are given to the top data
in the CTI4HERA?2 fits. The weighted #f data provide significant constraints on the CT14HERA2mJ gluon PDF,
which are comparable to those obtained from inclusive jet production data. Furthermore, we examine the top quark

mass sensitivity of the top-quark pair single differential distributions.
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I. INTRODUCTION

Precise measurements of and predictions for ¢ pair
production are crucial for tests of the standard model and
for searching for new physics beyond the standard model
[1]. Thus, an understanding of the uncertainties resulting
from an imperfect knowledge of parton distribution func-
tions (PDFs) is crucial. The large integrated luminosity
and the high center-of-mass energy of the Large Hadron
Collider (LHC) provide a large sample of # events. The
dominant production mechanism for # pair production at
the LHC is through gluon-gluon fusion; thus, /7 data have
the potential to constrain the gluon PDF, especially at
high x. In the analysis carried out in Ref. [2], theoretical
predictions for the final-state top quark p/. and y, distri-
butions in #f pair production at the LHC at approximate
next-to-next-to-leading order (aNNLO) in QCD are used
to study the impact of ATLAS and CMS 7 TeV differen-
tial cross section measurements on proton PDFs. The
aNNLO theory prediction in [2] uses methods of QCD
threshold resummation beyond the leading logarithmic
accuracy and is implemented in the xFitter platform [3]

using fastNLO tables to facilitate the global PDF analys-
is. A moderate improvement in the uncertainty of the
gluon distribution at high x was observed. More recent
analyses in Refs. [4, 5] have also provided fastNLO
tables for the exact NNLO predictions of the invariant
mass of the top-quark pair, the average transverse mo-
mentum of the f,7 quark, the average rapidity of the ¢,7
quark, and the rapidity of the top-quark pair, i.e., the dis-
tributions measured by the ATLAS and CMS experi-
ments. The fastNLO tables are at NNLO in QCD with
m, = 173.3 GeV, renormalization scale and factorization

scales ug =ur = Hy /4, Hy = \/mtz +pk + \/mtz +p2.. for
mg, vi, and vy, distributions, and wug=pup=mr/4=

%‘ \Jm?+ p2. for the? Pr distrit.)ution of the average top/?n—
titop quark. In their calculation, they use the same bin-
ning (see Table 1) as the ATLAS [6] and CMS [7] 8 TeV
measurements of top-quark pair differential cross-sec-
tions.

In this paper, we study the impact of the ATLAS [6]
and CMS [7] measurements of top-quark pair differential
cross-sections data on the CTI14HERA2 [8] and
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Table 1. Summary of the fastNLO tables provided in Ref. [5].
Observable Binning HF = UR
do/dm;/GeV {345, 400, 470, 550, 650, 800, 1100, 1600} Hr/4
do/dy; {-2.5,-1.6,-1.2,-0.8,-0.4,0.0,0.4, 0.8, 1.2, 1.6, 2.5} Hr/4
do/dy;; {-2.5,-1.3,-0.9, -0.6, -0.3, 0.0, 0.3, 0.6, 0.9, 1.3, 2.5} Hr/4
d(r/dp’T/GeV {0, 60, 100, 150, 200, 260, 320, 400, 500} mr /2

CT14HERA2mJ PDFs; thus, in Table 2, we provide the
relevant basic information. For the measurements in Ta-
ble 2, the ATLAS experiment has provided statistical er-
rors, with fifty six correlated systematic errors, including
luminosity errors. CMS collaboration provided the statist-
ical errors, along with eleven correlated systematic errors,
including the luminosity errors.

In Table 2, we provide the number of data points and
x? /Ny for inclusive jet and top-quark pair data, after up-
dating using ePump from the CT14HERA2 and
CT14HERA2mJ PDFs. For the top-quark pair data, the
x?/Nys decreases for CTI14HERA2 rather than for
CT14HERA2mJ PDFs. This shows that the quality of the
original CT14HERA2mJ PDFs is enhanced after includ-
ing inclusive jet data. However, this is not the case for the
ATLAS absolute and normalized p/., as well as the abso-

lute m;; distributions; y? also did not decrease visibly in
these distributions, even when we set the weight = 9. The
X2IN s of the four inclusive jet distributions are very dif-
ferent from those of the top-quark distributions. y?/N pts 18
considerably larger in CMS normalized f distributions
than in ATLAS normalized # distributions. This result
means that, at the least, there are some comparable differ-
ences between CMS and ATLAS data for the same meas-
urements while using the same theoretical predictions.
Refs. [13, 14] have previously studied the impact of
top-quark pair differential distributions measured by AT-
LAS [6] and CMS [7] at 8 TeV on the gluon PDF within
the NNPDF framework. They found that the differential
distributions from top-quark pair production provide rel-
atively strong constraints on the large-x gluon. Within the
MMHT framework, Ref. [15] found that the impact of the

Table 2.  Number of data points and x?/N,, for inclusive jet and top-quark pair data, after ePump updating from the CTI4HERA2
and CT14HERA2mJ PDFs.
X2 /Nps (CTI4HERA2)
Detector Observable Nopts - - X?/Nps (CTI4HERA2mYJ)
weight=1.0 weight=9.0
CDF inclusive jet [9] 72 1.46 - 1.50
DO inclusive jet [10] 110 1.03 - 1.03
ATLAS inclusive jet [11] 90 0.57 - 0.57
CMS inclusive jet [12] 133 0.89 - 0.93
1 do do 5 2.21,3.83 1.18, 1.48 5.21,7.29
o diyql” dlyq
1 do  do (6] 7 0.25,0.45 0.25,0.42 0.35,0.40
ATLAS o dmyg;’ dmy;
ldl d70' 5 2.40,2.83 1.45,1.62 5.34,5.79
o dly:|” dly|
1 do do (6] 8 0.39, 0.34 0.38,0.33 0.38, 0.32
o dpl.” dpt,
1 do 7 10 2.31 1.07 3.34
o dy;
l do (7] 7 7.69 3.96 9.30
CMS o dmg;
1 do 10 2.52 2.50 3.32
——17]
o dy,
1 do 8 3.55 2.20 4.82
7]
o dpf
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ATLAS [6] data on the gluon PDF is relatively weak.
With the CMS data [7], they found that both y, and y;
distributions have a noticeable impact on the gluon PDF
at high x, where the impact of y; is greater than that of y,.
This paper examines in detail the impact of the LHC 7
data in the CTEQ-TEA framework.

Despite improvements, such as the use of fastNLO
tables, global PDF fitting is still very CPU-intensive. In
Ref. [16], a software package, called the error PDF Up-
dating Method Package (ePump) [16], was developed,
which can provide both the updated best-fit PDF and the
updated eigenvector PDFs from a PDF set previously ob-
tained by a global PDF analysis. ePump has been previ-
ously used [17-20] to perform analyses that have the po-
tential to reduce PDF uncertainties at the LHC.

In this paper, we use ePump to study the impact of the
LHC 8 TeV single differential top-quark pair distribution
data from ATLAS [6] and CMS [7] on the gluon PDFs,
starting from the global PDF sets CTI4HERA2 [8] and
CT14HERA2mJ. CT14HERA? is an updated version of
the CT14NNLO PDFs [21], with the HERA Run I data
replaced by the combined HERA I+II data [22]. The
CT14HERAZ2 PDF fit contains inclusive jet data from the
Tevatron and from the LHC. Because inclusive jet data
also provide constraints on the gluon distribution, addi-
tional PDFs, called CTI4HERA2mJ, were constructed by
a full PDF global analysis, without the jet data, to exam-
ine more closely the impact of the ¢ data alone and in
combination with the jet data.

The absolute and normalized (to the total 7 cross sec-
tion) single differential ## measurements from ATLAS in
the variables |y;l, dm;, p}, and |y,| and the normalized
single differential 7 measurements from CMS in the vari-
ables y;;, my, p%, and y, are listed in Table 2. We also
show the number of data points for jet data that are in-
cluded in the CT14HERA?2 fit. The values of /Ny, in
the Table 2 are calculated using ePump to update the
CT14HERA2 and CT14HERA2mJ PDFs with the inclu-
sion of each individual # data set. These will be dis-
cussed in detail later in this paper.

This paper is organized as follows. In section II, we
first calculate the degree of correlation between the
CT14HERA2 gluon PDF and the ATLAS and CMS 8
TeV 1 data. Then, we compare the ePump updated gluon
PDFs obtained by adding those data one by one, to the
original CT14HERA2 PDFs. The corresponding NNLO
theory for #f predictions using the updated PDFs is then
compared with the corresponding ATLAS and CMS
measurements. The impact of the updated PDFs on the
Higgs boson gluon-gluon fusion cross section
onu(gg — H) is then discussed. In section III, tensions
between the ATLAS and CMS 8 TeV absolute and nor-
malized single differential ¢# data with the other data sets
in the CTI4HERA2 PDFs are described. In section IV,
using the same method utilized with the CT14HERA2

PDFs, we analyze the impact of the ATLAS and CMS 8
TeV single differential ¢ measurements on the
CT14HERA2mJ PDFs. In section V, we compare the im-
pact from the CMS 7 TeV inclusive jet data and from the
tf data. In section VI, the impact of the value of the top
quark mass on the single differential #7 cross section pre-
dictions is analyzed. Our conclusions are presented in
section VII.

Before beginning the full discussion of the analysis,
we summarize the notations used in this paper:

e The suffix “.54” in CT14HERA2.54 indicates that
the error band is obtained with 54 eigen-vector PDF sets,
rather than with the entirety of the 56 PDF sets. The last
two sets are omitted, which expands the uncertainty for
the small x gluon, a region not relevant for this study.

o CT14HERA2mJ PDFs are obtained after excluding
the four jet data sets present in the CT14HERA2 PDFs.

e The cPump wupdated CTI14HERA2.54
(CT14HERA2mJ) PDFs using the ATLAS 8 TeV abso-
lute and normalized data in the |y, my, |y, and pf. dis-
tributions are denoted using suffixes XXX and NXXX at-
tached to the absolute and normalized distributions, re-
spectively.

II. IMPACT OF ATLAS AND CMS 8 TeV ¢t DATA
ON CT14HERA? PDFs

In this section, we examine the impact of the ATLAS
[6] and CMS [7] 8 TeV 1t data in the CTI4HERA2.54
global PDF fit and fastNLO theory at NNLO in QCD [4,
5]. The integrated luminosities of the ATLAS and CMS 8
TeV measurements are 20.3 fb ' [6] and 19.7 fb ', re-
spectively.

A. Correlation between the CTI4HERA?2 gluon
PDF and ¢7 data

The correlation between a specific absolute or nor-
malized ¢ data point and g(x, Q) gluon PDF at a given x
and Q value is represented by the correlation cosine cos¢
[23, 24]. Here, the quantity of cos¢ characterizes wheth-
er the data point and the PDF are correlated (cos¢ ~ 1),
anti-correlated (cos¢ ~—1), or uncorrelated (cos¢ ~ 0).
Large positive and negative values of cos¢ indicate dir-
ect sensitivity of the ¢ data point to the gluon PDF in a
particular region in x. In Fig. 1, the correlation coeffi-
cient between the CTI4HERA2.54 g(x,Q =100 GeV)
PDF and the absolute (left) and normalized (right) differ-
ential ¢7 data is distinguished by varying the type of line
used. Each data point is represented by its own correla-
tion curve. Solid green lines, magenta dotted lines, red
dashed lines, and dark blue long-dashed-dotted lines cor-
respond to the LHC 8 TeV absolute (left) and normalized
(right) differential #f cross-section data as a function of
lyil, mi, lyil, and p’., respectively. We observe that, be-
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(color online) Correlation cosine cos¢ between the CTI4HERA2.54 g(x,Q = 100 GeV) PDF and fastNLO predictions for each

bin of the ¢ differential distribution absolute (left) and normalized (right), as well as inverse of the total cross sections (bottom). Note
that the thickness of the line for each distribution changes from thin to thick, which corresponds to moving from the first bin to the last

bin.

cause of the kinematic range, the absolute ¢7 distributions
are highly correlated with the gluon PDF for 0.08 < x <
0.4 and highly anti-correlated for 10™* < x<1072. We
also observe that, because of the total # pair production
in the denominator, the normalized #7 distributions show
correlations that are basically the same for each variable
and are a mirror image of the dominant behavior of the
cos ¢ distributions for the absolute data.

B. Updating CT1I4HERAZ2 PDFs using ATLAS and
CMS 8 TeV ¢7 data

In this section, using the CT14HERA2.54 PDFs as a
basis, we study the impact of the the ATLAS (absolute
and normalized) and CMS (normalized) 8 TeV # full
phase-space differential cross-sections as a function of
the yi7, mg, p%, and y, variables on the gluon PDF. The
ATLAS and CMS # data are included individually using
ePump. The results are shown in Fig. 2. The impact on
both the central gluon distribution and on the gluon un-
certainty band (with respect to the CT14HERA2.54 gluon
PDF) is shown. It is evident that there is no notable im-
pact on the central gluon from either the absolute or nor-
malized ATLAS 8 TeV 1« data for the m;; and pf. distri-

butions. However, both the absolute and normalized |y
and |y, distributions have a relatively minor impact on
the best fit gluon PDF x > 0.2. It is also evident that none
of the distributions result in a significant reduction of the
gluon PDF uncertainty at any x value. This implies that
the ATLAS 1 single differential data are in strong ten-
sion with the other data included in CTI4HERAZ2, the
gluon PDF is well constrained by other data, or both. In
contrast to the ATLAS data, we observe that the CMS
normalized y;, m;, and p. data provide relatively larger
impacts on both the central predictions and the uncer-
tainty bands of the CT14HERA2.54 gluon PDF at high x,
while the y, distribution does not. In the region x> 0.1,
the inclusion of the y;, m;, and p}. dataleads to a de-
crease in the gluon PDF, but it is still well within the PDF
error band. It is known that, in general, the gluon PDF is
primarily constrained by the DIS and jet data.

C. Optimizing CT14HERA?2 PDFs

In this section, we apply the ePump optimization
method to further explore the impact of the ATLAS and
CMS 8 TeV 1 differential cross section data on the gluon
PDF uncertainty. The ePump optimization method is sim-
ilar to the data set diagonalization method [25]. For the
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CT14HERAZ2.54 gluon PDF.

optimization, we use CT14HERA2.54 error PDFs that
have 27 error set pairs, the absolute and normalized 8
TeV 1 differential cross sections from NNLO ¢7 fastNLO
tables [4, 5]. The optimized error PDFs are ordered by the
size of their eigenvalues, and one can determine how
many error PDFs are necessary to obtain the dependence
of the observables on the PDFs. The sensitivity of each ¢
data point to the gluon PDF in the relevant x-range can be
illustrated by comparing the pair of gluon error PDFs
(two for each eigenvector) with the original CTI4HERA2
gluon error PDFs, relative to the CT14HERA2 best fit
values. Therefore, in Figs. 3 and 4, we have plotted ratios
of the first pair of gluon error PDFs (red and green lines)
and the original CT14HERA2.54 gluon error PDFs (blue
band) at Q =100 GeV to the CTI4HERA?2 best fit value
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(color online) Gluon PDF error bands (left) and ratios (right) for ePump-updated PDFs over the best-fit of the base

of the gluon PDF. In addition, in Table 3, we provide the
maximal amount of gluon error bands covered by the first
and second eigenvector pairs for four # differential distri-
butions. From this table, we see that the first and second
eigenvector pairs of gluon error PDFs almost completely
cover the CTI4HERA2.54 gluon PDF error bands for the
whole x-range, indicating the dependence of the 7 differ-
ential cross section on the gluon PDF. Because the other
eigenvector pairs, after ePump-Optimization, have a neg-
ligible effect, the total error band of the gluon PDF, in the
relevant x-region, can be approximated by taking the
quadrature sum of the error bands from the first two lead-
ing eigenvector sets. The contribution from the remain-
ing 23 eigenvectors pairs is almost identically zero. The
first eigenvector pair gives the largest contribution to the
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Table 3. Eigenvalues of the first and second eigenvector pairs.

distributions first eig.vec. normalized (%) absolute (%) second eig.vec. normalized (%) absolute (%)
yir 82.4 71.9 17.4 25.6
Myz 84.1 92.5 15.8 7.3
(01,02) (03,04)
Yt 90.6 83.5 9.2 16.0
P 86.1 93.2 13.7 6.7

PDF uncertainty for each 7 distribution; in particular, it is
greater than 90% for absolute m;; and p}. as well as nor-
malized |y,| distributions. Because the PDF uncertainty
for each #f distribution depends mostly on the first and
second eigenvector pairs, we may use only these four ei-
genvector PDFs to study the PDF-induced uncertainty re-
lated to the #f production, instead of using the full 54 er-
ror sets of CT14HERA2+¢ PDFs.

D. Comparison between 8 TeV ¢f data and theory from
original and new CT14HERA?2

In this subsection, we show the theoretical predic-
tions after considering the 7 data and compare them with
the experimental measurements. The comparisons
between the theoretical predictions from before and after
updating the CTI4HERA2.54 PDFs and the ATLAS 8
TeV absolute and normalized differential ¢ data, as well
as CMS 8 TeV normalized differential ¢ data, are presen-
ted in Figs. 5, 6, and 7. In these figures, the magenta sol-
id lines correspond to the theoretical predictions from
CT14HERAZ2.54, and the blue solid lines are the theoret-
ical predictions from updated CT14HERA2.54 PDFs.
The black and red error bars for each data point and shif-
ted data point (upper part of the figure) include only stat-
istical error. Shifted data D" is defined as

N,
D' = D= )" do@0)Brar

a=1

where Dy is the k-th data point (value), 4, is known as a
nuisance parameter, and Zg;lﬂkaf are the correlated sys-
tematic errors for the k-th data point. The blue bands in
the ratio plots indicate the total uncertainty, which is the
quadratic sum of statistical and systematic uncorrelated
uncertainties, of the data in each bin. The yellow bands in
the ratio plots indicate the statistical uncorrelated uncer-
tainties of the data in each bin. The error bars on the the-
oretical predictions show the 68% C.L. There is an over-
all shift for all raw data points. This means that the cor-
related systematic errors, weighted by their correspond-
ing nuisance parameters, play an important role in the fit-
ting. We find that there is little improvement in agree-
ment with the measurements after calculating theoretical
predictions evaluated with the new PDFs obtained by

adding the ATLAS and CMS 8 TeV #f production differ-
ential cross section data.

ITII. CONSISTENCY BETWEEN ¢z DATA AND
DATA IN CT14HERA2

As we showed in the previous two sections, we ob-
serve that the CT14HERA?2 gluon PDF receives a minor
impact after including the 8 TeV ATLAS absolute and
normalized and CMS normalized 7 data. This may be a
result of strong tension from the data included in the
CT14HERA2 PDF. To search for possible tensions
between the single differential # data from ATLAS and
CMS and the data sets included in the CT14HERA2 PD-
Fs, we increase the weight of the 77 data when updating
the CT14HERA2 PDFs using ePump. We consider
weights from zero to nine for the single differential #7
data individually to test the tension among the ¢ data and
other data included in the CT14HERA2 PDF. The weight
zero case is just the CT14HERAZ? fit, without any change.
The weight one case corresponds to the CT14HERA?2 fit
with ¢ data included individually. Weight larger than one
is equivalent to having more ¢ data points with the same
experimental uncertainties [18]. Instead of y?, we present
the change in goodness-of-fit for each data point using
the variable S, [26], which can be treated as a rescale of
x? based on the number of data points in the data. Values
of S, between —1 and 1 correspond to a good fit (at the
68% C.L.); large positive values of S, (3 2) correspond to
a poor fit, while large negative values (< —2) indicate an
unusually good fit. If we increase the weight of the AT-
LAS and CMS 8 TeV ¢ data in the fit, the S, of the #f
data decreases with reduced y?2, as it should be; when the
weight of the 7 data becomes large, the S, of some data
in CT14HERA2 may increase by a noticeable amount. If
some of the data in CT14HERAZ2 have tension with the #
data, the S, of those data will become larger when the
weight of the 17 data increases. We find that most of the
data in CT14HERAZ2 do not show significant tension with
the 8 TeV single differential ATLAS and CMS ¢ data.
However, some data in CTI4HERA2 do show tension
with the # data. In Figs. 8-9, we show the change in S,
for some data in CTI4HERAZ2 as the weight of the #7 data
increases from 0 to 9. We observe that some of the data in
CT14HERAZ2 has a minor change in S, as the weight of
the 7 data increases. For example, we see that the S, of
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Fig. 5. (color online) Comparison of differential cross sections do/dlys, do/dm;, do/dly:|, and do/dp’. from CT14HERA2.54 PDFs
and from ePump updated CT14HERA2.54+ATLAS|y;, CT14HERA2.54+ATLASm,;, CT14HERA2.54+ATLAS|y|, and

CT14HERAZ2.54+ATLAS p). PDFs and differential ATLAS 8 TeV 17 production cross section data as functions of |y, m;z, [y:l, and pf..

the CDF jet data [9] and the DO jet data [10] increases the
most, while the S, of the CMS 7 TeV jet data [12] de-
creases slightly when the weight of the ATLAS normal-
ized |y, data or CMS normalized p?. data increases. As a
result, we did not observe strong tension on the ATLAS
and CMS single differential ## data with respect to the
data included in the CT14HERA2 PDF. However, we do
observe that the jet data are relatively more sensitive to
the inclusion of the ¢ data. This is quite reasonable, as
the jet data provide a constraint on the gluon PDF, as the
tf data do. The inclusion of the #f data would form a
"competitive" relationship with the jet data for constrain-
ing the gluon PDF.

IV. IMPACT OF ATLAS AND CMS 8 TeV ¢f DATA
ON CT14HERA2mJ PDFs

As shown in the previous section, before the 77 data,
the gluon PDF of the CT14HERA?2 receives a suitable

constraint from the jet data, i.e., CDF [9], DO [10], AT-
LAS [11], and CMS [12]. To see the impact of the ¢ data
on the gluon PDF, it is necessary to suppress the contri-
bution from the jet data. For this purpose, first, we gener-
ated the Hessian eigenvector sets "CT14HERA2mJ"
("mJ" here means "minus jet") by global analysis after re-
moving the four inclusive jet production data from Tevat-
ron and LHC Run I in the CT14HERAZ2 fit. Then, we up-
dated CT14HERA2mJ PDFs using ePump by including #7
data one by one. In this section, we provide comparisons
of the CTI4HERA2mJ before and after the ePump updat-
ing by adding the ATLAS and CMS 8 TeV 7 single dif-
ferential cross section data as a function of y;;, my, y,, and
pr-
A. Correlation between CTI4HERA2mJ gluon
PDF and ¢f data

We first check the correlation between the absolute
and normalized differential ¢ data and the CT14HER2mJ
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g(x,Q =100 GeV) PDF. Without inclusion of the jet data
in the CT14HER2mJ, the gluon PDF receives constraints
mostly from the deep inelastic scattering (DIS) data,
demonstrating a behavior different from that of the gluon
in the CT14HERA2 PDF. As shown in Fig. 10, the cor-
relation between ¢ data and the gluon CT14HER2mJ
PDF keeps the main features as those of the gluon PDF in
the CT14HERA2 PDF shown in Fig. 1.

B. Updating CT14HERA2mJ PDFs using
ATLAS 8 TeV ¢ data

In Figs. 11 and 12, we show the ePump updated PD-
Fs, starting from the CT14HERA2mJ PDFs and includ-
ing the absolute and normalized ATLAS 8 TeV s data
one by one. The impact on the gluon PDF from those #
data can be seen by comparing the difference between the
gluon PDF before and after ePump updating. It is appar-
ent that, without the jet data in the fit, the CTI4HERA2m]J

uncertainty band is larger than the CT14HERA2 band,
the absolute do/dly;, do/dly] and normalized
1/odo/dly;l, 1/odo/dly; data have a larger impact on
the central PDF (and to a smaller extent on the uncer-
tainty band) of the CT14HERA2mJ gluon PDF.

More specifically, we observe an increase in the
CT14HERA2mIJ best fit gluon PDF for 10 < x<0.15
and a decrease for x > 0.15 after including do/d[y; and
do/dly,| data. We also observe a small reduction in the
gluon PDF uncertainty bands for x~ 0.05. However,
there is still no obvious impact on the CTI4HERA2mJ
gluon PDF after including the absolute do-/dm;z, do-/dp’,
and normalized 1/o do/dm, 1/0 do/dpf. data. The res-
ults shown in Figs. 11 and 12 directly confirm our under-
standing from the last section that the reason we see only
minor impacts on the CT14HERA2 gluon PDF is be-
cause the CT14HERA?2 gluon PDF is well constrained by
the four jet data sets included in the CT14HERA2 PDF.
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The removal of the jet data increases the constraining
power of the 7 data, but the impact is still smaller than
that of the jet data sets.

C. Updating CTI4HERA2mJ PDFs using
CMS 8 TeV tf data

In this section, by including the normalized CMS 8
TeV 1/o do/dy;, 1/o do/dm;, 1/odo/dy,, and 1/0 do/
dp’, data one by one, we update the CTI4HERA2mJ PD-
Fs. The impact on gluon PDF from #7 data can be seen by
comparing the difference between the gluon PDF before
and after the ePump updating. From Fig. 13, we see that,
without the jet data in the fit, the normalized differential
CMS 8 TeV 1 data y7, my, y, and p). have a rather obvi-
ous impact on both the central predictions and uncer-
tainty bands of the CT14HERA2mJ gluon PDF in the re-
gion 107* < x < 0.6, i.e., each 7 data point increases the
gluon PDF in the region 10™* < x <0.15, while each

data point decreases it in the region x> 0.15; however,
the updated gluon PDFs in the four cases are well within
the uncertainty bands of PDFs.

V. IMPACT OF CMS 7 TeV INCLUSIVE JET

DATA ON CT14HERA2mJ
In Fig. 14, we compare gluon PDFs from
CT14HERA2mJ, CT14HERA2mlpJ, and

CT14HERA2mJ+CMS7J. Here, CT14HERA2mlJpJ and
CT14HERA2mJ+CMS7] are obtained by ePump by
adding four jet data [9-12] into the CT14HERA2mJ fit
and including the CMS 7 TeV inclusive jet data [12] into
the CT14HERA2mJ fit. We first observe that the
CT14HERA2mJpJ gluon PDF has a smaller uncertainty
band than the CT14HERA2mJ+CMS7J] gluon PDF,
which demonstrates that the four jet data have a strong
impact on the gluon PDF. It is therefore understandable
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why there is no significant impact on the CTI4HERA2
PDF from the # data. Despite the difference in uncer-
tainty between the CT14HERA2mJpJ gluon PDF and
CT14HERA2mJ + # (from ATLAS and CMS) gluon
PDF, it is worth noting that both the 77 (from ATLAS and
CMS) and jet data have a similar impact on the gluon
central PDF, which shows the agreement between the im-
pact on the gluon PDF from # and jet data.

It is clear that the CMS 7 TeV inclusive jet data dom-
inate the contribution to constraining the gluon PDF
among the four jet data. Therefore, in the following
study, we consider only the CMS 7 TeV inclusive jet
data.

It is worth noting that the # production data have a
smaller number of data points compared with the jet data,
by approximately a factor of 10. After testing the impact
on CTI4HERA2 and CT14HERA2mJ PDFs, it is inter-
esting to compare the sensitivity per data point for the jet
and 7 data. To see this, a hypothetical weight is imple-
mented in the single differential # production data with
the weight set to be equal to the ratio between the num-
ber of data points of the CMS 7 TeV jet data and the #7
data. Taking the CMS 8 TeV normalized p/. distribution
as an example, the hypothetical weight applied to the data
is equal to w =133/8 = 16.6. In practice, a larger weight
can arise by increasing the event statistics or reducing the
experimental error.

In this naive estimation, we assume the central values
of the measurement do not change, such that the central
prediction after updating with the hypothetical weight is
rather less meaningful. For this reason, in what follows,
we show a comparison of the PDFs' uncertainty. In Fig.
15, we compare the impact of the CMS 7 TeV inclusive
jet data and CMS 8 TeV normalized ¢ production data
with the hypothetical weight on the gluon PDF uncer-
tainty. We find that the weighted # production data
provide a stronger constraint on the gluon PDFs for
1073 < x 5% 1072, 1t is also true for the absolute AT-

LAS 8 TeV # production data. With the hypothetical
weight equal to the ratio of number of jets and #f data
points, the absolute 7 production data provide approxim-
ately the same constraint on the gluon PDF as the jet data.

Next, we examine the impact of the CMS 8 TeV nor-
malized 1/0 do/dy; data and CMS 7 TeV inclusive jet
via ePump on the observables. The Higgs production rate
through gluon-gluon fusion at the LHC is sensitive to the
gluon PDF in the middle-x region, which is constrained
by both CMS 7 TeV inclusive jet and 1/0- do-/dy;; data. In
Fig. 16, we show the correlation ellipses between CMS 8
TeV normalized do/dy; data for various rapidity bins
and Higgs production through gluon-gluon fusion at 13
TeV for CT14HERA2mJ+CMSNy,; (black),
CT14HERA2mJ+CMSNy;W13.3  (dark blue), and
CT14HERA2mJ+CMS7J (red). The central prediction of
the CTI4HERA2mJ+CMSNy,;W13.3 is obtained by as-
suming the central measurement is the same as that in
CT14HERA2mJ+CMSNy;.

VI. TOP QUARK MASS DEPENDENCE

The top-quark mass sensitivity of the differential top
pair production distributions as a function of m;; has been
studied in Refs. [27, 28], where the authors found that the
top quark mass dependence is pronounced in the m;; dis-
tribution. Ref. [13] also reported the sensitivity with vari-
ations in m, of the differential distributions as a function
of my, yi7, yi, and pf.; it was found that the invariant mass
distribution of the top pair and the top transverse mo-
mentum p). distributions have stronger dependence on
the top mass than the top rapidity (y;) and the rapidity
(y:7) of the top pair. By studying the top-quark mass de-
pendence of the differential top pair production distribu-
tions as a function of my, another way to determine the
mass of the top quark could be provided. In Fig. 17, we
show the chi-square function, y> versus the top-quark
mass for the absolute and normalized 8 TeV single differ-
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Fig. 12.

X

(color online) Gluon PDF ratios for ePump-updated CT14HERA2mJ+ATLAS |y;, CT14HERA2mJ+ATLASm,

CT14HERA2mJ+ATLAS|y,|, and CTI4HERA2mJ+ATLAS p). PDFs, which are obtained by including ATLAS 8 TeV normalized
1/odo/dly;l, 1/o do/dmy;, 1/o dor/dlyi|, and 1/o do/dp), data, over the best-fit of the base CTI4HERA2.54 gluon PDFs.
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ential cross sections as a function of the invariant mass
my; of the top-quark pair using the Monte-Carlo numeric-
al  calculation program MadGraph [29] with
CT14HERAZ2 PDFs and the same set-up as in Refs. [4, 5].
The do/dm;; is shown in red; the 1/0 do/dm,; is shown in
green. The parabolic curves are fitted from calculation
with many values of top mass from 171.0 GeV to 175.0

GeV. The two curves have slightly different minima, i.e.,
m, = 173.0 GeV for absolute distributions and m;, = 173.5
GeV for normalized distributions. This may occur be-
cause of the anti correlation of the the inverse of the total
cross section. We performed the same study for the p’.,
[y, and |y, distributions, and we found that the differen-
tial cross sections as a function of p’., |y,[, and |y, do not
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Fig. 16. (color online) Correlation ellipses between the Higgs production rate via gluon-gluon fusion and the normalized 1/o do/oy,;
differential cross section at 13 TeV for ePump updated CT14HERA2mJ+CMSNy,;, CT14HERA2mJ+CMSNy;W13.3,

CT14HERA2mJ+CMS7J, and CT14HERA2mJ PDFs; PDF uncertainty is at 90% C.L.

depend on the top-quark mass.

VII. CONCLUSIONS

In this paper, we examined the impact of the # data
(top quark pair invariant mass myz, top quark pair rapidity
yir, individual top quark/antiquark transverse momentum
P4, and absolute value of the top quark rapidity [y,|) on
the CT14HERA2 and CT14HERA2mJ PDFs using the
ePump package. From Fig. 2, we observe that, when
adding the 7 data one by one to a global data set, CMS
normalized distributions show larger constraining power
than the ATLAS absolute and normalized data. Further-
more, we observed different impacts from various distri-
butions on the gluon PDF. The reasons are as follows.
First, the normalized data yield stronger constraints than
the absolute data, as expected, because the dominant col-

x*as a function of m, for CTI4HERA2
T T T T

25 7 T
© My

x Nmﬁ

%

L L L L L L L L L
00 75 1 1725 173 1735 174 1745 175
my
Fig. 17.  (color online) Chi-square function ( x?) versus the

top mass for the absolute and normalized 8 TeV single differ-
ential cross sections as a function of the invariant mass of the
top pair my;.
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lider luminosity error present in the absolute data cancels
in the normalized data. Because of their much smaller er-
ror, the normalized data generally provide a much
stronger constraint on PDFs. Second, different differen-
tial cross section data could have different degrees of
sensitivity to gluon PDFs. For example, it is expected that
the rapidity distributions, either the rapidity of ¢ or the #7
pair, are more sensitive to gluon PDFs than other distri-
butions. Moreover, to extract PDFs from the data, it is
also important to use state-of-art theoretical calculations
in the global analysis. It has been shown that both the
transverse moment of ¢ or the ¢ pair, as well as the invari-
ant mass of the # pair, could suffer large higher order
QCD and electroweak corrections. However, in the cur-
rent analysis, we only include up to NNLO QCD correc-
tions. In Fig. 17, we show the top mass dependence of the
differential top pair production distributions at 8 TeV. We
found that only the do-/dm; distribution is sensitive to the
top-quark mass, with the minimum at approximately
173.3 GeV. Because the invariant mass of the 7 pair is
expected to be sensitive to the value of the top quark
mass m;,, the theoretical predictions of both low and high

mass bins are sensitive to higher order QCD and elec-
troweak corrections. Hence, the impact of the normalized
and absolute data could be different, depending on the ac-
curacy of the integrated cross section value used in the
normalized data measurement. Note that all the top-quark
pair production data have a minor impact on the
CTI14HERA?2 gluon PDF when jet data are included in
the global analysis. This occurs because the number of
data points for the 7 data is much less than that for the jet
data. By giving a hypothetical weight to the / data that
reflects the ratio of the number of data points between the
jet data and #7 data, the ¢ data show good agreement with
the impact from jet data, with similar strength. Hence, the
sensitivity per data point of 7 data is similar to that of jet
data, while the total sensitivity of the data set depends on
the total number of data points.
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