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IR-improved DGLAP parton shower effects in W + jets
in pp collisions at \/s=7 TeV
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We use HERWIRI1.031, a new Monte Carlo event generator for hadron-hadron scattering at high
energies, to study the phenomenological effects of our approach of exact amplitude-based resummation in
precision QCD calculations. W + jet(s) events with exact NLO QCD corrections are generated in the
MG5_aMC@NLO framework and showered by both HERWIRI1.031 and HERWIG6.5 with PTRMS = 0
and PTRMS = 2.2 GeV/c, respectively. Here, PTRMS is the rms value of the intrinsic Gaussian transverse
momentum distribution for the partons inside the proton. The differential cross sections for many
observables are presented, such as the jet rapidities and the jet transverse momenta as well as other event
observables such as the scalar sums of transverse momenta of the jets, the missing transverse energy of the
jets and the dijets’ observables. Finally, we compare our results with the ATLAS and CMS measurements
of the W production cross sections in association with jets.
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I. INTRODUCTION

In the precision theory of the Standard Model (SM),
since we are dealing with the computation of the higher
order Feynman diagrams in which the virtual and real
radiative corrections are involved, the treatment of the
ultraviolet (UV), infrared (IR), and collinear singularities
plays a crucial role. The UV singularities appear in the
virtual diagrams and are removed by renormalization [1-3].
The soft (IR) and collinear singularities appear in theories
with massless particles. The IR singularities are removed at
the first order of perturbative expansion by the Bloch-
Nordsieck approach [4]. The most general treatment of the
IR singularities was developed by Yennie-Frautschi-Suura
(YES) [5,6]. The main feature of the YFS approach is based
on the separation of the infrared divergences as multipli-
cative exponentiated factors, which are treated exactly to all
orders of perturbation theory, and the conversion of the
residual exact perturbation expansion into one that has no
infrared divergence and, hence, no need for an infrared
cutoff. The significant advantage of the YFS formalism is
that it is exact to all orders in the QED coupling constant.
The YFS formalism was developed and extended by one of
us, B.EL.W,, to the non-Abelian gauge theories [7-9]. One
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can show that the exact, amplitude-based resummation
leads to the IR improvement of the usual DGLAP-CS
theory [10-13], which results in a new set of kernels, parton
distributions, and attendant reduced cross sections, so that
the QCD perturbative results for the respective hadron-
hadron or lepton-hadron cross section are unchanged order
by order in a; at large squared-momentum transfers. This
IR-improved behavior, for example, results in kernels that
are integrable in the IR limit and therefore are more
amenable to realization by the Monte Carlo (MC) method
[14-20] to arbitrary precision. The advantage of this IR-
improved method is better control on the accuracy of a
given fixed-order calculation throughout the entire phase
space of the respective physical process, especially when
the prediction is given by the MC method. This new
approach seems important, especially in the era of LHC, in
which we must deal with the requirements of precision
QCD, which involves predictions for QCD processes at the
total precision tag of 1% or better.

In this paper, we extend the studies in Refs. [14-20],
which were focused on the single Z/y* production at FNAL
and LHC, to the single W production at the LHC, with the
additional change that we look into the properties of jets,
produced in association with the W, in relation to the
physics of IR-improved DGLAP-CS kernels. We study
whether the manifestation of the IR-improved kernels as
seen in the decay lepton observables in Refs. [14-20] will
also be seen in the distributions of jet observables. We thus
focus on the processes pp - W +njets, n =1, 2, 3. We
use the MG5_aMC@NLO [21] framework into which we
have introduced the Herwiril1.031 [14-20] IR-improved
shower to be compared with the standard unimproved
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Herwig6.5 [22] shower in that framework. In this way, we
realize exact next-to-leading-order (NLO) matrix element
matched parton showers with and without IR improvement.
We compare with the data from ATLAS and CMS at 7 TeV
to make contact with observations.

The paper is organized as follows. In the next section we
give a brief review of exact QED ® QCD resummation
theory. In Sec. III we describe our event generation,
analysis, and cuts. In Sec. IV we compare our predictions
with the ATLAS 7 TeV data. In Sec. V we compare our
predictions with the CMS 7 TeV data. Section VI contains
our concluding remarks.

II. EXTENSION OF YFS THEORY
TO QED ® QCD

We start with a prototypical process pp— W+ +
n(y)+m(g)+X—=1F+vps+n'(y)+m(g)+ X, where [ =
{e,u}, v+ = v, and v~ = ;. The new QED ® QCD YFS
extension is obtained by simultaneously resumming the
large IR terms in QCD and the IR dominant terms in QED.
One can prove that the exponentiated cross section is given
by [23-27]

m d3 k32

daexp Zda” — ¢SUMR(QCED) Z / H d3kj1 H k/

n,m=0
4
X/ dy e
(27)*
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with n(y) hard photons and m(g) hard gluons, where

Bn,m(kl’ o ks Ky, .. k),) are the YFS residuals that are
free of all infrared divergences to all orders in @, and . The
infrared functions are given by

SUMj (QCED) = 2O’sReBMED + 2a BQCED(Kmax)7 (2)
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and the functions SUMg (QCED) and Dgcgp are deter-
mined from their QCD analogs SUM (QCD) and Dqcp
via the following substitutions:

B(n)léD - BnlsD + BnlsD = 36’5:51»
N Bnls

Bé’én ocp t BnlsD = BQCED’ (5)

S"ISD - SQCD + S&’én = SQCED

In Eq. (5), the superscript nls asserts that the infrared
functions BQCD’ BQED’ BQCD’ BQED’ and SQCD are DGLAP-
CS synthesized. These infrared functions have been intro-
duced in Refs. [28-31]. The QCD exponentiation of the
master formula in Eq. (1) leads to a new set of IR-improved
splitting functions listed:

PP (2) = CreeFyrs () Y5 (12—, (7,)8(01=2)].
P?é’(Z) =Cre? Fygs (Vq)@zy",
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Finally, for precision LHC theory, the famous factorization
theorem [32]

=Y [andnFn)Fwatns  ©)
i
is written in the following form:

=¥ / drdxyFi(x) Py () (xps). (9)
ij

where the primed quantities are associated with the
kernels and cross sections derived in Egs. (6) and (1),
respectively. The implementation of the new IR-improved
kernels in the HERWIG6.5 [22] environment leads to a new
MC, HERWIRI1.031, as described in Ref. [33]. In what
follows, we present results using both the original
HErRWIG6.5 and the new IR-improved HERWIRIN.031. For
both MG5_aMC@NLO/HERWIG and MG5_aMC@NLO/
HERWIRI simulations, we use the NNPDF2.3nlo
PDFs [34].
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III. EVENT GENERATION, ANALYSIS,
AND CUTS

The generators for W + jet events are MADGRAPHS _
aMC@NLO [21] interfaced with HERWIG6.521 and
HERWIRI1.031, which use with exact NLO matrix element
calculations matched to the respective parton shower. The
number of events generated for the W, W + 1 jet, W + 2 jet,
and W + 3 jet processes are 107, 10, 10°, and 10°, respec-
tively. These events are showered by MADGRAPHS_
aMC@NLO/HERWIRI1.031 [35] (PTRMS =0) and
MADGRAPH5_aMC@NLO/HERWIG6.521 (PTRMS =
2.2 GeV) [36]. During the analysis, jets were reconstructed
using the anti-k, algorithm with FastJet [37] and the cuts in
Tables I and II were imposed for the ATLAS and CMS
results, respectively.

The transverse mass, my, is defined as my =

V/2PLP% (1 — cos A¢gp) where A¢ is the difference in the
azimuthal angle between the direction of the Ilepton
momentum and the associated neutrino, v;, which can be
written as

Ap = — g, (10)
Rapidity is defined as %ln[gf—ﬁj], where E denotes the

energy of the particle and p, is the longitudinal component

TABLE 1. Kinematic criteria defining the fiducial phase space
for the W — [ + v; channel.

Combined channel W — [ + v, where [ = {e,u}

Lepton P/ Pl > 25 GeV
Lepton rapidity #; ] < 2.5
Missing transverse energy E’TniSS > 25 GeV
Transverse mass my > 40 GeV
Jet algorithm Anti-kp
Radius parameter R R=04

Jet PY' P > 30 GeV
Jet rapidity Yie |Yie| < 4.4

Jet isolation AR(l,jet) > 0.5 (jet is removed)

TABLE II. Kinematic criteria defining the fiducial phase space
for the W — u + v, channel.

Muon channel (W — p +v,)

Lepton P P4 > 25 GeV
Lepton rapidity 1, [n,| <21
Missing transverse energy EMiss > 25 GeV
Transverse mass my > 50 GeV
Jet algorithm Anti-k,
Radius parameter R R=05

Jet PJ P > 30 GeV
Jet pseudorapidity 77ie et < 2.4

Jet isolation AR(u,jet) > 0.5 (jet is removed)

of the momentum. Finally, the jet isolation, AR, which is
a Lorentz invariant quantity for massless particles, is
defined as

AR(Ljet) = \/AGA(1Ljet) + A(Ljet)., (1)
where

Ag(L,jet) = ¢y — Piers
An(l,jet) = n — M, (12)

n= —lntan(g),

where 6 is the angle between the respective particle three-
momentum P and the positive direction of the beam axis.
The EXsS is calculated as the negative vector sum of the
transverse momenta of calibrated leptons, photons, and jets
and additional low-energy deposits in the calorimeter.

IV. RESULTS (ATLAS COLLABORATION)

In this section, the measured W(—/ + v;) + jets fiducial
cross sections [38] are shown and compared to the predic-
tions of MADGRAPHS_aMC@NLO/HERWIRI1.031 and
MADGRAPH5_aMC@NLO/HERWIG6.521. Each distri-
bution is combined separately by minimizing a y> function.
The factors applied to the theory predictions are summarized
in Appendix A and Appendix B (see Tables III and IV). We
have used the following notation throughout this paper:

(1) herwiri = MADGRAPHS5_aMC@NLO/HER-

WIRI1.031 (PTRMS = 0);
(i) herwig = MADGRAPHS_aMC@NLO/HER-
WIG6.521 (PTRMS = 2.2 GeV).

A. Transverse momentum distributions

The differential cross sections as a function of the
leading jet transverse momentum are shown in Figs. 1
and 2 for the W+ > 1 jet and W + 1 jet cases, respectively.
In both cases, there is agreement between the data and
predictions provided by HERWIRI and HERWIG in the
soft regime.

In Fig. 1, for Pr < 140 GeV, HERWIRI predictions are

. . 2
in better agreement with the data, where (755)yprwir =

0.76 and (%)HERWIRI = 2.04. The (d’(—jf) functions have

been calculated for the first nine bins. In Fig. 2, for
2

Pr <120 GeV, (&) nerwirt = 113 and (Z7)uprwirt =
0.96. The (d*—ozf) functions have been calculated for the first
eight bins. For the sake of clarification, the ratio plots for
Figs. 1 and 2 are given in Appendix C. In the ratio plot,

each point represents TE:;‘;Y (see Figs. 41-49).

The differential cross sections for the production of
W+ > 2jets as a function of the leading jet Py and the
second leading jet P; are shown in Figs. 3 and 4,
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FIG. 1.

Cross section for the production of W + jets as a function of the leading-jet Py in Nj > 1. The data are compared to

predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.
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FIG. 2. Cross section for the production of W + jets as a function of the leading-jet Py in Nj, = 1. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

respectively. HERWIRI and HERWIG generally describe

2

the data well for P7 < 200 GeV. In Fig. 3, (55)yerwirt =

1.19 and (£)uprwirt = 149, while for 200 < Py <
350 GeV it seems that they both fail to describe the data.
For 250 < Py < 550 GeV, HERWIRI predictions overlap
with the data while HERWIG either underestimates or
overestimates the data. Finally, for energies higher than

550 GeV, they both underestimate the data. The behaviors
for Pr > 200 GeV are consistent with our theoretical
curves’ exact NLO matrix element (ME) matched parton
shower precision.

Figure 4 shows that HERWIRI, in general, gives a better

fit to the data for Py < 150 GeV, where (ﬁz_f)HERWIRI =

2

1.06 and (#5)yprwirr = 1.69. For higher P7, in some
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W(—v l)+>2j at {s=7TeV
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FIG. 3.

Cross section for the production of W + jets as a function of the leading-jet Py in Nj > 2. The data are compared to

predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.
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FIG. 4. Cross section for the production of W + jets as a function of the second leading-jet Py in N, > 2. The data are compared to
predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

cases HERWIRI predictions overlap with the data while
HERWIG either underestimates or overestimates the data.
We conclude that HERWIRI gives a better fit to the data in
the soft regime as expected. The differential cross sections
for the production of W+ > 3jets as a function of the
leading jet P; and the third leading jet Py are shown in
Figs. 5 and 6, respectively. In Fig. 5, for Pr < 150 GeV,

the predictions provided by HERWIRI and HERWIG are in
complete agreement with the data, where (%)HERWIRI =

0.27 and (%;)HERWIRI =0.20. For Py > 150 GeV,
HERWIG gives a better fit to the data while HERWIRI
underestimates the data. In Fig. 6, HERWIRI gives a better
fit to the data for low Pz, Py < 150 GeV, where
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FIG. 5.

Cross section for the production of W + jets as a function of the leading-jet Py in Nj > 3. The data are compared to

predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

W(v l)+> 3j at {s=7TeV
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FIG. 6. Cross section for the production of W + jets as a function of the third leading-jet Py in N, > 3. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

(%(;)HERWIRI =3.27 and (%;)HERWIRI = 3.97. For large
Pr, in almost all cases HERWIRI and HERWIG predic-
tions either underestimate or overestimate the data.

In general, one could conclude that the predictions
provided by HERWIRI give as good a fit or a better fit
to the data for soft P without the need of an ad hoc
intrinsic Gaussian rms transverse momentum of 2.2 GeV as

needed by HERWIG.

B. Rapidity distributions

The differential cross sections for the production of the
W+ > 1 jet as a function of the leading jet ¥; are shown in
Fig. 7. The predictions provided by HERWIRI and
HERWIG are generally in agreement with the data, although
in three cases HERWIRI predictions overlap with the data
while the HERWIG predictions either underestimate or
overestimate the data. We clearly conclude that HERWIRI
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W(—v l)+>1j at {s=7TeV
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FIG. 7.

Y; (leading jet)

Cross section for the production of W + jets as a function of the leading-jet Y; in Nj, > 1. The data are compared to

predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.

and HERWIG give a very good fit to the data with

2 2
(ﬁ)HEanu =0.35 and (ﬁ)HERWIRI — 0.70.
The differential cross sections for the production of

W+ > 2jets as a function of the second leading jet Y ; are
shown in Fig. 8. The results provided by HERWIRI and
HERWIG overlap with the data in almost all cases. In two
cases the HERWIRI predictions overlap with the data, and

in two cases the HERWIG results overlap with the data
while HERWIRI predictions either underestimate or over-

estimate the data: (%(;)HER\,VIRI = 1.01 and (%)HERWIRI =
0.63. Here, both theoretical predictions give acceptable fits
to the data.

The differential cross sections for the production of

W+ > 3jets as a function of the third leading jet Y; are

W(—v I)+> 2j at {5=7TeV

10° = —
- —— herwiri
- herwig
L L] Data
102 =
- F
2o L
8
10—
— I
1= I
:l 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 05 1 15 2 25 3 35 4

YJ. (2nd leading jet)

FIG. 8.

Cross section for the production of W + jets as a function of the second leading-jet Y ; in N, > 2. The data are compared to

predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.
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W(—v l)+> 3 at {s=7TeV
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FIG. 9. Cross section for the production of W + jets as a function of the third leading-jet Y; in Nj > 3. The data are compared to
predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

shown in Fig. 9. For Y; < 3.6, with the exception of one
case in which only the HERWIG prediction overlaps with
the error bars on the data, HERWIRI and HERWIG
predictions are in agreement with the data. For ¥; > 3.6,
in one case HERWIRI overlaps with the error bars on the
data while HERWIG overestimates the data, and in the
other case HERWIG overlaps with the error bars on the data

while HERWIRI underestimates the data (%)HERWIRI =

1.05 and (ﬁ;)HERWIRI = 0.43 so that both predictions give
acceptable fits to the data.

C. Dijet angular variables,
invariant mass, separation

In this subsection the differential cross sections are
shown as functions of the difference in azimuthal angle
(Agj, j,) the difference in the rapidity (AY;, ; ), the angular
separation (AR; ; ), and the dijet invariant mass (m;, ; ) in
comparison to the data. We define the aforementioned

variables as follows:

AY; =Y =Y, (13)
Apj, j, = Ibj = ¢, (14)
AR;, j, = \/(A¢j,,jz)2 + A, ,)% (15)
Mjl»]z - \/(E + E (le + sz)2

= \/m +mj2 +2(E, E;, — P

J1

We note that in Eq. (15), Agy; ; is the difference in
pseudorapidity [39] of the first and second leading jets.
The ith jet is defined as

Pﬁh E; Plth—]et) (17)

—jet — ( J1?

The differential cross sections for the production of
W+ > 2jets as a function of the dijet invariant mass
between the two leading jets are shown in Fig. 10. The
cross sections are fairly well modeled by HERWIRI for
M; ;, <300 GeV. For M; ; > 300 GeV there are cases
in which HERWIRI glves a good fit to the data while
HERWIG predictions either underestimate or overestimate
the data. In comparison, predictions provided by HERWIRI
describe the data somewhat better than do those provided

2 2
by HERWIG: (%o,f)HERWIRI = 1.18 and (ﬁ)HERWIRI =
1.69 for M; ; < 300 GeV.

The differential cross sections for the production of
W+ > 2jets as a function of the difference in the rapidity
between the two leading jets are shown in Fig. 11. For
AY, ;. < 3 the predictions provided by HERWIRI give a

JiJ2
better fit to the data. For 3 < AY; ; < 4, HERWIG results

2
provide a better description of the data ({¢)perwirr =

2.08 and (£2)uerwirt = 477, so that overall HERWIRI
gives a better fit to the data.

The differential cross sections for the production of
W+ > 2jets as a function of the angular separation
between the two leading jets are shown in Fig. 12. For
AR; ; >3, the cross sections are fairly well modeled
by the predictions of HERWIRI and HERWIG. For

AR; ;, <3, in at least two cases the prediction provided

034026-8
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W(v l)+>2] at {s=7TeV
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FIG. 10.  Cross section for the production of W + jets as a function of the dijet invariant mass m;, ;, between the two leading jets in
Niet 2 2. The data are compared to predictions from MADGRAPH5_aMC@NLO/HERWIRII1.031 and MADGRAPHS_aMC@NLO/

HERWIG6.521.

W(-v l)+>2j at {s=7TeV
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FIG. 11. Cross section for the production of W + jets as a function of the difference in the rapidity between the two leading jets in
Niet 2 2. The data are compared to predictions from MADGRAPH5_aMC@NLO/HERWIRII1.031 and MADGRAPHS_aMC@NLO/

HERWIG6.521.

The differential cross sections for the production of
W+ > 2jets as a function of the azimuthal angle between
the two leading jets are shown in Fig. 13. For Ag; ; < 0.4,
1 <Ag; j, <14, and Ag; ; > 2.2, the predicted cross

by either of them is outside of the error bars on the data;
in most cases they both give a satisfactory prediction

. 2 2
0.78.
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W(—v 1)+22j at {5=7TeV
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FIG. 12.  Cross section for the production of W + jets as a function of the angular separation between the two leading jets for Njg, > 2.
The data are compared to predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HER-
WIG6.521.

W(v I)+>2] at s=7TeV
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FIG. 13. Cross section for the production of W + jets as a function of the difference in the azimuthal angle between the two leading
jets in Nj, > 2. The data are compared to predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRA-

PH5_aMC@NLO/HERWIG6.521.

sections by HERWIRI and HERWIG are within the error

2 2
bars on the data: ({£5)ugrwirr = 146 and (755)uprwirt =
0.49, so that, while both predictions give acceptable fits to In this subsection we will study the W 4 jets cross
the data, the HERWIG fit is the better one. sections as a function of Hy, the summed scalar Py of all

D. Scalar sum Hy
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Hyp = Pr(l) + Pr(v;) + Pr(ji) + Pr(j2),  (19)

identified objects in the final state. For example, for a
prototypical process

13 where [ = e, u.

(18) The differential cross sections as a function of H; are

shown in Figs. 14-19, respectively. We will study the W +

pp = l+vi+ji+ )
jets cross sections as a function of H for low Hy. We will

|

|

|

|

we define Hy as follows:
W(—v l)+>1j at fs=7TeV
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FIG. 14.  Cross section for the production of W + jets as a function of the scalar sum Hy in Nj, > 1. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

W(—v l)+1j at Ys=7TeV
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Cross section for the production of W + jets as a function of the scalar sum Hy in N.,, = 1. The data are compared to

FIG. 15.
predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.
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W(-v )+>2j at {s=7TeV
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FIG. 16. Cross section for the production of W + jets as a function of the scalar sum Hy in Nj, > 2. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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FIG. 17. Cross section for the production of W + jets as a function of the scalar sum Hy in N, = 2. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

The differential cross sections for the production of the

see in some cases HERWIRI predictions are in agreement
with the data and in some cases HERWIG predictions give

a better fit to the data. In general, a better agreement is
provided for the lower jet multiplicities, e.g., W + 1 jet

and W+ > 1jet.

W+ > 1jet as a function of the scalar sum H are shown in
Fig. 14. For H; < 300 GeV, HERWIRI and HERWIG

predictions are in good agreement with data where

? 2
and  (#5p)uprwirt = 0.96.  For

(#57) aErwirt = 0.591
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FIG. 18.

W(-v 1)+23j at {s=7TeV
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Cross section for the production of W + jets as a function of the scalar sum Hy in Nj > 3. The data are compared to

predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

W(v 1)+3j at ys=7TeV
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FIG. 19. Cross section for the production of W + jets as a function of the scalar sum Hp in Nj = 3. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

400 < Hy < 1400 GeV, the differential cross sections are
fairly well modeled by the HERWIG predictions. (See
Appendix C.)

The differential cross sections for the production of
W + 1jet as a function of the scalar sum Hy are shown in
Fig. 15. For the case Hy < 275 GeV, HERWIG predictions
are in better agreement with the data while the predictions

provided by HERWIRI either overestimate or under-
. . 2
estimate the data in some cases: (75¢)ugrwiri = 3-50

and (o) uprwirt = 0.76. For 275 < Hy < 1000 GeV,

the differential cross sections are fairly well modeled by
HERWIG predictions. HERWIRI predictions in almost all
cases underestimate the data for 275 < Hy < 1000 GeV.
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(See Appendix C.) The differential cross sections for the
production of W+ > 2 jets as a function of the scalar sum
Hy are shown in Fig. 16. The predictions provided by
HERWIG give a better fit to the data in Hy < 275 GeV,

2 2

with (755) gerwirt = 2-25 and (75¢)perwirt = 1.26. In the
275 < Hy <450 GeV range, HERWIRI gives a better fit
to the data; in the 450 < Hy < 650 GeV range, HERWIG
predictions are in better agreement with the data. For large
H7, HERWIG predictions either are in agreement with the
data or have less discrepancy with the data than the results
provided by HERWIRI, as Fig. 16 reveals.

The differential cross sections for the production of
W 4 2jets as a function of the scalar sum Hy are shown in
Fig. 17. HERWIRI and HERWIG seem to be unable to
provide a good fit for the data at Hy < 190 GeV where
they underestimate the data. In the H; < 250 GeV range,
HERWIG predictions are in better agreement with the data,

where ({57)ugrwirt = 2-36 and (F55)uprwirt = 1.09-

At scalar sum values around 170 < Hy < 250 GeV,
HERWIRI and HERWIG predictions overlap fairly well
with the data. In general, we conclude that the discrepancy
of the predictions provided by HERWIRI is less than that of
HERWIG.

The differential cross sections for the production of
W+ > 3jets as a function of the scalar sum H; are shown
in Fig. 18. A good fit is provided by the HERWIG

predictions for H; < 275 GeV, where (%)HERWIRI =
271 and (%)HERWIRI =2.01. The HERWIG and
HERWIRI predictions overlap fairly well with the data

for 275 < Hy <400 GeV. For the higher range
650 < Hy < 2000 GeV, the HERWIG predictions are in

better agreement with the data while in most cases
HERWIRI either underestimates or overestimates the data.

The differential cross sections for the production of W +
3jets as a function of the scalar sum Hy are shown in
Fig. 19. HERWIG gives a better fit to the data for

. 2 2
Hyp < 250, with (ﬁ)HERWIRI =3.73 and (ﬁ)HERWIm =
0.79. In general, the predictions provided by HERWIG give
a better fit to the data.

E. Scalar sum Sp

In this subsection, we study the behavior of W + jets
cross sections as a function of the scalar sum S7, where Sy
is defined as the summed scalar Pr of all the jets in the
event:

Njet

Sy = Z |PT(i)

where |P7(i)] is the transverse momentum of the ith jet and
Njet is the maximum number of jets in each event. The
differential cross sections as a function of S, are shown in
Figs. 20-24, respectively. We will study the W + jets cross
sections as a function of Sy for low S;. We will see in some
cases HERWIRI predictions are in agreement with the data
and in some cases HERWIG predictions give a better fit to
the data. In general, a better agreement is provided for the
lower jet multiplicities, e.g., W + 1jet and W+ > 1 jet.
The differential cross sections for the production
of W+ > 1jet as a function of the scalar sum Sy are
shown in Fig. 20. A good fit to the data is provided by
HERWIRI at S; < 300 GeV while HERWIG predictions

, (20)

W(v l)+>1] at {s=7TeV
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FIG. 20. Cross section for the production of W + jets as a function of the scalar sum Sy in Nj > 1. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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W(-=v l)+>2j at Vs=7TeV
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FIG. 21.

Cross section for the production of W + jets as a function of the scalar sum Sy in Nj > 2. The data are compared to

predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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FIG. 22.  Cross section for the production of W + jets as a function of the scalar sum Sy in Nj, = 2. The data are compared to
predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

lie below the data in some cases: (%)HERWIRI =0.28
and (£2)yprwirt = 1.94. For 300 < Sz < 1000 GeV, the

HERWIRI predictions are in good agreement with the
data. For higher values of Sy, 1000 < S < 2000 GeV,
HERWIRI and HERWIG predictions underestimate the

data.

The differential cross sections for the production of
W+ > 2jets as a function of the scalar sum S7 are shown in
Fig. 21. For S; <200 GeV, the predictions provided
by HERWIG are in better agreement with the data:

2 2 .
(F57) nErRwirt = 2-96 and ({55) ygrwirr = 1.65. For medium
values of S7, the HERWIG predictions give a fair fit to the
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FIG. 23.  Cross section for the production of W + jets as a function of the scalar sum Sy in Nj > 3. The data are compared to
predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.

W(-v 1)+3j at Vs=7TeV
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FIG. 24.  Cross section for the production of W + jets as a function of the scalar sum Sy in Nj, = 3. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

a better fit to the data or less discrepancy in comparison
better fit to the data. with HERWIG.

The differential cross sections for the production of W + The differential cross sections for the production of
2jets as a function of the scalar sum S; are shown in W+ > 3jets as a function of the scalar sum S7 are shown in
Fig. 22. Good agreement is provided by the predictions of  Fig. 23. For S; < 200 GeV, the predictions provided by

2

HERWIG for S < 200 GeV, where (%;)HERWIRI =439  HERWIG give a better fit to the data where (75+)yrrwirt =
and (%)HERWIRI = 5.27. HERWIRI in general gives either

data. For large S7 values, in some cases HERWIG gives a

2

034026-16



IR-IMPROVED DGLAP PARTON SHOWER EFFECTS IN ...

PHYS. REV. D 100, 034026 (2019)

The differential cross sections for the production of W +
3jets as a function of the scalar sum S; are shown in
Fig. 24. For S < 200 GeV, the predictions provided by

HERWIG give a better fit to the data, with (%)HERWIRI =
2
It is clear in some cases HERWIRI predictions are in

agreement with the data and in some cases HERWIG
predictions give a better fit to the data. In general, a better

agreement is provided for the lower jet multiplicities, e.g.,
W+ 1jet and W+ > 1 jet.

F. Cross sections

The cross sections for W — [ 4 v, production as func-
tions of the inclusive and exclusive jet multiplicity are
shown in Figs. 25 and 26. Figure 25 shows the cross
sections for the production of W + jet as a function of the

W(— Iv) at Vs=7TeV
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FIG. 25.

N

jets

Cross section for the production of W + jets as a function of the inclusive jet multiplicity. The data are compared to

predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.
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FIG. 26. Cross section for the production of W + jets as a function of the exclusive jet multiplicity. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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inclusive jet multiplicity. A good fit is provided by
HERWIRI and HERWIG for N, > 1, for Nj, > 2, and
for Njo > 3, where the HERWIRI prediction is just at the
edge of the lower error bar on the data. For the exclusive
case in Fig. 26, similar comments apply except that for the
Njeg = 3 case the HERWIRI prediction is about 26 below
the data.

V. RESULTS (CMS COLLABORATION)

In this section the measured W(— u + v,,) + jets fiducial
cross sections [40] are shown and compared to the predic-
tions of MADGRAPHS_aMC@NLO/HERWIRI1.031 and
MADGRAPH5_aMC@NLO/HERWIG6.521, which are
hereafter oftentimes referred to as HERWIRI and
HERWIG, respectively. Each distribution is combined sep-
arately by minimizing a y? function. The factors applied to
the theory predictions are summarized in Appendix B.

A. Transverse momentum distributions Py

The differential cross sections in jet Py for inclusive jet
multiplicities from 1 to 3 are shown in Figs. 27-29, and
compared with predictions provided by HERWIRI and
HERWIG. The differential cross sections as functions of
the first three leading jets are shown in Figs. 27, 28, and 29.
In Fig. 27, for Py < 150 GeV, the predictions provided by
HERWIRI and HERWIG give a very good fit to the data,

. 2 2
with (5P uerwirt = 0.64 and (57 uerwir = 0.35.

In Fig. 28, for P; < 110 GeV, a better fit is provided by
HERWIG to the data points, where (%,f)HERWIRI =143

and (%;)HERWIRI = 0.73. For higher values of Pz, the

predictions provided by HERWIRI lie below the data while
the HERWIG results either underestimate or overestimate
the data.

In Fig. 29, for Py < 150 GeV, the HERWIG predictions,

. . . 2
in general, give a better fit to the data: (75)ygrwirr = 2-60

2
and (ﬁ)HERWIRI = 1.59.

B. The scalar sum of jet transverse momenta Hy
In this subsection, the differential cross sections are

shown as functions of Hy for inclusive jet multiplicities
1-3. The scalar sum Hy is defined as

N, jet
Hy =Y Pr(j))

i=1

(1)

for each event.

The differential cross sections as a function of Hy for
inclusive jet multiplicities 1-3 are shown in Figs. 30-32. In
Fig. 30, for Hy < 300 GeV, the predictions provided by
HERWIRI and HERWIG give a very good fit to the data

. 2 2
with (5 uerwirt = 0.57 and (57 uerwirs = 0.40. In
Fig. 31, for Hy < 180 GeV and 360 < Hy < 540 GeV,

HERWIRI gives a better fit to the data while in Fig. 32
the predictions provided by HERWIRI give a better fit to
the data for Hy <250GeV. In Fig. 31, for Hy < 300 GeV,

2 2 .
(ﬁ)HERWIRI =1.70 and (ﬁ)HERWIRI = 1.36. In Fig. 32,

2 2
for Hy <250 GeV (ﬁ)HERWIRI =4.02 and (ﬁ)HERWIRI =
4.37.
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FIG. 27. Cross section for the production of W + jets as a function of the leading jet Py for Nj > 1. The data are compared to
predictions from MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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W(—puv )+>2j at Vs=7TeV

herwiri
——— herwig
1L
g + Data
3 10“_
O] : i
o
=
-2 |
s8¢ ;
10°F f
1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 Il I 1 1 1 1 I 1 1
100 200 300 400 500

P1(j) [GeV]

FIG. 28.  Cross section for the production of W + jets as a function of the second leading jet Py for Ni, > 2. The data are compared to
predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRAPH5_aMC@NLO/HERWIG6.521.
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FIG. 29.  Cross section for the production of W + jets as a function of the third leading jet P for N, > 3. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.

C. Pseudorapidity distributions [7(j)| 1. (|P|+P, P,
n==In|—=——) =arctatanh | = |,  (22)
|P| - Py Is

In this section, the differential cross sections are shown 2
as functions of pseudorapidities of the three leading jets.

The pseudorapidity, which was defined in Eq. (12), can be =~ where P; is the component of the momentum along the
written as beam axis.
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FIG. 30. Cross section for the production of W + jets as a function of Hy for Ni > 1. The data are compared to predictions from
MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521.

W(—puv )+>2j at ys=7TeV

herwiri
——— herwig
% Data
>
Q
Kol
2
[y 1
01
iy
L 1
1072 E 1
—4 |
10 E 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I II 1 1 | 1 1 1 | 1
200 400 600 800 1000 1200 1400 1600
H(jets) [GeV]

FIG. 31.

Cross section for the production of W + jets as a function of Hy for Ni > 2. The data are compared to predictions from

MADGRAPHS_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

The problem with rapidity is that it can be hard to
measure for highly relativistic particles. We need the total
momentum vector of a particle, especially at high values of
the rapidity where the z component of the momentum is
large, and the beam pipe can be in the way of measuring it
precisely.

However, there is a way of defining a quantity that is
almost the same thing as the rapidity which is much easier

to measure than y for highly energetic particles. This leads
to the concept of the pseudorapidity 7, wherein we see from
Eq. (22) that the magnitude of the momentum cancels out
of the ratio in the arguments of the logarithm and the
arctanh in the equation.

Hadron colliders measure physical momenta in terms of
transverse momentum, Pz, polar angle in the transverse
plane, ¢, and pseudorapidity. To obtain Cartesian momenta
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W(—pv )+> 3j at Vs=7TeV
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FIG. 32.  Cross section for the production of W + jets as a function of Hy for Nj > 3. The data are compared to predictions from
MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521.

(P,. Py, P,) (with the z axis defined as the beam axis), the In Fig. 33 the cross section is shown as a function of
[7(j1)|, the leading jet pseudorapidity. The predictions

provided by HERWIRI and HERWIG are in good agree-
P, = Pycos g, m;nt with the data, w%th (‘L‘fﬁ)HERWIRI 1: 0.39 and
P, = Pysing. (23) (5 uerwirt = 0.79. In Fig. 34, in general, HERWIG

P. = Pysinhy. gives a2 better fit to the data, with (F)uprwrr = 1.94
and ({55)ugrwirt = 1.71. Figure 35 shows that HERWIRI

following conversions are used:

W(—uv )+>1j at Ys=7TeV
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FIG. 33. Cross section for the production of W + jets as a function of |5(j,)| for N et = 1. The data are compared to predictions from
MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521.
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W(—puv )+>2j at Vs=7TeV
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FIG. 34.  Cross section for the production of W +- jets as a function of |57(j, )| for Nj > 2. The data are compared to predictions from
MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

W(—puv )+> 3jat ys=7TeV
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FIG. 35. Cross section for the production of W + jets as a function of |#7(j; )| for Nje, > 3. The data are compared to predictions from
MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC@NLO/HERWIG6.521.

leading jets for inclusive jet multiplicities 1-3. The
azimuthal angle between the muon and the leading jet is
defined as

and HERWIG predictions are in agreement with the data,

with () erwirt = 0-82 and ({57) erwirs = 0.61.

D. Azimuthal angular distribution between . P (u)P(j1) + Py(u)Py(j1)
the muon and the leading jet cos(AD (. j1)) = = ” =T =
The differential cross sections are shown as functions of \/ wu) + J (ﬂ)\/ <)+ Y Gv)

the azimuthal angle between the muon and the first three (24)

’
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shown in Figs. 36-38 for inclusive jet multiplicities 1-3,

with
respectively.
= (E,.. Po(). P, (u). Pp(n)). In'Flg. 306, the data are better modeleq by the predictions
y . . . (25)  provided by HERWIRI as expected. Figure 37 shows that
ji=(E i P (1), P y (J1): PL(1))- the HERWIG predictions give a better fit to the data. In

Fig. 38, the predictions provided by either HERWIRI and

The differential cross sections as functions of the azimuthal HERWIG are in good agreement with the data. In Fig. 36,

angle between the muon and the first three leading jets are (ﬁz‘f)mﬂw\,IRI = 1.26 and (%)HERWIRI = 2.67. In Fig. 37,

W(—puv )+>1j at ys=7TeV

10° —
: herwiri
= herwig
L » Data
= —
=
{3 i
218 107
SE O E P
B 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1
0 05 1 15 2 25 3
AD(j 1)

FIG. 36. Cross section for the production of W + jets as a function of the azimuthal angle between the muon and the leading jet
A®(u, j;) for Nig, > 1. The data are compared to predictions from MADGRAPH5_aMC@NLO/HERWIRI1.031 and MADGRA-

PH5_aMC@NLO/HERWIG6.521.

W(—puv )+ 2j at ys=7TeV
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FIG. 37. Cross section for the production of W + jets as a function of the azimuthal angle between the muon and the second leading jet
A®(u, j,) for N et = 2. The data are compared to predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRA-

PH5_aMC@NLO/HERWIG6.521.
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2 2 .
()‘—'f)HERWIRI =2.73 and (d)(_,f)HERWIRI = 1.48. In Fig. 38,
2

0.89 and (£ yprwirs = 0.61.

O

o
(ﬁ)HERWIRI - d.o.f

E. Cross sections

The measured W(—u+v,)+jets fiducial cross
sections are shown in Figs. 39 and 40 and compared

HERWIG6.521. Figure 39 shows the differential cross
sections for the inclusive jet multiplicities 1-3.
HERWIRI gives a better fit to the data. Figure 40 shows
the differential cross sections for the exclusive jet multi-
plicities 1-3. The cross sections provided by HERWIG give
a better fit to the data. In Fig. 39, (%OZJC)HERV\,IRI = 0.46 and

2 oo . 2
(ﬁ)HERWIRI = 0.56 while in Fig. 40, (ﬁ)HERWIRI =1.16

to the predictions of MADGRAPHS5_aMC@NLO/ )
HERWIRI1.031 and MADGRAPHS5_aMC@NLO/ and (ﬁ)HERWlRl = 0.83.
W(-pv )+= 3j at ys=7TeV
10 B herwiri
N herwig
L] Data
] i
= - o '} I
= |
',\5, f-j: N I j L=
2"
83 __{, T
1 1 1 1 I 1L 1 1 1 | 1L 1 1 1 | 1 1 1 1 [ 1 1 1 1 I 1 1L 1 1 | 1

FIG. 38.

15 2
AD(j h)

Cross section for the production of W + jets as a function of the azimuthal angle between the muon and the second leading jet

A®D(u, j;) for Ni, > 3. The data are compared to predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRA-

PH5_aMC@NLO/HERWIG6.521.

W(—puv ) at Ys=7TeV
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FIG. 39. Measured cross section versus inclusive jet multiplicity. The data are

|
>0
N,

jets

compared to predictions from MADGRA-

PH5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521.
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W(—puv ) at {s=7TeV
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FIG. 40. Measured cross section versus exclusive jet multiplicity. The data are compared to predictions from MADGRA-
PH5_aMC@NLO/HERWIRI1.031 and MADGRAPHS5_aMC @NLO/HERWIG6.521.

VI. THEORETICAL PREDICTIONS AND
ASSOCIATED ERRORS

Madgraph_aMC@NLO is only capable of doing the
leading-order (LO) and next-to-leading order (NLO) cal-
culations. That being said, the theoretical predictions
provided by Madgraph_aMC@NLO would have theoreti-
cal errors around 15%-20%. For the sake of clarification,
four sample plots are given in Appendix D (see Figs. 49—
52). In the process of generating these sample plots, 20% of
the theoretical error has been taken into account.

VII. SUMMARY

The realization of the IR-improved DGLAP-CS theory,
when used in the MADGRAPHS aMC@NLO/
HERWIRII.031 O(a) matrix element-matched parton
shower framework, provides us with the opportunity to
explain, in the soft regime, the differential cross sections for
a W boson produced in association with jets in pp
collisions in the recent LHC data from ATLAS and
CMS, without the need of an unexpectedly hard intrinsic
Gaussian distribution with an rms value of PTRMS =
2.2 GeV in parton’s wave function. PTRMS is the rms
value of the intrinsic Gaussian transverse momentum
distribution for the partons inside the proton. In our view,

this can be interpreted as providing a rigorous basis for the
phenomenological correctness of such unexpectedly hard
distributions insofar as describing these data using the usual
unimproved DGLAP-CS showers is concerned.

APPENDIX A: SCALE FACTORS FOR
THEORETICAL PREDICTIONS

TABLE III. Summary of the scale factors applied to the
theoretical predictions for ATLAS at /s =7 TeV. Note that
the factor of 2 between the scalings of Figs. 1 and 7 is due to our
having simulated for Y instead of the |¥| in the data.

Figure
2 2

number  OHERWIRI  HERWIRI (ﬁ)HERWlRI (d};,f)HERWIRI
Fig. 1 0.0201 0.02023 0.76 2.04
Fig. 2 0.0155 0.015 1.13 0.96
Fig. 3 0.03113 0.03241 1.19 1.49
Fig. 4 0.03501 0.03221 1.06 1.69
Fig. 5 0.01460 0.01481 0.27 0.20
Fig. 6 0.01562 0.01141 3.27 3.96
Fig. 7 0.03978 0.04038 0.35 0.71
Fig. 8 0.05890 0.06062 1.01 0.63
Fig. 9 0.02850 0.03601 1.05 0.43

(Table continued)
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TABLE IIL. (Continued) APPENDIX B: SCALE FACTORS FOR CMS
AT /s=7 TeV

Figure . ,

A A
number  AupRwIRI  ®HERWIRI (d,o_f)HERWlRl (d_o,f)HERWIRl

TABLE IV. Summary of the scale factors applied to the

Fig. 10~ 0.01311  0.0128 1.18 1.69 theoretical predictions for CMS at /s =7 TeV.
Fig. 11 0.08608  0.08051 2.08 477
Fig. 12 001311 001324 159 0.78 Figure 2 2
Fig. 13 0.01322  0.01328 1.46 0.49 number  auyprwikl  OHERWIRI  (dop)HERWIRI  (Fo7) HERWIRI
Fig. 14 0.01980  0.01920 0.59 0.96 Fig. 27 004373  0.04521 0.64 0.35
Fig. 15 001521  0.0139 2.50 0.76 Fig. 28 00615 0061 03 07
Fig. 16 003116  0.03012 225 1.26 Fig 20 052852 04025 560 150
Fig. 17 003301  0.03178 2.36 1.09 Fig 30 004382  0.0451 07 020
Fig. 18 0.01476 0-01(2)73 271 2.01 Fig. 31 0.06138  0.0599 1.70 1.36
Fig. 19 001318 001231 3.73 0.80 Fis 32 05261 0390 L0 e
Fig.20  0.02013  0.02128 0.28 1.94 Fig. 33 0.04635  0.046702 0.39 0.79
Fig.21  0.03170  0.02913 2.96 1.65 Fig. 34 0.06175  0.062021 1.94 171
Fig. 22 003212  0.03091 439 527 Fig. 35 0502 0ALS 0% 061
E?g- gi 8-8{‘3‘23 g-g}(l)g? 431'22 }-2(5) Fig. 36 0.0421  0.04411 1.26 2.67
12- : : : . Fig. 37  0.06011  0.05981 2.73 1.48
Fig.25 05547 05309 431 0.70 Fig. 38  0.5212  0.3978 0.89 0.61
Fig. 26 0.5420 05172 7.31 1.08 Fis 30 06836 0,550 046 056
Fig. 40 0.6251 05551 1.16 0.83

APPENDIX C: RATIO PLOTS

Ratio Plot for Figure 1
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FIG. 41. Ratio plot for the production of W + jets as a function of the leading-jet Py in Nj, > 1. The data are divided by predictions
from MADGRAPHS5_aMC@NLO/HERWIRI1.031.
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Ratio Plot for Figure 1

III|IIII[IIlllllIIIIIII|IIII|IIIIIIIII|IIII|IIIIIIIIllIIII]IIIIIIIII|IIII]IIII|IIII|IIII]IIII|IIII|IIIIIII

++++ ——
;

1T+
+++++ |

Lot
a3

34
3.2
3.0
238
26
24
22
20
1.8
1.6
1.4
1.2
1.0
0.8
0.6
04

IH
| B

Data
herwig

L;_'IIIIIIWIII|[|||II||l|||[||||||||||||||||I||I
3l

3||III||II|III IIIIIIIIIII|IIIIIII|[II|[II|III|III|III|III|I

IIIIIIIIIlIIII|IIII|IIII|IKII|IIIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIlIIII|IIII|IIII|IIII|IIII|IIII|IIII|II

0 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

ok

°H

FIG. 42.  Ratio plot for the production of W + jets as a function of the leading-jet Py in Nj > 1. The data are divided by predictions
from MADGRAPHS5_aMC@NLO/HERWIG6.521.

Ratio Plot for Figure 2
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FIG. 43. Ratio plot for the production of W + jets as a function of the leading-jet Py in Nj = 1. The data are divided by predictions
from MADGRAPHS5_aMC@NLO/HERWIRI1.031.
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Ratio Plot for Figure 2
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FIG. 44.  Ratio plot for the production of W + jets as a function of the leading-jet Py in Nj = 1. The data are divided by predictions
from MADGRAPH5_aMC@NLO/HERWIG6.521.

15 Ratio Plot for Figure 14
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FIG. 45.  Ratio plot for the production of W + jets as a function of the scalar sum Hy in Nj, > 1. The data are divided by predictions
from MADGRAPHS5_aMC@NLO/HERWIRI1.031.
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Ratio Plot for Figure 14
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FIG. 46. Ratio plot for the production of W + jets as a function of the scalar sum Hy in Nj, > 1. The data are divided by predictions
from MADGRAPHS5_aMC @NLO/HERWIG6.521.

Ratio Plot for Figure 15
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FIG. 47. Ratio plot for the production of W + jets as a function of the scalar sum Hy in Nj = 1. The data are divided by predictions
from MADGRAPHS5_aMC@NLO/HERWIRI1.031.
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Ratio Plot for Figure 15
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FIG. 48. Ratio plot for the production of W + jets as a function of the scalar sum Hy in Nj, = 1. The data are divided by predictions
from MADGRAPH5_aMC@NLO/HERWIG6.521.

APPENDIX D: ERROR PLOTS

W(—v )+> 1j at {s=7TeV
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FIG. 49. Cross section for the production of W + jets as a function of the leading-jet Py in Nj > 1. The data are compared to

predictions from MADGRAPH5_aMC @NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521. The 20% theoretical
errors are shown for illustration.
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W(—v 1)+> 1j at {s=7TeV
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FIG. 50. Cross section for the production of W + jets as a function of the leading-jet ¥; in Nj, > 1. The data are compared to

predictions from MADGRAPHS_aMC @NLO/HERWIRI1.031 and MADGRAPHS_aMC@NLO/HERWIG6.521. The 20% theoretical

errors are shown for illustration.
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FIG. 51.  Cross section for the production of W + jets as a function of the scalar sum Hy in Nj, > 1. The data are compared to
predictions from MADGRAPHS5_aMC @NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521. The 20% theoretical

errors are shown for illustration.
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W(—v I)+21j at {s=7TeV
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FIG. 52.  Cross section for the production of W + jets as a function of the scalar sum Sy in Nj > 1. The data are compared to
predictions from MADGRAPHS5_aMC@NLO/HERWIRI1.031 and MADGRAPHS_aMC @NLO/HERWIG6.521. The 20% theoretical

errors are shown for illustration.
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