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Differential QCD Predictions of the W= ++ 1 Jet for the Large Hadron
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The differential quantum chromodynamics (QCD) predictions for the W boson and a single
jet as functions of the lepton pseudorapidity in proton-proton collisions are presented up next-
to-leading order correction in QCD. The predictions are done by using the most modern parton
distribution functions (PDFs). To check the reliability of the PDFs, we compared 7 TeV predictions
with the available experimental results at the corresponding energy. Finally, the differential QCD
predictions and the asymmetry between the W™ + 1 jet and W~ + 1 jet events at /s = 7, 8, 13,

14 and 100 TeV are discussed in detail.
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I. INTRODUCTION

In high energy and particle physics, hadron colliders
play an important role in testing the predictions of var-
ious theories. They both search for new particles and
interactions predicted in the Standard Model (SM) and
in the theories beyond the Standard Model (BSM). Dis-
coveries of W and Z bosons [1], the top quark [2] and the
Higgs boson [3,4] are the most significant examples of the
discoveries that are made by hadron colliders. The most
powerful hadron collider that is currently operating is the
Large Hadron Collider (LHC). It started its operation in
2009 with a 7 TeV center-of-mass energy, and the energy
was increased to 8 TeV in 2012. These two steps were
called Run 1. The second step at the LHC is called Run
2, which operates at 13 and 14 TeV center-of-mass en-
ergies. /s = 13 TeV proton-proton (pp) collisions have
already started at the LHC, and it will finally reach its
desired collision energy of 14 TeV [5] during the time
frame from 2019 to 2021. Furthermore, the Future Cir-
cular Collider (FCC) is currently being designed for the
post-LHC era with the goal of reaching a center-of-mass
energy of 100 TeV in pp collision. The FCC will extend
the searches for new physics on both the energy and the
intensity frontiers of particle colliders. It will provide
electron-positron and proton-electron collisions, as well
as hadron collisions (proton-proton and heavy ion), at
different energies [6].

In pp collisions, vector boson studies in association
with jets are important because they provide background
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Fig. 1. (Color online) A comparison of 7 TeV ATLAS
cross-section results and QCD predictions at the correspond-
ing energy for the W boson in association with one inclusive
jet in pp collisions. Both LO and NLO QCD predictions
are obtained by using the two most recent PDFs, CT14 and
MMHT2014.

for the top quark and for new physics searches, as well
as for searches in the SM [7]. The associated jet produc-
tion studies develop the calculations and Monte Carlo
(MC) simulations in perturbative quantum chromody-
namics (pQCD). Because of this, W* + jet events are
very cirucial in pQCD [8]. Previous hadron collider ex-
periments such as CDF and DO at Tevatron reported W
+ jet production results at /s = 1.96 TeV [9] in pp col-
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Table 1. NLO QCD predictions and total systematic uncertainties of W* 4 1 jet and W~ + 1 jet production at various
center-of-mass energies in pp collisions. The total systematic uncertainties are calculated taking the quadratic sum of the PDF
and scale uncertainties.

W+ +1 Jet (pb)

W~ +1 Jet (pb)

CT14 PDF

MMHT2014 PDF

CT14 PDF MMHT2014 PDF
7 TeV 287.70631-535 292.724732308
8 TeV 340.8181 77577 346.698737-573
13 TeV 602.1941752:018 616.840735°5%5
14 TeV 655.5147 52751 671.213721782

100 TeV 4849.761751-285 4981.663753-542

195.116715-95
237.611718-999
463,015 520
510.78075¢ 515
4589.529785-299

202,303 13 551
24593015 417
478255 32010
524.809755 264
4710.755152-596

Table 2. W + 1 jet asymmetry (%) at various center-of-mass energies. The results are produced by using the two most

recent PDFs, CT14 and MMHT2014.

7 TeV (%) 8 TeV (%) 13 TeV (%) 14 TeV (%) 100 TeV (%)
CT14 PDF 19.176 T9-53¢ 17.843 70-582 13.066 75259 12.410 T5-952 2.757 15456
MMHT2014 PDF 18.266 10557 17.002 15559 12.655 10439 12.241 1555 2.795 T0-97%

lisions, and current LHC experiments such as CMS and
ATLAS reported W + jet production results at /s =7
[10] and 13 TeV [11,12] in pp collisions.

The LHC experiments showed that the numbers of W+
and W~ events in pp collisions are not same because the
number of up (u) quarks is dominant in proton. How-
ever, the asymmetry between WT and W~ decreases
with the increasing center-of-mass energy at the LHC
[13]. In this study, we produce next-to-leading order
(NLO) QCD predictions for W+ + 1 jet and W~ + 1
jet by using MCFM [14] MC generator. The most recent
PDFs that are used for QCD predictions are CT14 [15]
and MMHT?2014 [16]. Because of this, we used these two
PDFs in the MCFM generator to find more precise re-
sults with the LHC data at /s = 7, 8, 13, and 14 TeV
and the FCC pp data at /s = 100 TeV. Then, we study
the charge asymmetry of simultaneous production of W+
and one associated jet in pp collisions by using these NLO
QCD results.

II. DIFFERENTIAL QCD PREDICTIONS OF
W+ +1 JET PRODUCTION FOR FUTURE
LHC RUNS AND THE POST LHC ERA

The production and cross-section studies of W+
bosons in association with jets play an important role
in particle physics because they provide background for
possible new processes, such as the production of the
SM Higgs boson and processes BSM. In this study, we
first generate LO and NLO QCD predictions of W+ + 1
jet and W~ + 1 jet events at /s = 7 TeV and com-
pared the obtained results with available experimental
results at the LHC. The purpose of this comparison is
to confirm our selection criteria for the leptons from W
boson decay and jets and to test the QCD correction

and PDF that is consistent with experimental data. For
the leptonic decay of the W boson (W — /v and
W~ — £~ i, where (* is eT or u), we use pfp > 25 GeV
and || < 2.5. Similarly, we use p}* > 30 GeV and
[n7¢t| < 4.4. To constrain the cases where an extra one
jet from the initial or the final state radiation exists, we
select AR > 0.5, where AR is a cone between the lepton
and the jet. We use the anti-k; algorithm to reconstruct
jets with a radius parameter R = 0.4 [17]. In addition,
ETTQ”SS > 25 GeV and mr > 40 GeV are selected, where
Ess and mq are respectively the missing transverse
energy and the transverse mass. Finally, the renormal-
ization (upr) and the factorization (up) scales are selected

as g = prp = \/m¥ + 3 (piFH)2. Here, my is the W
boson mass, and pJTEt is the jet’s transverse momentum.
To calculate the scale uncertainty, we take the difference
between the cross sections for the value (ur = pp = Mz)
and the scaled value (ug = pup = x Mz, where z is equal
to % or 2). Then, the total systematic uncertainty is cal-
culated by taking the quadratic sum of the PDF and the
scale uncertainties. A detailed calculation of the scale
uncertainty can be found in our previous study [13].

A comparison of 7 TeV ATLAS results [10] to the QCD
predictions at the corresponding energy is given in Fig. 1.
As shown in the figure, NLO predictions for the CT14
and MMHT2014 PDFs at /s = 7 TeV are consistent
with experimental data, even though the LO predictions
of the PDFs do not agree with the data. Additional
quarks and gluons that have strong coupling factor (o)
must be inserted into a LO process to obtain NLO QCD
prediction of a process [18]. Because the LO correction
is the born level at QCD, this level correction does not
give a precise approximation for estimating the cross sec-
tion of a particle. The LO correction results in a large
scale uncertainty, but the dependences on the pr and pp
scales are lower at the NLO correction [19]. For these
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Table 3. W+ +1 jet NLO QCD predictions as a function of lepton 7 from 7 to 100 TeV center-of-mass energies. The results
are produced by using the CT14 and the MMHT2014 PDFs, and the total systematic uncertainties are calculated taking the

quadratic sum of the PDF and the scale uncertainties.

PDFs Lepton |7 7 TeV 8 TeV 13 TeV 14 TeV 100 TeV
0.00-0.20 23.4113521 26.96972-9%4 48.49872-39 51.15476-358 387.191739-530
0.20-0.40 22.79312-297 26.7447 1786 46.16617 7513 51.03677559 405.272+11-8%0
0.40-0.60 23.39712:990 26.68413-926 45.78975-357 52.83213018 381.086133-665
0.60-0.80 23.94512-489 28.91871-837 47.78071 128 52.48012-257 405.391119-774

CT14 0.80-1.00 23.86213-527 27.70112-536 4752715742 5426312857 395.835137-814
1.00-1.20 24.3767}-238 28.04015 53¢ 47.72675529 54.276T1-271 391.228111 748
1.20-1.40 25.05175978 29.39475255 48.26173-532 52.19975:233 391.0407 33223
1.40-1.60 23.1571 521 27.85812:230 50.16013 445 51.30875- 051 394.460713-1%9
1.60-1.85 29.3717-859 34.26972-2¢ 62.63572:159 64.67275-553 489.857155-573
1.85-2.10 27.97712-576 33.95572328 57.967 15550 65.69275 952 482.7781T18-394
2.10-2.40 30.2612-228 37.72273:299 69.87377-271 77.8661 2155 546.012715-993
0.00-0.20 23.92571-614 28.64072:22¢ 48.09972-807 53.93772-327 376.509752-290
0.20-0.40 24.34372- 718 28.42172:54% 48.44575-378 51.658T5 799 395.929713-518
0.40-0.60 24.09671-959 28.18512-827 49.85075953 53.70575: 938 403.266743-983
0.60-0.80 23.58371-999 28.654 71999 50.44212:574 53.53971-391 421.307723-181

MMHT2014 0.80-1.00 24.60375-93% 28.026777%7 49.32175-429 55.6201T %872 423.454137-310
1.00-1.20 24.83912-331 29.10372-391 49.43675 185 54.996 12260 402.836728:304
1.20-1.40 24.32217°776 29.213%;-5%0 48.12975120 53.164175-097 408.0257 37139
1.40-1.60 23.88112:539 28.306 70510 49.34172-9°8 53.30175 439 381.320779-823
1.60-1.85 29.20473-777 35.81972:272 64.03873:917 67.80075:325 493.092121-562
1.85-2.10 27.10973:276 34.61573:952 62.52078-212 69.45773-539 470.4657 15959
2.10-2.40 30.29472-218 38.08472:237 70.76975 771 76.44615 771 552.663735-937
1'8: [ Preicod ta uncertany (0714 POF) take the LO correction into account during the remain-
T R ——— der. The numerical results for the NLO QCD predictions
L . for W+ +1 jet and W~ + 1 jet production in a range
N o Prodicted resut (MMHT2014 PDF) of center-of-mass energy from 7 to 100 TeV are given in
_ 18 Table 1. Using the results in Table 1, we find the ratio
2 - of ow+yijer 10 Ow—41jer, as shown in Fig. 2. In this
+ 1.5 figure, the ratios are obtained by using the CT14 and
;b - the MMHT2014 PDFs. As can be seen, the results for
= 14 both PDFs are close to each other. The figure shows
f F that the difference between oy + 1 e and oy — 1 1je¢ de-
B 1.3 creases while the center-of-mass energy becomes larger.
b This shows that the probability of finding W + 1 jet
1.2 events will be close to the probability of finding W~ + 1
F jet events at /s = 14 TeV, and it will be almost same at
1= Vs = 100 TeV. The correct method for calculating the
F | | | | - charge asymmetry between W+ 4 1 jet and W~ + 1 jet

1

7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

Fig. 2. (Color online) Ratio of W' 41 jet to W~ + 1 jet
NLO QCD predictions at various center-of-mass energies.

reasons, compared to the LO QCD correction, the NLO
QCD correction is more consistent with the experimental
data.

The consistency of the NLO correction shows that the
NLO correction will provide a better estimate for future
LHC and post-LHC runs. Because of this, we will not

events is not to take the ratio for these events. Because of
this, we use the method that was previously used by the
CMS collaboration to calculate the asymmetry between
W and W~ events [20]. We use Eq. (1) to calculate the
asymmetry between W7 + 1 jet and W~ + 1 jet events:

A= OW++1jet

— OW—+41jet (1)
OW+41jet T OW—141jet

In this equation, A is the asymmetry, and oy + 4 1j¢ is
NLO QCD predictions for W+ + 1 jet and W~ + 1 jet

events.
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Table 4. W™ 41 jet NLO QCD predictions as a function of lepton 7 from 7 to 100 TeV center-of-mass energies. The results
are produced by using the CT14 and the MMHT2014 PDFs, and the total systematic uncertainties are calculated taking the
quadratic sum of the PDF and the scale uncertainties.

8 TeV

13 TeV

14 TeV

100 TeV

2212573010
21.133+4 953
21.59275:924
20.951%5 151
20.9007 3523
20,4053 75}
18.98973-523
18.95813-321
21,256 7
202505 505
21,5647 128

42.16431;;33
41.48617°359
41.3647 5557
3024773957
40.1867 5755
38,570 031
366887395,
36.53075 701
44.89973-222
38.78373:255
44.74515:558

46.39615 050
42.34215-936
45.7147 3532
44.64673450
45.83213 723
107023191
43.39973-227
40.20073-317
46.28575-984
43.61671:053
49.96615151

386.542212%
388.724135-975
398.28718:3%5
385.029135-873
368.7671 157504
379.18570 271
351.746T5% 73T
358.1671 19222
466.031732:640

—12.138

+40.672
420579149972

+39.780
485074739780

19.79673-86%
1854075 57
1781
17673157558
1756875 35
17.65673378
16.896 3 703
15,6022 3%
186072700
17.70973-570
180114512

43.82372:572
43.80813723
40.9157%-921
40.46573-052
41.46572:3%9
41.42973-925
40.3957 3576
36,933 113
440607452
42.85175286
46.50475:923

45.34275 452
45.609f§13$§
45.745T%-9%5
45.314175280
45.86113:9%8
4411175735
43.05915 5o
41,908+ 2908
ss.0507 140
46.526750%%
51.11979:28%

381.798T10.837
423.582t§3;§§3
391.697712-738
406.960 134079
382.262122-292
352.295137-229
367.097155581
375.5961 %233
436,075 53420
451967751550

—31.833
+32.474
517.525 52 072

PDFs Lepton |n| 7 TeV
F1.228
0.00-0.20 18.18971°5%5
+1.350
0.20-0.40 18.044 77757
+1.349
0.40-0.60 17.5437 709
+1.346
0.60-0.80 17.2447 'gug
CT14 0.80-1.00 17.359711 359
+1.054
1.00-1.20 17.4617(2)'%2
+0.
1.20-1.40 16.582_21;135799
+2.
1.40-1.60 14.45_01972877
+1.
1.60-1.85 18.131_8?%3
+2.
1.85-2.10 15.457_21670675
+2.
2.10-2.40 17.0477 395
+1.630
0.00-0.20 19.796 75 576
+1.435
0.20-0.40 18.540_gggg
+2.
0.40-0.60 17.81775 970
0.60-0.80 17.67315 510
MMHT2014 0.80-1.00 17.5681 4578
+1.336
1.00-1.20 17.656 7 440
+1.603
1.20-1.40 16.896 " 961
+1.915
1.40-1.60 15.6927 17595
+1.789
1.60-1.85 18.697_8233
+2.
1.85-2.10 17.70975 777
+1.914
2.10-2.40 18.01175 041
25 L Predicted total uncertainty (CT14 PDF)
= - Predicted total uncertainty (MMHT2014 PDF)
* . Predicted result (CT14 PDF)
[ L Predicted result (MMHT2014 PDF)
,?207
O
> [ |
° | -
E15-
ST
+ L
“g L
5%
i ——
| | | |
7 TeV 8 TeV 13 TeV 14 TeV 100 TeV

Fig. 3. (Color online) W¥* 4 1 jet asymmetry at various
center-of-mass energies.

We calculate the asymmetry between W1 + 1 jet and
W~ +1 jet events by using Eq. (1) with the NLO QCD
predictions given in Table 1. Figure 3 shows the W* 41
jet asymmetries at /s = 7, 8, 13, 14 and 100 TeV. As
can be seen, the asymmetry decreases when the center-
of-mass energy increases. The numerical results for the

W 41 jet asymmetry are given in Table 2. Using these
results, we find that the asymmetry decreases by about
35% (CT14 PDF) and 32% (MMHT2014 PDF) from
7 TeV to 14 TeV. Similarily, it decreases by about 78%
(CT14 PDF) and 77% (MMHT2014 PDF) from 14 TeV
to 100 TeV. As shown in the Table, the asymmetry be-
tween the W +1 jet and the W~ +1 jet at /s = 100 TeV
is 2.8%, which is extremely low. This shows that num-
bers of Wt +1 jet and W™ +1 jet events at /s = 100 TeV
will be very close to each other.

Because we consider leptonic decays of W+ bosons,
the energy may be carried away by neutrinos. Because
of this, differential QCD predictions for the W=* + 1 jet
give a better estimate and a more realistic result for the
future hadron colliders. Due to this, we calculated the
differential NLO QCD predictions for the W +1 jet and
the W~+1 jet as functions of the lepton 7. The predicted
results for the W+ + 1 jet as a function of the lepton 7
are given in Tables 3 and 4. Using the results in these
Tables, we plot NLO QCD predictions for the W* + 1
jet at various center-of-mass energies in Fig. 4. As can
be seen in the figure, the differential NLO QCD predic-
tions increase when the energy increases from 7 TeV to
100 TeV. Using the NLO QCD predictions that are given
in Tables 3 and 4 in Eq. (1), we calculate the asymme-
try between the WT + 1 jet and the W~ + 1 jet as a
function of the lepton 7. The numerical results for this
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Fig. 4. (Color online) W +1 jet and W~ +1 jet differential NLO QCD predictions as functions of the lepton pseudorapidity
at various center-of-mass energies. Colored dots show the results, and shaded colors in the y direction show total systematic

uncertainties.

asymmetry are given in Table 5. Using the results in the
Table, we plot the W+ + 1 jet lepton charge asymmetry
at various center-of-mass energies as shown in Fig. 5. As
can be seen in the figure, the asymmetry as a function
of the lepton 7 decreases when the center-of-mass energy
increases. The results in Table 5 show that the asymme-
try between the W 41 jet and the W~ +1 jet will range
between 4.877% and 21.826% (6.219% and 19.854%) at
Vs = 14 TeV and between 0.083% and 6.885% (0.697%
and 6.693%) at /s = 100 TeV for CT14 (MMHT2014)
PDFs in the region 0.0< n < 2.4. This shows that the
numbers of WT + 1 jet and W~ + 1 jet events will be

close to each other at the next LHC run and that the
probability of finding W + 1 jet events will be almost
the same as the probability of finding W~ + 1 jet events
when the FCC will start to run at /s = 100 TeV.

III. CONCLUSIONS

In this study, the production cross section of W%
bosons in association with one jet is presented. To ob-
tain the results, we used the two most recent PDF's
(CT14 and MMHT2014) and we compared the results
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Table 5. Numerical results for W* + 1 jet lepton charge asymmetry (%) at various center-of-mass energies. The results
are produced by using the CT14 and the MMHT2014 PDFs, and the total systematic uncertainties are calculated taking the
quadratic sum of the PDF and the scale uncertainties.

PDFs Lepton |n| 7 TeV (%) 8 TeV (%) 13 TeV (%) 14 TeV (%) 100 TeV (%)
0.00-0.20 12.551t§1§12§ 9.867j§1;2§§ 6.986‘:%%% 4.877t§1§3§ 0.083t§18§§
+3.111 +1.026 +0. +0.393 +0.548
0.20-0.40 1162975111 1172071928 5.33970'84716 9.3117021?5 2.08470'242
+1.837 +1.960 +0.375 +1.473 +0.59
0.40-0.60 14.2997 1837 10.5487T 1960 5.07719:37° 7.22371473 2.20719-2%
+2.146 +2.186 +1.499 +1.573 +0.663
0.60-0.80 16.26972-146 15.976 12185 9.80511-4%9 8.066 73573 2.57619-963
+1.903 +2.824 +1.721 +0.462 +0.320
CT14 0.80-1.00 1577612993 13.99472:824 8.36911-721 8.42310-462 3.54010-320
+2.246 +2.167 +1.460 +0.822 +0.300
1.00-1.20 16.52812-216 15.76012 157 10.215+1-460 14.2925-822 1.56319-290
+2.421 +3.488 +0.870 +0.616 +0.899
1.20-1.40 20.342_%% 21'505‘3‘5}8 13.623_%_%8 9.205_00'267340 5290_8'?13
+3. +2. +1. +0. +0.
1.40-1.60 23.138_3';’8% 19.011_;%5 15.723_%_8(13211 12’139_8'58‘71 4'822‘8'§8§
+3. +2. +2. +0. +0.
1.60-1.85 23.662_;%% 23.436_;ggi 16.493_fgég 16.571_83;? 2'493_8?5’%
+3. +3. +1. +0. +0.
1.85-2.10 28.825_58%0 25'281‘}@89 19.828_1;113 20.196_%8(3 6.885_gigg
+3.911 +1. +1.245 +1.325 +0.
2.10-2.40 27.94973-911 26.6147 1597 21.92371-24° 21.82671-3% 5.91010-4%2
+2.229 +1.940 +0.496 +0.408 +0.043
0.00-0.20 9.444_23_541929 11.807_}‘?613 4.652_ggég 8.657_%gg 0.697_gggg
+3. +1. +0. +1. +0.
0.20-0.40 13'532_?%3 11.087_5%3 5.026_825; 6.219_?_ggg 3.374_8ggg
41, +1.805 +0.61 +1. +0.
0.40-0.60 14.98171-762 12.34271:808 9.84410-619 8.0041 1358 1.45570-329
0.60-0.80 14.32513736 13.06712:804 10.97515201 8.32071-1% 1.73270-367
MMHT2014 0.80-1.00 16.682+3-419 14.03172:561 8.653+0-974 9.625+1-138 5.11210-823
. : . —0.760 . 70.37§ . ;(O)gg(s) : ;01.643857 . ;(O)glgg
+0.936 +3.21 . . .
1.00-1.20 16.90370-93¢ 1727073217 8.81210-335 10.98370.;62 6.69319:552
+1.062 +1.934 +0.856 +1.790 +0.939
1.20-1.40 18.01671-962 19.30771-934 8.73710-85¢ 10.50271-799 5.28010-939
+2.971 +1.666 +0.653 +1.366 +0.087
1.40-1.60 20.6937{% 18.49273‘(‘3?2 14.3827%?13 11.8617?%g 0'756’8'8‘9%
+1. +2. +2. +1. +0.
1.60-1.85 21.935_iggg 23'427_?‘?3? 18.472_%%% 17.039_(2).233 0.717_8_229
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Fig. 5. (Color online) W 41 jet lepton charge asymmetry at various center-of-mass energies. Colored dots show the results,
and shaded colors in the y direction show total systematic uncertainties. A(n) on the y axis is the lepton charge asymmetry as

a function of the lepton 7.

at /s = 7 TeV with the available experimental data
to check the consistency of the PDFs and the selection
criteria that are used for the leptons. In addition, we

confirmed the consistency of NLO QCD corrections with
the experimental data by this comparison.
comparison, we obtain NLO QCD predictions for the

After this
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W+ +1 jet and the W= + 1 jet at /s = 7, 8, 13, 14
and 100 TeV. By using these predictions, we calculate
the ratio and the asymmetry between W1 + 1 jet and
W~ +1 jet events. The results show that the asymmetry
is decreasing when the center-of-mass energy is increas-
ing. That means the difference between W+ + 1 jet and
W= 4+ 1 jet events will decrease for higher energy col-
lisions. Because we only consider the leptonic decay of
W= bosons for the physical process of this study, the en-
ergy may be carried away by the neutrinos. Because of
this, we take differential QCD predictions for W* 41 jet
events as a function of the lepton 7 into account. Then,
we calculate the lepton charge asymmetry for W+ +1 jet
and W~ + 1 jet events as a function of lepton 7 for the
region 0.0 < |n| < 2.4. The results show that NLO QCD
predictions for the W+ + 1 jet as a function of lepton 7
are increasing from 7 to 100 TeV center-of-mass energies
for each 7 region. However, the asymmetry between the
W+ +1 jet and the W~ + 1 jet is decreasing when the
center-of-mass energy is increasing. For LHC level ener-
gies (7 to 14 TeV), a notable asymmetry exists between
W+ 41 jet and W~ + 1 jet events. However, the asym-
metry between W+ +1 jet and W~ +1 jet events is neg-
ligable for the FCC pp collision energy, /s = 100 TeV.
This shows that the probability of finding W+ + 1 jet
events is higher than the probability of finding W~ + 1
jet events at LHC-level energies even though the differ-
ence between them is decreasing at energies from 7 to
14 TeV. However, they will be very close to each other
at FCC pp collision energy.
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