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We study double parton scattering (DPS) processes involving electroweak gauge bosons at the 13 and
100 TeV proton-proton colliders. Specifically, we focus on three DPS channels: W-boson plus two jets
(W ® jj), Z-boson plus two jets (Z ® jj), and same-sign W pair production (W* ® W*). We demonstrate
that the Z ® jj process, which has not received much attention, is the best channel for measuring the
effective cross section o.¢. The accuracy of the 6. measurement in the three DPS channels, especially the
W* ® W* production, is significantly improved at the 100 TeV colliders. We advocate that combined
analysis of the three DPS channels could test the universality of the effective cross section o.
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I. INTRODUCTION

The precise measurement of multiple parton interactions
(MP]) is very important to improve our understanding of
protons. In such a process, two or more short distance
subprocesses occur in one given hadronic interaction. The
correlations and distributions of multiple partons within a
proton relate directly to the transverse spatial structure of
the proton, but those effects are highly suppressed by the
momentum transfer of hard scattering. A typical MPI at low
scales is the double parton scattering (DPS), in which two
pairs of partons participate in hard interactions in a single
proton-proton collision, as illustrated in Fig. 1(a). As the
simplest MPI process, DPS is different from the standard
picture of the hadron-hadron collision in which one parton
from each proton partakes in the hard scattering named as
single parton scattering (SPS); see Fig. 1(b).

The cross section of a DPS process that contains two
subprocesses A and B (denoted as A ® B) can be estimated
as follows,
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where o, is an effective cross section (~15 mb) that
reflects the structure of the proton, and the symmetry factor
Op 1s introduced to avoid double counting, which is 1 for
A = B and 0 otherwise. ailgg) is the SPS cross section of
subprocess A(B), respectively. Given the large value of o,
it is usually expected that the effects of DPS are negligible
or described in the parametrization of underlying events.
However, the cross section of DPS can be sizably enhanced
with increasing collider energy /s if the subprocesses
involve the sea quark or gluon in the initial state as the
parton distribution function (PDF) of both sea quarks and
gluons grows dramatically in the small x region. Therefore,
at high-energy colliders, some of the DPS processes could
yield enough signal events to be discovered. For the search
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FIG. 1. Pictorial illustration of double parton scattering (a) and
single parton scattering (b).
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TABLE I. The cross section of the SPS processes of interest to
us at the 13 TeV LHC and at the 100 TeV SppC/FCC-hh.

SPS Process pp — Jjj pp > W pp = Z
13 TeV ~10% pb ~10° pb ~10% pb
100 TeV ~10° pb ~10° pb ~10° pb

of new physics beyond the standard model (SM), the DPS
processes can also be considerable backgrounds.

Owing to the unprecedented energy of the LHC, one
expects to measure the model parameter oy precisely
through various DPS processes. That would shed light on
MPI in hadron collisions; for example, there are a few open
questions concerning DPS:

(1) how well can one measure o in hadron collisions?

(2) does o vary with colliding energies?

(3) is o universal for different DPS processes?

In this paper, we investigate then these problems at the
13 TeV LHC and also at a future hadron collider with a
center of mass energy of 100 TeV, e.g. SppC [1] and FCC-hh
[2]. In order to overcome the huge suppression of o, one
should consider those DPS processes involving two sizable
SPS subprocesses. Table 1 displays the cross sections of
three SPS processes of interest to us. The jets in the dijet (jj)

production are required to satisfy the kinematic cuts of
p§ > 25 GeV, |p/| <5 and AR}; > 0.4, where py and 7
denote the transverse momentum and rapidity, respectively,
and AR, =/(" —1n")> + (¢" — ¢")? represents the
angular distance between the object m and n with ¢ being
the azimuthal angle. Combining any two SPS processes in
the list might yield a sizable DPS process.

Among the possibilities, jj ® jj provides the largest
cross section of DPS. Indeed, the four jets final state is a
good channel to measure the DPS [3-7], but triggering the
jets is challenging in high-energy hadron collisions. In
contrast, the W @ jj and Z ® jj processes exhibit charged
leptons in the final state and can be easily detected [8—10].
The pure electroweak processes, W& ® W or W* ® Z,
have sizable production rates, but it is challenging to extract
them from the enormous SPS diboson backgrounds.
However, the same-sign W* ® W+ channel has rather
low SM backgrounds and is promising [11-14]. In addi-
tion, the production rate of quarkoniums, e.g. J/y, also has
the potential to be a subprocess of DPS, and it has been
studied both theoretically [15-23] and experimentally
[24-30]. The precision calculations of SPS J/y associated
production processes have been carried out recently [31—
35] to refine the o extraction. Table I shows the effective

TABLE II. Recent o4 measurements by different experiments and energies.

DPS channel Oeir(mb) Collaboration Collider Luminosity

Ji® jj 12,1j51_°4'7 CDF [4] 1.8 TeV Tevatron 325 nb~!
14.9726

J/¥®D 17.613 LHCb [24] 7 TeV LHC 355 pb~!
12.812%
18.014%

W jj 15.073% ATLAS [10] 7 TeV LHC 36 pb~!

Wt @ Wt >5.91 CMS [11] 8 TeV LHC 19.7 fb~!

W jj 20.758¢ CMS [9] 7 TeV LHC 5 tb~!

7ji® jj 12743 DO [36] 1.96 TeV Tevatron 8.1 fb!
14.5%33

Jji®ji 16.11%5 ATLAS [5] 7 TeVLHC 37.3 pb™!

7y ® jj 19.3779 DO [37] 1.96 TeV Tevatron 8.7 fb~!

J/YQJ/¥Y 4.807233 DO [25] 1.96 TeV Tevatron 8.1 fb~!
144749

J/¥YQJ/¥ 9.2439 LHCb [26] 13 TeV LHC 5 fb!
11.34]2

J/Y®J/Y 6.3719 ATLAS [27] 8 TeV LHC 11.4 fo-!

ZQJ/¥ >5.3 ATLAS [29] 8 TeV LHC 20.3 fb!

Y®J/Y 2.2+ DO [30] 1.96 TeV Tevatron 8.1 fb~!
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cross section o measured by different experiments and
energies. The results do not converge into a single value
and have large errors. The average o is approximately
15 mb. In this work, we will study the W ® jj, Z ® jj, and
W* ® W+ channels and explore the potential of measuring
Oer ~ 1020 mb at the 13 and 100 TeV colliders.

The paper is organized as follows. We introduce the
framework and various double parton models in Sec. II.
A comparison of two double parton models is presented in
Sec. III. We use the simply factorized model to investigate
the phenomenologies of the three DPS processes in
Secs. IV-VI. Finally, we present a combined analysis of
the three DPS channels and conclude in Sec. VIIL.

II. FRAMEWORK

According to factorization theorem [38], the inclusive
cross section of SPS is expressed as

=3 / dxdy f(x. 1) 1) (6 y). ()
ij

where 8};- is the inclusive cross section of parton scattering
ij — Y, and the parton distribution functions (PDF)
fi(x,up) represent the probability of finding a parton i
with a momentum fraction x and scale yy in a proton. The
physical meaning of this equation can be read clearly in
Fig. 1(b). Unlike SPS, however, the cross section of DPS
does not have a well-proved expression yet. In general, the
DPS cross section can be written down as [39,40]

1
DPS > / dx,dy,dx,dy,d*b

o =
AQB 1 + 6AB o

X Doy (0, X0 pes s D)1 (01, V2 pes Wi B)
X 5%()‘1’)’1)551(3‘2&2), (3)

where 'y (x1, Xo, fip, pi; b) represents the probability of
finding two partons i (with momentum fraction x; and scale
ur) and k (with momentum fraction x, and scale u) with a
transverse distance separation b. I';;(yy. y2. i, fs b) has a
similar meaning. In addition, ?7?] and 65, are the subprocess
cross sections for inclusive ij - A and kI — B, respec-
tively. See Fig. 1(a) for a pictorial illustration. In general,
the longitudinal momentum fractions (the x’s and y’s) and
the transverse separation b are correlated in DPS, and can
be studied in a light-front quark model approach [41-43].
Ignoring the transverse correlation of partons, I';; can be
factorized as [39,40]

Fik(xl’xbﬂFv/";?;b) = Dik(xleZvﬂFs/";«‘)F(b)’ (4)

where the double PDF (dPDF) D,, describes the longi-
tudinal structure of double partons while F(b) represents
the effective transverse overlap area of partonic interactions

that produces the characteristic phenomena of the DPS
process. The F(b) is usually assumed to be the same for all
parton pairs involved in the DPS process of interest.
Integrating over the distance b yields the master formula
in our study,

1 1
L + 64p Ot

DPS __
OARB —

ijkl
X/dxldyldXZd}’ZDik(xhx27ﬂFv/4/F)
X Dj(y1, Y2 Hps o) 675 (x1, 3188 (X2, ¥2), - (5)

where the effective cross section,

ogh = / Pb(F (b)), (6)

is sensitive to the transverse size of incoming protons. Its
value is difficult to derive from the parton model assump-
tions and has to be determined from experiments.
Although the dPDF should be measured in experiments,
one often assumes it can be built up from the single parton
PDFs. Various construction approaches have been pro-
posed [40,44-47]. In general, the dPDF can be written as

Dik(xlyx%ﬂFv//F) = fi(xlv/"F)fk(x%/"%)pik(xlvx2)’

where p;;, describes the correlation between the two
partons. A simple model is to ignore longitudinal momen-
tum correlations of the two parton and only demands their
momentum sum less than the momentum of their mother
proton, i.e.

pir(x1,%2) = O0(1 —x; — x3). (7)

Such an approximation is typically justified at low x values on
the grounds that the population of partons is large at these
values. Making use of the typically small x, , and y; , in hard
scattering, one can drop this constraint and obtain the
approximate expression Eq. (1). We name it as “simply
factorized” (SF) dPDEF, which is widely used both in theo-
retical [39,48-57] and experimental studies [4—13,24,36,37].
Although those experiments cover various processes such as
Ji® jj BT, W= ® jj [8-101, Wt @ W* [11-14], J/y
meson associated processes [24,27,29,30], yj ® jj [36] and
vy ® jjl37],they all give 6. ~ O(10) mb, and most of them
give ~15 mb. This fact gives strong evidence to the validity of
the SF model and the universality of o.-.

The SF model, simple and supported by experimental
data, ignores the longitudinal correlation between the two
subprocesses. In a theoretical perspective, the SF model
does not obey the dPDF sum rules and evolution equations.
Reference [40] proposes an improved dPDF named as
GS09 by assuming yyr = ) and setting
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(1= x; = 22)2(1 = x; )20 (1 = x) 2%,
(8)

where a; = 0 for sea partons and 0.5 for valence partons.
Nevertheless, different double parton models give nearly
the same results in the small x region where the parton
correlation is negligible [40]. A comparable study that
applies a completely correlated, unfactorized model for the
dPDFs (such as the one of Ref. [41]) would be useful to
study whether the LHC can test the validity of the
factorized assumption. We will investigate it in the future.

pik(x1.x;) =

III. SIMPLE FACTORIZED DPDF
VERSUS GS09 DPDF

In this study, we use the SF model specified in Eq. (7) to
study the DPS, but before moving to the detailed phenom-
enological study, we compare different double parton
models in the next section.

The comparison of the SF and GS09 dPDFs has been
investigated in the Z @ jets channel [48] and the W @ W
channel [39]. It was shown that both the SF and GS09
dPDFs give rise to consistent cross sections within ~10%
accuracy and, furthermore, the kinematics distributions of
pr, 1 and invariance mass are insensitive to the choice of
dPDFs. Below we examine the difference of the two dPDFs
in the W ® jj, Z® jj, and W& @ W+ processes.

A. Parton luminosity

To compare these two kind of dPDFs, we should not only
discuss the cross sections for some specific processes, but
also study the parton luminosities. The parton luminosity is
an important quantity to estimate the order-of-magnitude of
hard process cross section in hadron collisions. In the SPS,
it is defined as [58]

dL;; 1 Id
drj =1 n 51’,'[ xx [fiCx, up) fi(2/x, pp)
+ £ pup) fi(e/x, pp)), )
1 g e P

where the indices i and j label the incoming partons; see
Fig. 1(b). The 6;; symbol is used to avoid double counting.
This definition 1s process independent and reflects the
properties of PDF. In a DPS process depicted in Fig. 1(a),
we define double parton luminosity as

dLiju 1 1 /1 dx; [1dx,

drydr, 1+ 0ibji 1+ 6;; 1+ 6y Jx, o X2
X [Dik(xlvx%ﬂF)Djl(Tl/xl’TZ/XZvHF)
+ Dj(x1, Xp, up) Dy (71 /X1, T2/ X2, pip)
+ Djy(x1, X3, up) D jye(1/ X1, T2/ X2, i)
+ Dji(xy, X0, pp) D (71 /X1, T2/ X2, pip )]s

(10)

which, in the SF dPDF model, can be simplified as

<dL,.,k1> o 1
drydey) g 1+ 6y8 1+ 6,14 8y

/ldxl/ dX2

—0(1 —x; —x,)0
x (1 =11/x —Tz/xz)
< [fi(xrpp)fj(z1/x1 up) + (i < )]
X [fe(xas p) f1(T2/ %0, ) + (1 < K)].
(11)

We calculate the parton luminosities of both the GS09
and the SF dPDFs using Eqs. (10) and (11), respectively. In
the available GS09 dPDF code, the single MSTW2008LO
PDF sets [59] are used to realized Eq. (8), therefore, we use
the same set of single PDF in the SF calculation. We then
plot the contour of the parton luminosity ratio,

<dLij,kl> / <dLij,kl>
dTl de GS09 dTl de SF’
in Fig. 2 for the three DPS processes: (a) (ud—W+)®

(99— ji)- (b) (uit > Z) ® (99— jj) and (¢) (ud > W*) ®
(ud — WT). As shown in Sec. IIIC below, these parton

(12)

- W)B(Ee-i)  (a)

[- m (ur-2)Q(gg~jj) ]

T BTev < 13TeV 1 \ 1BTeV ]
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FIG. 2. The ratio of parton luminosities in the GS09 dPDF and SF dPDF: (a) ud ® g9 - W' ® jj: (b) uit ® g9 — Z ® jj;
(¢) ud @ ud - Wt ® W*. The red (blue) points denote the ratio at the 13 (100) TeV colliders, respectively.
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FIG. 3.

Cross sections of the DPS processes as a function of collider energy /s: (a) W ® jj, (b) Z® jj, and (c) Wt @ W+

productions. The solid and dotted curve represents the DPS production calculated with the SF and GS09 dPDF, respectively, while the
dashed curve denotes the SPS production. The jets are required to pass the selection cuts shown in Eq. (13).

combinations dominate in the three DPS channels. The
PDF scales are chosen as my, = 80.4 GeV. Of course, the
jets can also be produced from initial state quarks, but for a
clear illustration, we consider only the dominant channel
gg — jj in the comparison of parton luminosities. The red
points denote the ratio at the 13 TeV LHC while the blue
points represent the ratio at the 100 TeV SppC/FCC-hh.
The SF and GS09 dPDFs give rise to comparable parton
luminosities in the region of small 7, say 7~ 10~ The
difference between the two dPDFs becomes evident for 7 >
1072 [40]. At a collider with the fixed center of mass
energy, each individual scattering channel exhibits a typical
7 value. For example, the gauge bosons mass provides a
natural scale in the W-boson or Z-boson production,
therefore, the r value populates mainly around m%,,z/ s.

It yields 7 ~4 x 1075 at the 13 TeV LHC and 7 ~ 107 at
the 100 TeV SppC/FCC-hh. For the gg — jj production the
scale depends on the pr cuts imposed (which is 25 GeV in
this study), making 7, distributes mostly in (50 GeV)?/s.
It yields a similar z value as the W- or Z-boson production.
As there is no resonance in the jj production, the z value
exhibit a long tail towards larger .

Figure 2 shows that the most of the luminosity ratios
populates around 0.9 ~ 1.1 forboththe W ® jjand Z ® jj
channel at the 13 TeV LHC, while the luminosity ratio of
W* ® W= channel is around 0.9. It implies that the W* ®
W+ production can be used to study the difference between
GS09 and SF dPDFs at the 13 TeV LHC. For example,
Ref. [39] points out that the pseudorapidity asymmetry of
charged leptons can be used to discriminate various dPDF
sets efficiently.

B. Cross sections

Figure 3 displays the cross sections of the three DPS
channels: (a) W ® jj (black), (b) Z® jj (red), and
(c) same-sign W* @ W* (blue) productions as a function
of colliding energy (1/s). The solid curve represents the
cross sections of the DPS channel calculated with the SF
dPDF while the dotted curve evaluated with the GS09

dPDF. For comparison, we also plot the SPS background
processes (dashed curve). In order to avoid the collinear
singularity, all the jets in the W ® jj and Z ® jj produc-
tions are required to pass the selection cuts as follows:

Py >25GeV, || <5 AR;>04. (13)

We notice that both the SF and GS09 dPDFs generate
almost identical production rates in the three DPS channels;
see the solid and dotted curves. The cross sections of
W ® jj and Z ® jj productions increase rapidly with the
collider energy and exceed the SPS cross section around
/s = 60 TeV; see Figs. 3(a) and 3(b).

In the SPS, the same-sign W-boson pairs are produced in
association with two extra jets. In order to mimic the DPS
W+ ® W production, the two additional jets in the SM
SPS channel are required to escape detection, i.e. the extra
jets satisfying Eq. (13) are vetoed. The jet-veto cut
significantly suppresses the SPS production rate. As shown
in Fig. 3(c), the SPS channel is about one order of
magnitude smaller than the DPS channel after vetoing
additional jets. Also, the cross section of the DPS W+ ®
W# production increases dramatically with collider energy.

C. Fraction of double parton combinations

In the study of the parton luminosity ratio in Sec. III A,
we only consider the parton pairs in one proton that play the
leading role in the DPS channels. It is interesting to ask how
often a parton pair contributes in the DPS channels of
interest to us. We separate the W+ ® jj and W~ ® jj
channels, as well as W @ W' and W~ ® W~ channels, in
order to see the difference between valence quarks and sea
quarks.

Electroweak gauge bosons see quarks but not gluons in
the proton. To produce the W* or Z boson, each proton
need provide at least one quark. For example, the W ® jj
channel requires the initial state parton combinations as
follows:

035013-5
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(@ W*jj (b)yW-®jj
13TeV 100TeV 13TeV 100TeV
35.7% ug 31.9% 324% ug 30.7%
35.3% dg 333% 32.1% dg 30.8%
6.8% cg 12.0% 10.0% cg 13.9%
6.7% 3g 12.0% 10.0% sg 13.8%
15.5% qq 10.1% 15.5% qq 10.8%
04 02 0 0 02 04 03 02 01 0 O 01 02 03
() W*ew+* (dw-ew-
13TeV 100TeV 13TeV 100TeV
(B4R d [ I269% [29:8% | ud | I23T%

150% [ m T 117%
15.2% [| dd [m 11.6%

17.7% uu 13.5%
17.7%| dd 13.5%

6.8% s 100% 8.6% [ s (MR 10.7%
6.9% ds 10.0% 8.6% ds 10.7%
6.8% cd 9.8% 8.8% cd 10.6%
6.7% uc 9.6% 9.0% uc 11.0%
27% a7 6.7% 5.1% 7 10.1%
04 02 0 0 02 04 03 02 0.1 0O 0 01 02 03
() Z®jj
13TeV 100TeV

17.2% ug 14.8%

17.4% | g 14.6%

15.9% dg 14.8%

152% | | 7o | | 15.1%

2.5% cg 4.3%

27% e 4.9%

5.6% sg 8.2%

57% [ se 75%

18.0% @ 15.9%

02 0.1 0 0 0.1 02

FIG. 4. The fraction of double parton combinations in the DPS
processes: () WT ® jj, D) W™ ® jj, () W  WH, () W~ ®
W~ and (e) Z ® jj.

(ug) ® (dg). (ug) @ (dg),ug @ (dq).(uq) ® (dq').
(cg) ® (59). (cq) ® (59),cg ® (59). (cq) ® (3¢'),---

where ¢(q') = u, d, ¢, s, b. We generate ten thousand
events in the W ® jj channel and count the number of
events with a specific parton i and j pair (V;;) in one proton
to obtain the fraction ¢;;,

Ny
Ntotal

Figure 4(a) displays the fraction of parton pairs in one
proton at the 13 and 100 TeV colliders. As expected, the ug
pairs and dg pairs dominate the DPS process, e.g. €ug =
€34 ~ 35% at the LHC. The subsidiary contribution is from
either the cg or 5g pair, which yields €., ~ €5, ~ 6.8%. A
pair of quarks in one proton only occurs about 1% of the
total time, but summing over all the possible quark pairs
gives rise to 15.5%. We denote the sum of all quark pairs as
qg. Hence, the W ® jj channel is dominated by the initial
state parton configure of a pair of quark and gluon from one
proton and another pair of quark and gluon from the other
proton, i.e. (¢9) ® (g'g). The 100 TeV collider probes a
much smaller x at which the gluon and sea quark PDF’s

increase dramatically. Therefore, the fraction of ug pairs
decreases slightly to €,, = 32%, but the fractions of cg and
5¢ pairs are almost doubled. A similar result is observed in
the W~ ® jj channel; see Fig. 4(b).

The W+ ® W channel has two gauge bosons and, thus,
demands four quarks in the initial state, which are listed as
follows:

(ud) ® (ud), (uu) ® (dd),us ® (dc), (uc) ® (ds), ....

Figure 4(c) shows the fractions of quark pairs listed above.
The ud pair is the leading double partons in the W+ @ W+
production, €,; ~ 35%. The uu and d d pairs are the second
double partons, €,, 75~ 18%. Other quark pairs (us, ds,
cd and uc) contribute almost equally, €,; 7 s.cduc = 1%. The
rest of the quark pairs not listed above only contribute 2.7%
in total. Increasing the collider energy enhances the fraction
of sea quark pairs and reduces the share of ud pairs. The
pattern is also applied to the W~ @ W~ channel; see
Fig. 4(d).

The Z ® jj channel is complicated as it involves more
double parton combinations, e.g.

ug, g, dg, dg, cg, ¢g, $g, 3¢, .... (15)

Figure 4(e) displays the fractions of parton pairs. Again, we
use the ¢g to denote the sum of all quark pairs. We note that
about 82% of parton pairs are a combination of quark and
gluon, which is similar to the W ® j;j channel.

We emphasize that the o.’s measured in the W @ jj and
Z @ jj channels are sensitive to the double parton con-
figuration of (gg) ® (§'g) while the one measured in the
W* ® W* channel is sensitive to the configuration of
(¢3") ® (qq'). Therefore, measuring o.; from various
DPS channels involving weak bosons can check the o
universality. Were different o.’s reported in various DPS
processes at the LHC or future colliders, the difference
might shed lights on the double parton transverse
correlations.

D. Rapidity difference

Another important difference between the 13 and
100 TeV hadron colliders is the detector coverage of the
pseudorapidity of final state particles. It has a significant
impact on the kinematics cuts used to disentangle the signal
out of the SM backgrounds. At the 13 TeV LHC, the
detector can well detect jets or leptons in the centra region,
say || < 2.5 for leptons and || < 5 for jets [60,61]. At the
100 TeV hadron colliders, the final state particles are often
highly boosted to appear in the very forward region of the
detector and thus exhibit large rapidities [2]. Below we
examine the rapidity coverage of charged leptons and jets in
the three DPS channels at the 13 and 100 TeV hadron
colliders. That guides us to decide which rapidity cut to be
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FIG. 5. Cross section fraction as a function of maximal
pseudorapidity of jets and leptons: (a) W ® jj, (b) Z ® jj and
(c) same sign W* ® W* process. The solid (dotted) curve
represents the DPS production calculated with SF (GS09) dPDF,
while the dashed curve represents the SPS channel, respectively.
The cuts are listed in text.

used at the 100 TeV colliders. Also, a comparison between
the SPS and DPS processes is made.

Figure 5 shows the event fraction as a function of
maximal pseudorapidity cut imposed on the charged
leptons and jets in the final state of the three DPS channels
and the corresponding SPS backgrounds. The event frac-
tion of object i is defined as

1 Mhax . d
[ an e (16)
Ototal J = dn

where 7/, is the maximal pseudorapidity cut imposed on
the object i. In order to avoid the collinear divergence, we
require all the jets in the W ® jj and Z ® jj channels to
pass the selection cut as follows:

Py > 25 GeV atthe 13 TeV LHC;
Pl > 50 GeV atthe 100 TeV colliders. (17)

We also veto the jets satisfying the above condition in the
WEW=jj SPS process. No p; cut is imposed on leptons.

Figures 5(a) and 5(b) display the event fraction of 7, of
the jets and charged leptons in the W ® jj channel,
respectively. First, the SF (solid) and GS09 (dotted)
dPDFs give rise to almost the same event fraction distri-
bution. Second, at the 100 TeV SppC/FCC-hh, both leptons
and jets are distributed more in large # ranges. For example,
there are less than ~40% of the jets lying in the range of
In”| < 2.5; see the intersection points of the red dashed
vertical lines and the blue lines. In order to collect as many
DPS events as possible, we have to cover a lager  range at
the 100 TeV collider. In the study, we assume the lepton
trigger covers the region || < 5 at the SppC/FCC-hh [62].

IV. W ® jj CHANNEL

Figure 6 shows the pictorial illustration of (a) the
DPS W ® jj channel and (b) the SPS Wj; background.
The W ® jj channel strikes a balance between event
triggering and production rate. On one hand, the charged
lepton from the W-boson decay provides a nice trigger of
the signal events; on the other hand, the jj subprocess give
rise to a large cross section. Therefore, the channel has been
searched experimentally for a long time, e.g. by the CMS
Collaboration [8,9] and by the ATLAS Collaboration at the
7 TeV LHC [10]. Also, it has been studied theoretically
both at the Tevatron [52] and the LHC [50,53]. In this
section, we first discuss various kinematic distributions and
then make a hadron level simulation to explore the potential
of measuring o at the 13 TeV LHC and 100 TeV SppC/
FCC-hh.

A. Kinematics distributions

We generate the subprocess pp - W — Iy, (merged
with pp — W) and the subprocess pp — jj (merged with
pp — jjj) with MadGraph 5 [63], and then interface with
pythia 6 [64] and Delphes 3 [65] for parton shower and
detector simulations. When generating the signal in
MadGraph, we impose loose cuts on jets at the generator
level as follows:

pr =10 GeV, In/| < 5. (18)
to avoid the collinear divergence in QCD radiations, while
no cut is added to the leptons. We further demand a set of

l

FIG. 6. Typical Feynman diagrams of DPS W ® j; (a) and SPS
Wjj (b).
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loose conditions on the reconstruction of jets and leptons in
the Delphes package as follows,

5 > 10 GeV,
ph > 20 GeV,

] <2.5(5).
Wl <5, (19)

at the 13 (100) TeV colliders, respectively. Next, we
randomly combine the events of these two subprocesses
to getthe W ® jj DPS events. At hadron colliders, massive
particles are mainly produced near threshold, thus the
partons participating the subprocess of W-boson produc-
tion typically have a typical momentum fraction (x) of the
order of (x) ~my/+/s ~1073 at the 13 TeV LHC and
~107* at the 100 TeV SppC/FCC-hh; on the other hand, for
the subprocess of jj production, the momentum fraction
depends on the p’T cut, which is 10 GeV at the generator
level, making (x) ~ (10 GeV)/\/s ~ 107> or less. As a
result, the combined events can hardly break the PDF
integration condition in Eq. (5). To wit, even though being
combined randomly without any additional constraints, the
DPS events will satisfy x; +x, <1 and y; +y, <1
automatically. The fact has been checked: we randomly
combine 10° events and find that none of them breaks the
above conditions.

Additionally, we generate the DPS W ® jj events at the
parton-level with a homemade event generator which can
handle two independent SPS processes simultaneously.
We examine various parton-level distributions of final
state particles and find good agreements with those dis-
tributions obtained by randomly combining two indepen-
dent subprocesses generated by MadGraph.

The DPS W @ jj channel contains two independent
hard subprocesses such that the final state particles build up
two uncorrelated subsystems. On the other hand, those final
state particles of the dominant SM background channel, the
SPS W production, are correlated. The difference can be
used to discriminate the DPS channel from the SPS
background. We plot the kinematic distributions for DPS
and SPS events after Delphes reconstruction. As shown in
Figs. 7(a) and 7(b), the p; distribution of the charged
lepton in the DPS event (black curve) has a Jacobi peak
around my, /2 as the charged leptons are from an on-shell
W-boson that exhibits small p; [66,67]. In the SPS back-
ground (blue curve), the two jets are produced in associ-
ation with the W-boson. As we demand both jets carrying
hard p;’s, the W-boson exhibits a large pr to balance the
two jets. It thus results in a harder p; distribution of
charged leptons; see the blue curves in Figs. 7(a) and 7(b).

Figures 7(c) and 7(d) display the p; distributions of the
leading p7 jet. The jets in the SPS background are much
harder than those jets in the DPS channel. The jet pr
spectrum of the DPS channel peaks around the cut thresh-
old specified in Eq. (17) and drops rapidly with py. On the
contrary, the leading jet of the SPS channel tends to balance

100' vvvvvvvv T T T T 100' vvvvvvvv T T T e
F F (b)100 Tev
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FIG.7. The py distribution of charged lepton (a, b) and leading
jet (c, d) in the W @ jj channel at the 13 TeV LHC and the
100 TeV SppC/FCC-hh.

the W-boson such that it has a long tail in the large py
region. Therefore, in order to extract the DPS signal out of
the SPS background, one should choose a relatively low pr
cut to keep more events.

Besides the p; distributions, there are other optimal
observables to distinguish the DPS channel form the SPS
channel. The main idea is to make use of the fact that the
DPS channel contains two (nearly) independent hard
scatterings. For example, the W-boson and dijet production
in the W ® jj DPS signal are independent, therefore, the
dijet system exhibits a null transverse momentum at the
leading order and develops a small transverse momentum
after including the soft gluon resummation effects [66,67].
The dijet system in the SPS has a large transverse
momentum in order to balance the W-boson. The distinct
difference in the pr distribution of the dijet system yields
the following optimal observable [9],

|pr(j1.J2)]

Arelp — - . ,
" pr(G)l + 1pr(ia)]

(20)

where pr(ji, j,) is the vector sum of pr(j;) and pz(j,).
The observable denotes the relative pj-balance of two
tagged jets and tends to be ~0 for the DPS events. At the
parton level, the A™ p; distribution should exhibit a sharp
peak at A™p, = 0. After parton shower and detector
simulations, the sharp peak is smeared and shifted to
A™ pr ~0.1 due to soft/collinear radiation and acceptance
cuts; see Fig. 8. The A™ p; distributions of both the DPS
(black curve) and SPS (blue curve) channels have
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FIG. 8. A™p; distribution for the W ® jj channel at the
13 TeV LHC (a) and at the 100 TeV SppC/FCC-hh (b).

enhancements around A™ p, ~ 1. It can be understood as
follows. One factor is the collinear enhancement of QCD
jets, i.e. two colored partons splitting from the same mother
parton tend to have similar momentum and enhance
A™ p, ~ 1. Another contribution arises from the so-called
Jacobian enhancement. We define the ratio of the p;
magnitude of the two jets as

|PT(]1)|
and obtain
V142 +27cos Ag
Avlpy = (22)

1+ 4 ’

where Ag;; is the azimuthal angle distance of the two jets.
A simple algebra yields

do  do qubJ-j
dA™pr  dAg;; dA™ py
_do 2A™ py
B Jlapr) = (520 = (a'pr)?]
(23)

The enhancement around A™p;~1 stems from the
Jacobian factor. The DPS channel is much less than the
SPS channel at the 13 TeV LHC while at the 100 TeV
hadron collider the DPS channel dominates.

Another optimal observable is the azimuthal angle
correlation between the W system (£*, Fr) and the dijet
system (j, j»), defined as

Sy = 5/ MHESFrP + B0 2P (24)

where FE; denotes the missing transverse momentum
generated by the invisible neutrinos from the W-boson
decay. As (¢*,F;) and (j;,j,) are produced by two
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FIG. 9. §; distribution for the W ® jj channel at the 13 TeV
LHC (a) and at the 100 TeV SppC/FCC-hh (b).

independent scatterings in the DPS channel, S, tends to
be 7. In fact, at parton level a sharp peak at S, = 7 will be
observed, while the peak is smeared at the hadron level and
the peak position is shifted to S, ~2.9. See the black
curves in Fig. 9. On the other hand, for the SPS channel, the
final state particles are generally correlated and have a
broader distribution; see the blue curves in Fig. 9. The
difference in the S, distributions can be used to identify the
DPS events.

B. Collider simulation

We are ready to investigate the potential of detecting the
W ® jj DPS channel in hadron collisions. The event
topology of interest to us is one charged lepton, two hard
jets and large E;. The major SM backgrounds are listed as
follows: (i) the irreducible Wjj background with a sub-
sequent decay of W+ — £*u, (ii) the Z/y*jj background
with Z/y* — £ ¢, (iii) the {7 pair production with the top
quarks decaying semileptonically or purely leptonically,
and (iv) the single top production (including #-channel,
s-channel, and tW-channel) with the top quark decaying
leptonically. In the tW background, we also consider the
possibility of the associated W boson decaying into a pair
of leptons. The multijet background is shown to be less than
0.5% at the 7 TeV LHC [9] and is ignored in our study. The
signal and backgrounds are generated and simulated using
the programs mention above. For such weak gauge boson
production process, the pileup effect is expected to be
small, and indeed, it has been shown to be negligible at the
7 TeV LHC for the DPS W ® j;j searches [9]. We ignore
the pile-up contamination in our simulation hereafter.
Following [9,62], we impose four basic kinematics cuts
in sequence:

(1) exactly one charged lepton with p% > 35 GeV,

[n”| <2.5 at the 13 TeV LHC and |”| < 4 at the
100 TeV SppC/FCC-hh;

(2) exactly two hard jets with pT > 25 GeV and In/| <
2.5 at the 13 TeV LHC while pT > 50 GeV and
ln/| <5 at the 100 TeV SppC/FCC-hh;

(3) Er =30 GeV;

4) My > 50 GeV.
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TABLEIII.  Cross sections (in the unit of picobarn) of the DPS W ® jj process and the SM backgrounds at the 13 TeV LHC (top) and
at the 100 TeV SppC/FCC-hh (bottom). We choose o, = 15 mb and impose he kinematic cuts listed in each column sequentially.
13 TeV Gen. Cut-1 Cut-2 Cut-3 Cut-4
DPS W(—ly))jj 1138.94 248.76 53.85 36.35 35.07
W(=lv))jj 18591.50 3406.39 381.77 223.44 184.72
11 (all decay modes) 461.00 76.16 10.26 8.46 6.61
t(=bly;)j 36.58 13.44 5.78 4.09 3.36
tW (all decay modes) 39.45 7.21 2.01 1.50 1.15
Z(—=1)jj 1904.81 513.83 83.60 8.31 4.72
100 TeV

DPS W(—lv))jj 128 283 32 860.7 1841.97 1259.76 1047.49
W(=lv))jj 189 865 38 856.1 2755.1 1869.18 1393.42
11 (all decay modes) 30675.9 5085.14 1248.42 1018.41 749.72
t(=bly;)j 915.11 343.69 111.81 81.42 64.56
tW (all decay modes) 1934.79 364.42 114.52 89.82 63.21
Z(—=1)jj 14 044.1 4756.51 552.36 117.81 69.98

Here, M, denotes the transverse mass of the (£, Ep)
system, defined as

My =2 p- Fr - (1 - cos Ag). (25)
where ¢ denotes the open angle between the charged lepton
and missing momentum in the transverse plane.

Among the four cuts listed above, the first cut (cut-1), the
second cut (cut-2) and the third cut (cut-3) are meant to
trigger the event. At the 100 TeV SppC/FCC-hh, we impose
a harder cut on the jet py to suppress the QCD back-
grounds. We also extend the lepton coverage to collect
more signals. We adopt the same lepton p; cut and E cut
at the 13 TeV and 100 TeV hadron colliders as both the
lepton p; and E; distributions of the DPS signal events
have a unchanged Jacobian peak around myy /2.

In the simulation, we choose o, as the average value of
current experimental results oo = 15 mb. When generat-
ing both the signal and background events in MadGraph, we
impose loose cuts on jets at the parton level as follows:

pr > 10 GeV, /| < 5. (26)
We then use Pythia for parton shower and jet merging. The
cross section (in the unit of picobarn) of the signal and
background processes after pythia (denoted as “Gen.”) are
summarized in the second column of Table III. Next, we
adapt the Delphes for particle identification and then impose
the four basic cuts. The last four columns in Table III show
the cross section after imposing the four selection cuts
sequentially. The SPS Wj;j channel is the dominant back-
ground at the 13 and 100 TeV colliders. It is about 5 times
larger than the DPS signal at the 13 TeV LHC. The
subleading background is from top quark pair production
which is not important at the 13 TeV LHC. At the 100 TeV

collider, owing to the dramatically enhanced productions of
the dijet subprocess, the cross section of the DPS signal is
comparable to the SPS W background. For the same
reason, the top-quark pair background becomes important.

As a matter of fact, the four kinematics cuts only select
events that from Wjj final state, but do not care about
whether they are from DPS or SPS. So it is necessary to
introduce the observables discussed last subsection to
suppress SPS events and manifest DPS ones. A variable
fPPS is defined to quantitatively describe the fraction of
the DPS signal event in the total event collected. It is
defined as [10]

DPS __ Opps
— _DPS i
o + Z i GBackground

where summing over all the SM backgrounds are under-
stood. As shown in Table IV, fPPS = 15% after imposing
the four basic cuts at the 13 TeV LHC. The fraction

, (27)

TABLE IV. Cross sections (in the unit of picobarn) of the DPS
signal and backgrounds after imposing optimal cuts at the 13 TeV
LHC (top) and at the 100 TeV SppC/FCC-hh (bottom). We
choose o = 15 mb.

13 TeV DPS Wjj Wjj # tj W Zjj f°rS
Basic cuts 3507 18472 6.61 336 1.15 4.72 0.15
S, >25 23.91 57.16 1.57 0.77 022 1.66 0.28
Or

A®pr <02 1273 23.06 0.56 0.37 0.08 0.65 0.34
100 TeV

Basic cuts  1047.49 1393.42 749.72 64.56 63.21 69.98 0.31
S, >25 479.09 417.96 173.23 19.99 11.36 28.68 0.42
Or

A®lpr < 0.2 31243 263.56 92.63 12.84 6.18 14.33 0.45
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increases dramatically to fPPS =31% at the 100 TeV
collider.

We can make use of the A® p; and S, distributions to
improve fPPS. In this study, we impose a cut on either
A™p, or S, and do not require cuts on both, because
cutting on one variables is good enough for identifying the
DPS events. We demand either

Aelp, <02, (28)
or
S, > 25. (29)

The cross sections of the DPS signal and backgrounds after
the optimal cut are presented in Table I'V; see the third row
for the 13 TeV LHC and the sixth row for a 100 TeV
collider. It shows that either of the optimal cuts can
efficiently suppress the SM backgrounds and increase
the fraction fPPS dramatically. We notice that the A™ p;
cut is slightly better than the S, cut. It yields fPPS ~ 30% at
the 13 TeV LHC and fPPS ~ 45% at the 100 TeV colliders.

The numerical results of the DPS signal channel listed in
Tables III and IV are calculated with o = 15 mb. Below,
we study how well one can measure o, from various
distributions.

C. Determining o ¢

There are two methods to measure o.. One way is to
extract o directly from the number of events collected
experimentally. From the master formula given in Eq. (1),
one can derive o as follows,

SPS

SPS
oy X 0}

N DPS

SPS SPS
oy X 0} xex L

= ! , 30
Nops = Npkop (30)

xex L

Oecff =

where Nppg denotes the number of DPS signal events,
Ngkgp labels the number of events of the backgrounds
predicted by the Monte Carlo simulation, and Nogg denotes
the total number of events which includes both signal and
backgrounds events, i.e.

Nogs = Npps + Npkaop- (31)

L is the integrated luminosity, and e represents the cut
efficiency derived from theoretical simulation. In this
study, we adopt the four basic cuts plus one optimal cut
A™p, < 0.2 to maximize the fraction fPPS. The cut
efficiencies of the signal and background processes are
derived from those numbers shown in Table IV.

The uncertainty of measuring o,y arises from both
statistical and systematics errors. In this study, the statistic

error is assumed to obey a Gaussian distribution, i.e.
0N = vV/Nops- The systematic error can be known only
after real experiments, and for a conservative estimation,
we choose two benchmark uncertainties, f = 15% and
25%, throughout this study. The total uncertainty of Nggg
is given by

ON = \/(5Nstat)2 + (5Nsyst)2’ (32)
with

5Nstat =V Nogs»

The accuracy of measuring o4 can be determined from
Eq. (30) for a given o input. Figure 10 displays the
extracted o as a function of the input o at the 13 TeV
LHC (a) and 100 TeV SppC/FCC-hh (b) with an integrated
luminosity of 300 fb~!. The blue bands denote the accuracy
of o measurement with the choice of systematic uncer-
tainty f i = 15% while the green bands label the case of
fsyst = 25%. Since the DPS rate is very large after impos-
ing the basic and optimal cuts, the statistical uncertainty is
well under control and the systematic uncertainty plays
the leading role. Therefore, the uncertainty bands shown in
Fig. 10 remain almost the same in the case of high
luminosities.

It is obvious that the event counting method is not good
for measuring o.. A better method to improve the
accuracy of o measurement is to fit the A™ p;, and Sy
distributions [8—10]. In the study, we first generate the DPS
events for a given o input and then combine the DPS
events with the SPS backgrounds to get the pseudoexperi-
ment data. Each bin of the distributions are allowed to
exhibit a fluctuation of 6N, defined below. After that, we
rescale the DPS events as a function of o, to fit the
pseudodata to obtain the accuracy of the o measurement.
In the fitting, we define the y? function as

6Nsyst = fsyst X Nogs- (33)

40F T T T T T p:| 40F T T - T p:|
35F () WRjj 1 35k(b) Wejj E
= 13 TeV 300 i) 100 TeV 300
& 30F E 30f
b% 25k b% 25k
3 20F 3 20F
5 15k S 15k
= 10 = 10
H st e 15 M SF /T syst. err.
Z" Osyst. er 25% > Osyst.err. 25%

05710715 20 25730
Input o [mb]

075710 15 20 25 30
Input e [mb]
FIG. 10. The projected accuracy of measuring o directly from

event-number counting at the 13 TeV LHC (a) and 100 TeV
SppC/FCC-hh (b).
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exp)z

N Nth
=3 Y

where N;* and SN; denote the number of events and

uncertainty in the ith bin of the psesudodata distribution,
respectively, and N'" denotes the number of events in the ith
bin of the rescaled DPS distribution. The 6N; contains both
statistical and systematic uncertainties, defined similarly to
Eq. (33) as

SN; = \/N; + f2uN? (35)

In the W ® jj channel, we divide the A™p; and S,
distributions into 50 bins, i.e. N = 50. From the y? analysis
we obtain the accuracy of o, measurement at the lo
confidence level for the two benchmark systematic
uncertainties.

We examine both the A™ p; and S, distributions at the
13 TeV LHC and 100 TeV colliders with an integrated
luminosity of 300 fb~!. Figure 11 shows the expected 6.5;’s
versus the input values. The input values of o4 are chosen
to be 10 mb, 15 mb and 20 mb. The red-circle symbol
denotes the aﬁ‘ obtained in fitting the A™ p; distribution
while the red- tr1angle symbol labels the one obtained from
the S, distribution. It turns out that one can get a better
measurement of o, in the A™ p, distribution.

The 611’s obtained from the A™ p; distribution are listed
as follows:

1) aeff = 10 mb
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FIG. 11. The fitted 0.4 as a function of the o input obtained in

the W ® jj channel at the 13 TeV LHC (a) and 100 TeV colliders
(b) with an integrated luminosity of 300 fb~'.

(i) o =15 mb

fit  1<+1.83(+12.2%) +3.32(+22.1%)

ofr =15 S147(-08%) » 1 a301saw 13 TeV,

fit _ 1<+1.07(+7.1%) +1.87(+12.5%) )

o =151, 04(-63%) > 19_150(-100%) 100TeV;
(iii) o =20 mb

o +3.09(+15.5%) +5.74(+28.7%)

Oeir = 205 36(— 118%) 20 365( 183%)0 13 TeV,

fi +1.76(+8.8%) +3.11(+15.6%)

Oeit =201 4o_75%)»  20537(C1199). 100TeV,

where the first value of agtff is for fq = 15% while the
second value for f i = 25%. The superscript and subscript
denotes the upper and lower error at the 1o confidential
level, respectively. The percentage shown in the super-
scripts and subscripts denotes the percentage of the error
relative to the mean fitting value of olf. The asymmetric
errors is owing to the inverse relation between N and 6.
If we fit 1/o. rather than o, then we end up with
symmetric errors.

We emphasize that, owing to the fact that the systematic
errors dominate over the statistical errors, increasing
luminosity does not significantly improve the accuracy
of o, measurement. Of course, accumulating more data
helps with reducing the systematic errors, but on the
assumption of fixed systematic uncertainty, those uncer-
tainties of o1l shown in Fig. 11 remain almost the same for
a higher luminosity. On the other hand, increasing colliding
energy will greatly reduce the uncertainties of o, mea-
surements. The rate of the DPS channel increases dramati-
cally with colliding energy such that the DPS channel
dominates over the SM background. That enables us to
reach a better precision of o1l

Two methods of measuring o, are presented above; one
is based on event counting, the other is based on fitting the
characteristic kinematics distributions of the DPS optimal
observables. The fitting method works much better than the
event counting method in measuring o.y. Therefore, we

adopt the fitting method hereafter.

V. THE Z ® jj CHANNEL

Now consider another interesting DPS channel, the Z ®
JJj process. The channel also has advantages of clear event
triggering and large production rate. A parton level analysis
of the MPI contribution to the Z ® jets final states has been
carried out in Ref. [48] in which three colliding energies
(8, 10 and 14 TeV) are studied. A dynamical approach to
such final state within the Pythia event generator is studied in
Ref. [53]. In this work, we present a hadron level study in
hadron collisions.
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FIG. 12. Representative Feynman diagrams of the Z ® jj DPS
channel (a) and the Zjj SPS background (b).

A. Kinematics distributions

The pictorial illustration of the Z ® jj channel and the
SPS Zjj background are plotted Fig. 12. The Z ® jj events
are combined from two sets of hadron level event files of
the SPS subprocess Z(—¢"¢7) (merged with Zj) and the
jJ production (merged with jjj). Similar to the W ® jj
channel, the feature of two independent subprocesses gives
rise to characteristic kinematics distributions which can be
used to distinguish between the DPS signal and the
backgrounds.

Figure 13 displays the transverse momentum distribu-
tions of the leading-py jet (a, b) and of the leading-py
charged leptons (c, d) at the 13 TeV LHC and the 100 TeV
colliders, after Delphes reconstruction. Similar to the case of
W ® jj channel, the charged lepton pr distribution of the
Z ® jj events exhibits a Jacobi peak at ~m /2 while the
distribution of the Zjj SPS events tends to have a long tail
towards the large pr region. The jet ps distribution of the
Z ® jj events peaks around the Delphes reconstruction
threshold p; = 20 GeV and drops rapidly. On the other
hand, in order to balance the on-shell Z boson, the p;
distribution of the leading jets in the Zjj SPS events has a
long tail in large p; region. Thus, we can impose a hard py
cut on the jet and a loose cut on the charged lepton to retain
more DPS events.

Consider the optimal distributions to discriminate the
DPS signal from the SPS backgrounds. Following the study
of the W ® jj channel, we define a relative p; balance of
two jets as

Are]p |pT(j17j2)| - . 36
PP = ol + Gl (36)

Figures 14(a) and 14(b) display the A%!py distributions of
the DPS signal (black curve) and the Zjj background
(blue). Note that the A;el pr distributions of the Z ® jj
channel are quite alike in shape to those distributions of the
W ® jj channel. It is no surprise as the kinematics of the
two jets is identical in the both DPS channels. The peaks
around A}el pr ~ 1 are due to the Jacobian factor explained
in Eq. (23).

One advantage of the Z ® jj channel is that one has full
information of the two charged leptons from the Z boson
decay. That enables us to define a relative py balance of
two charged leptons as following:
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E — DPS E — DPS
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4 4
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FIG. 13. The py distributions of the leading jet (a, b) and of the

leading charged leptons (c, d) for the Z ® jj channel at the
13 TeV LHC and the 100 TeV SppC/FCC-hh.

lpr(".27)]

@
pr(&)| + |pr(£7)]

lpr(€5)| + |pr(£7)

’

Ar;lpT = |

(37)

and plot the A%! p;- distributions in Figs. 14(c) and 14(d). In
both the signal and background channels, most charged
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FIG. 14.  A¥'py and A¥'py distributions for the Z ® jj channel
at the 13 TeV (a, ¢) and 100 TeV colliders (b, d).

035013-13



CAO, LIU, XIE, and YAN

PHYS. REV. D 97, 035013 (2018)

leptons are populated in the region of py ~ my/2 such that
the value of the denominator of A% p; is around 90 GeV.
For the DPS signal, pr(Z) ~ 0, thus rendering the A% p;
distribution peaking around 0; see the black curves. For the
Zjj SPS background, the Z boson, as balanced by the two
hard jets, tends to have a hard p7. That renders the Ar;ﬂ Pr
distributions of the Zjj background peak around 0.4 ~ 0.6.
The third optimal observable is the azimuthal angle
correlation of the Z system and jj system, defined as

$p= J5\AME P + A% (38)

We plot the S, distributions in Fig. 15 at the 13 TeV (a) and
100 TeV colliders (b). For the DPS channel, the two jets fly
away almost back-to-back, i.e. A¢(j;, j,) ~ x. Similarly,
Ap(¢",¢7) ~ n. Therefore, the S, distribution of the DPS
signal peaks around 3; see the black curves. On the other
hand, the two jets in the background events tend to move
parallel such that A¢(jy, j») ~ 0. That yields S, ~2.1-2.5
in the background; see the blue curves.

B. Collider simulation

The event topology of the Z ® jj signal is two charged
leptons with opposite charges and two hard jets. The main
SPS backgrounds are listed as follows: (i) the irreducible Z
background with Z — £1¢7; (ii) the WZ pair production
with W - ¢g’ and Z — ¢*¢7; (iii) the 77 pair production
with the top-quark pair decaying either semi-leptonically
or leptonically; (iv) the W single-top production with
t = b*v and W* — #*u. Following Refs. [62,68], we
impose four basic kinematics cuts in sequence:
(1) exactly two opposite charged leptons with
Py >25GeV, |n| £2.5 at the 13 TeV LHC and
In”| <4 at the 100 TeV SppC/FCC-hh;

(2) exactly two hard jets with p}. > 30 GeV and |5p/| <
2.5 at the 13 TeV LHC while p} >50 GeV and
/| <5 at the 100 TeV SppC/FCC-hh;

(3) Er <30 GeV;

4) My, €[71,111] GeV.
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FIG. 15. S, distribution for the Z ® j;j channel at the 13 TeV

LHC (a) and 100 TeV colliders (b).

Similar to the case of W ® jj channel, we enlarge the jet p§
cut and the lepton |”| cut to cover more events at the
100 TeV colliders. The third cut aims at reducing the
backgrounds involving W bosons, e.g. the f7 and W back-
grounds. The fourth cut requires that the invariant mass of
the two charged leptons lies within the mass window of
Z boson.

We choose the input value of 6.4 = 15 mb in our
simulation. After generating both the signal and back-
ground events in MadGraph with pJ. > 10 GeV and |/| < 5,
we pass them to Pythia for parton shower and merging. The
cross section (in the unit of picobarn) of the signal and
background processes after Pythia (denoted as “Gen.”) are
summarized in the second column of Table V. Next, we use
Delphes for particle identifications and then impose the four
kinematics cuts. The last four columns in Table V show the
cross section after imposing the four selection cuts
sequentially.

After the fourth cut, the intrinsic Zjj SPS background
still dominates over the Z ® jj DPS signal at the 13 TeV
LHC, say 6(Zjj) ~7 x 6(Z ® jj). Thanks to large collid-
ing energy of the 100 TeV colliders, the Z ® jj DPS signal
and the intrinsic Zjj background are comparable. Other
reducible backgrounds turn out to be negligible.

We make use of the characteristic distributions of A‘;l Prs
A;el pr and Sy to further suppress the intrinsic Zj;j back-
ground. In this study, we demand one and only one cut in
the following list:

A¥lp, <0.2,
AFpr <02,
S, > 2.5. (39)

TABLE V. Cross sections (in the unit of picobarn) of the DPS
Z ® jj process and the SM backgrounds at the 13 TeV LHC
(top) and at the 100 TeV SppC/FCC-hh (bottom). We choose
o = 15 mb and impose the kinematic cuts listed in each
column sequentially.

13 TeV Gen. Cut-1 Cut-2 Cut-3 Cut-4
DPS Z(—¢1¢7)jj 108.92  28.10 3.60 346 3.40
Z(=tt7)jj 1904.81 33635 24.41 22.74 22.29

W(=j)Z(=¢"¢7)
t1 (all decay modes)
tW (all decay modes)

1.623 045 0.14 0.13 0.12
461.00 652 2.64 040 0.12
39.45 0.68 0.16 0.03 0.01

100 TeV
DPS Z(—¢t¢7)jj 133762 3974.08 175.71139.70 137.21
Z(=¢¢7)jj 14044.1 2673.22 240.68194.4 190.34

W(—jj)Z(=¢t¢7) 2435 691 170 130 127
7 (all decay modes) 30675.9  416.44 132.66 17.63  4.17
tW (all decay modes) 193479 3376 653 0.79 0.13
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TABLE VI. Cross sections (in the unit of picobarn) of the DPS
signal and backgrounds after imposing optimal cuts at the 13 TeV
LHC (top) and at the 100 TeV SppC/FCC-hh (bottom). We
choose o, = 15 mb.

13 TeV DPS Zjj Zjj WzZ & W  fPPS

Basic cuts 340 2229 0.12 0.12 001 0.13
Sy > 2.5 221 747 0.03 0.04 0.00 0.23
Or A¥pr <02 1.60 1.90 0.01 0.01 0.00 0.45
Or ArelpT <02 1.23 277 0.01 0.02 0.00 0.31

100 TeV

Basic cuts 137.21 19034 127 4.17 0.13 041
Sy >2.5 73.19 6235 027 138 0.03 053
Or A%p; <02 38.68 1043 0.05 027 0.00 0.78
Or A;elpr <02 46.13 3505 0.17 0.84 001 0.56

We do not require all of the three cuts simply because
cutting on one variable is good enough to enhance the DPS
signal. The cross sections of the DPS signal and back-
grounds after the optimal cut are presented in Table VI. See
the third row for cross sections at the 13 TeV LHC and the
sixth row for cross sections at the 100 TeV colliders. It
shows that the optimal cut efficiently suppress the SM
backgrounds and increase fPFS. We also notice that the
A}?l pr cut is much better than the other two cuts. It yields
fPPS ~45% at the 13 TeV LHC and fPPS ~80% at the
100 TeV colliders. It is very promising to observe the DPS
signal at the LHC and future hadron colliders.

C. Measuring ot

We fit the distributions of A¥'py, Alpr and S, to
measure .. Again, we choose three benchmark inputs
(6™ =10, 15,20 mb) and assume the systematic uncer-
tainties to be 15% and 25% in the fitting analysis.

Figure 16 shows the fitted ¢} as a function of the input
""" at the 13 TeV LHC (a) and 100 TeV (b) colliders with
an integrated luminosity of 300 fb~!. The circle (triangle,

35 e 35S ARt
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S b «FitS, T 1 m o, «Fits,
el E -~ ] el E A ]
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E, 13 TeV 300 b~ E, 100 TeV 300 fb™!
oA 1 1 1 1 1 oA L 1 1 1 1
00 5 10 15 20 25 30 00 5 10 15 20 25 30
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FIG. 16. The fitted 0.4 as a function of the o input obtained in
the Z @ jj channel at the 13 TeV LHC (a) and 100 TeV colliders
(b) with an integrated luminosity of 300 fb~'.

box) symbol denotes ot obtained from fitting the A% p;
(A™py, S,) distribution, respectively. Fitting the A%'py
distribution gives rise to the best accuracy of o1, which are
listed as follows:

(i) o™ =10 mb

fit _ 10 +0.76(+7.6%) +133(+13.3%)
Uelftf*10—066( 6.6%) ° 10—1.05( 10.5%) ° 13TeV,
it _ 1 T0-39(+3.9%) +0.67(+6.7%) .
oy =10 —0.37(=3.7%) ° 10—0.59( 59(7) 100 TeV;
(i) o =15 mb
it _15+1.36(+9.1%) +2.41(+16.1%)
oo = 15 5779 Bisy-i219)  13TeV,
it 1 < +0.69(+4.6%) +1.18(+7.9%) _
ooy = 15 g63(-a2m): 19 1a(-68%)+ 100TeVs
(iii) o'l =20 mb
+2.08(+10.4%) +3.73(+18.7%)
ot =20 s - 20270 -136%) 13 TeV,
+1.03(+5.2%) +1.77(+8.9%)
ogir =201y 03(-a7%) 20 150(-7.5%)> 100TeV,

where the first value of agtff is for fq = 15% while the
second value for f i = 25%. The superscript and subscript
denotes the upper and lower error and the percentage
denotes the fraction of the error normalized to the mean
value of oflt.

The systematic error also dominates over the statistical
error in the Z ® jj channel; therefore, increasing lumi-
nosity cannot significantly improve the accuracy of 61 Of
course, accumulating more data helps with reducmg the
systematic errors, but on the assumption of fixed systematic
uncertainty as we made, those uncertainties of Ght shown in
Fig. 16(a) remain almost the same for the case of a high
luminosity machine. Increasing collider energy dramati-
cally enhances the production rate of the DPS signal such
that the DPS signal dominates over the SM backgrounds
after the optimal cut. That greatly improves the fitting
accuracy of olf, and all the three distributions yields
comparable accuracies of ¢'; see Fig. 16(b).

We note that, in comparison with the W @ j;j channel,
one can achieve a better measurement of o4 in the Z ® jj
channel. To our best knowledge, there is no experimental
search for the DPS signal in the Z @ jj channel yet. Our
study shows that the relative p; balance of two charged

rel

leptons, A% pr, is the best variable to do the job.

VI. THE W* @ W+ CHANNEL

The W* ® W= channel has a clean collider signature of
two same-sign charged leptons and large missing transverse
momentum induced by neutrinos. See Fig. 17 for a pictorial
illustration. The channel is often believed to offer a
unambiguous measurement of o.¢ and has been extensively
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FIG. 17. A pictorial illustration of the W* ® W+ DPS channel
(a) and the WEW®jj SPS background (b).

studied in the literature [11-14,39,56,57,69]. In Ref. [69], a
study considering the parton correlations is performed, base
on the light-front quark model of Ref. [41]. Below we
explore the W* ® W+ production at the 13 TeV LHC and
future 100 TeV colliders within the SF model.

A. Kinematics distributions

The collider signature of the W+ ® W* DPS channel is
two charged leptons plus £;. As shown in Fig. 17, the
WEW=jj SPS background has two additional jets in the
final state. It can mimic the DPS signal when the two
additional jets either have a small py or appear outside of
the detector coverage. We veto “hard” jet activities in the
central region of the detector in the W*W=*jj SPS back-
ground; i.e. we reject any hard jet satisfying py > 25 GeV
and || < 2.5 at the 13 TeV while p; > 50 GeV and || <
5 GeV at the 100 TeV colliders. Figure 18 shows the pr
distribution of the leading charged lepton. Owing to the
feature of independent subprocesses of the DPS channel,
the pr distribution of the leading charged lepton has a
Jacobian peak around p; ~ my, /2. The subleading lepton
also exhibits such a Jacobian peak in its p distribution. On
the contrary, the charged leptons in the SPS background are
populated more around the cut threshold and have a long
tail stretching far into the large p; region.

The drawback of the W* ® W* channel is the two
invisible neutrinos, which yield a collider signature of
missing transverse momentum and cannot be fully recon-
structed. It is hard to determine the longitudinal component
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. . 109
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FIG. 18. The py distribution of the leading lepton in the W* ®
W* channel at the 13 TeV (a) and 100 TeV (b). The SPS
background denotes the W*W®jj production after vetoing
additional jets as explained in text.

of the neutrino momentum at hadron colliders. Such a
difficulty has bothered us for a long time in the single W-
boson production through the Drell-Yan channel [67] and
single-top quark productions [70]. The situation is even
worse when the final state consists of two or more invisible
neutrinos. Usually, one has to use the on-shell conditions of
intermediate state particles to reconstruct the neutrino
kinematics [71,72]. However, in the W+ ® W* channel,
we do not have enough information to determine the two
neutrinos’ momenta, which, unfortunately, are the key to
reconstructing two subsystems. Therefore, we cannot
examine the independent correlations of two subsystems
to probe the DPS signal as we have done in the analysis of
W ® jjand Z ® jj channels. As only two visible charged
leptons can be resolved, we need to consider their corre-
lations to investigate the potential of measuring ;.

We first examine the azimuthal angle distance Ag¢
of the two charged leptons. A rather flat distribution of
Ap(¢,,¢,) is expected for the W @ W+ channel as the
two charged leptons are completely independent in the
DPS. Unfortunately, the SPS background also exhibits a
nearly flat Ag distribution such that the A¢ distribution is
not suitable for measuring .

Next, we consider the rapidity difference of the two
charged leptons Az,,, defined as

Anee = Ner =Nt (40)

where £ denotes the leading p; charged lepton and #5 the
subleading lepton. Figure 19 displays the magnitude of
Any, distribution of the DPS signal (black) and the SPS
background (blue). The DPS signal exhibits a more flatter
distribution. The difference becomes more evident at the
100 TeV collider. Hence, one can measure the DPS signal
through the rapidity difference of two charged leptons.
The difference can be understood as follows. In the
DPS subprocess of dit - W~ — £~ v, the charged lepton
¢~ appears predominantly along the incoming d-quark
direction, i.e.

100' vvvvvvv e s 100'

T T T T

(a)13 TeV (b) 100 Tev
— DPS — DPS
— SPS — SPS

107"

Normalized Distribution
Normalized Distribution

1072

|Am,|

FIG. 19. The |A#,,| distribution in the W* ® W+ channel at
the 13 TeV (a) and 100 TeV collider (b). The SPS background
denotes the W*W=jj production after jet-veto.
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1 + cos Gfd

M(dLﬁR > W - le_/R> X 3 N (41)

where the 0,,; angle denotes the open angle between
the charged lepton ¢~ and the moving direction of the
d-quark in the center of mass frame, i.e. cos@,; = Py -
Da/|Ps||Pal with p,- 4 being the charged lepton (d-quark)
three-momentum defined in the center of mass frame. As a
result, it is often that one of the two charged leptons appear
in the forward region and the other in the backward region,
just leading to a large rapidity gap. In the SPS background,
the W-boson pairs tend to be produced in the central
regions and their decay products often appear in the central
region, yielding a small rapidity gap.

It is interesting to ask whether the Az,, distribution is
sensitive to the choice of dPDF. It has been pointed out in
Ref. [39,69] that, the rapidity asymmetry of two charged
leptons in the W* ® W* DPS channel can manifest the
difference of simple factorized dPDF and GS09 dPDF. The
lepton rapidity asymmetry is defined as

A, = U(WI XNe, < 0) —0(’75’l X Ney > 0) . (42)
o(ng, Xz, < 0) +0(ng, xnz, > 0)

The asymmetry is sensitive to the correlations between the
two partons from one proton, which is described in Eq. (8)
in the GS09 dPDF but absent in the simplified dPDF. As the
correlation effect is evident in the large x region, a cut on
the lepton rapidity (|, > #%,,) could amplify the differ-
ence between those two dPDFs. Figure 20 shows the A,
distribution as a function of ’lém at the 13 TeV LHC (a) and
100 TeV colliders (b). The 13 TeV result agrees well with
Ref. [39]. In the SF dPDF, the two charged leptons are
independent, yielding A, ~ 0 (see the blue points); in the
GSO09 dPDF, the two charged leptons tend to lie in different
hemispheres with an axis defined by the beam line, giving
rise to a positive A, (see the black points). A much smaller
x is reached at the 100 TeV colliders, thus weakening the
difference between dPDFs.

In order to keep more DPS signal events, we do not
impose the ’7§nn cut, which is crucial to see the difference
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FIG. 20. A, versus %, in SF and GS09 dPDFs at the 13 TeV

LHC (a) and the 100 TeV colliders (b).
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FIG. 21. The An,, distribution of two same-sign charged

leptons calculated with different double parton distributions at
the 13 TeV LHC (a) and the 100 TeV colliders (b).

between dPDFs. Therefore, the |An,,| distribution is not
sensitive to the dPDF models in our analysis. Even though
the SF and GS09 dPDFs produce a mild difference in the
|An,.| distribution, it does not affect our fitting results, as
Fig. 21 shows.

B. Collider simulation

The event topology of the W* ® W+ channel consists of
two same-sign lepton and E;. We also demand no hard jet
activity. The major SPS backgrounds are (i) the WEW=j
production with the two additional jets being vetoed, (ii) the
{1 pair production in which a charged lepton is generated
from one top quark decay while another same-sign charged
lepton arises from the bottom quark emitted from the other
top, (iii) the W*Z/y* with Z/y* — £+¢~ and W+ — £+u;
(iv) the Z(y*)Z(y*) - ¢t¢~¢"¢~ channel which is
denoted as “2£72¢7”. In order to suppress the SPS
backgrounds, we choose five basic cuts listed below:

(1) Two same-sign charged leptons with p?i > 20 GeV
and |”"| < 2.5 at the 13 TeV LHC while |”"| < 5
at the 100 TeV SppC/FCC-hh;

(2) No hard jet with pJ > 25 GeV and |5/| < 2.5 at the
13 TeV LHC while pJ > 50 GeV and |5/| < 5 at the
100 TeV SppC/FCC-hh;

(3) Er>20 GeV;

(4) My:pe & [75,105] GeV;

(5) p§ <60 GeV.

Note that our lepton p?i cut is slightly different from
Ref. [11], which introduces asymmetric cuts on the leading
lepton and trailing lepton as p? > 20 GeV and
p’;z > 10 GeV, respectively. In our analysis, we demand
symmetric cuts on both leptons, pf > 20 GeV, which can
suppress the WZ and Wy* backgrounds efficiently, Our
simulation results are consistent with Ref. [39].

We choose the input value of 6. = 15 mb and generate
both the signal and background events in MadGraph with
pr > 10 GeV and |/| < 5. We further demand the charged
leptons well separated in angular distance, i.e. AR, > 0.4,
in order to avoid the collinear divergence in the y* — £7¢£~

035013-17



CAO, LIU, XIE, and YAN

PHYS. REV. D 97, 035013 (2018)

TABLE VII. Cross sections (in the unit of picobarn) of the
W* ® W* DPS signal process and the SM background process
W*W*j;j at the 13 TeV LHC (top) and at the 100 TeV SppC/
FCC-hh (bottom). The two additional jets in the background are
rejected. We choose o, = 15 mb and impose the kinematic cuts
listed in each column sequentially.

13 TeV Gen. Cut-1 Cut-2 Cut-3 Cut-4 Cut-5
Wt @ Wt 22.18 410 263 221 1.78 1.76
WEW=*jj 71.98 11.78 0.64 058 047 0.19
1t 461001 0.64 0.00 000 0.00 0.00
WZ/y* 13749.6 80.75 33.58 27.88 2095 13.55
20267 74994 1047 525 088 0.69 043
100 TeV

W+ ® Wt  1589.33  512.53 373.72 336.87290.81275.95
WEW*jj 1623.85 336.65 18.79 1691 12.99 6.98
tt 30675900 117.69 5.88 5.88 5.88 0.00
WZ/y* 85482 1304.95 581.17 486.63390.1(226.03
2026~ 524275 123.84 7141 1095 836 4.48

processes. We then pass the parton level events to Pythia for
parton shower and merging. The cross section (in the unit
of picobarn) of the signal and background processes after
imposing the generator-level cuts are summarized in the
second column of Table VII. Next, we adapt Delphes for
particle identifications and then impose the four kinematics
cuts. The last five columns in Table VII show the cross
section after imposing the five basic cuts sequentially.
The identification of two same-sign charged leptons in
the first cut (cut-1) is the most efficient cut to suppress the
SPS backgrounds; see the third column in Table VII. While
about 18% of the DPS signal events survive the cut-1, only
0.02% of the SPS background events remain. At the
100 TeV collider the lepton |r?| cut is extended to 5 in
order to collect more signal events. We find that the lepton
identification cut works better at the 100 TeV colliders; for
example, about 0.006% of the SPS background events
survive while about 32% of the DPS signal events remain.
The jet-veto cut specified in the second cut (cut-2) is also
very powerful in suppressing those backgrounds involving
jets in the final state; see the fourth column. We introduce
the Ep cut (cut-3) to suppress the 2£72£~ backgrounds
which do not have neutrinos at the parton level. Note that a
potential background comes from the mistagging of multi-
jet events. It has been shown by the CMS Collaboration
[11] that such mistagged backgrounds can be efficiently
suppressed by requiring the scalar sum of two charged
leptons’ pr larger than 45 GeV, i.e. pb;‘ + p? > 45 GeV.
Since we demand both the charged leptons exhibit p% >
20 GeV in lepton trigger, the scalar sum condition is
satisfied automatically. It is also possible that one of the
two charged leptons from the Z boson decay is misidenti-
fied as opposite charged. It then provides a faked signal of
two same-sign charged leptons. In the fourth cut (cut-4), we

demand the invariant mass of the same-sign lepton pair to
be away from the Z boson resonance so as to remove those
faked events, i.e. |[My:sr —my| > 20 GeV. Finally, we

demand an upper bound on the charged lepton’s p; in
the fifth cut (named as cut-5). Owing to the Jacobi peak
feature of the W boson decay in the W* @ W+ DPS
channel, the charged lepton exhibits a pr mainly below
~40 GeV. The cut only mildly affects the DPS signal but
sizably reduce the electroweak backgrounds.

After all the five basic cuts, the WZ/y* production
becomes the dominant background. We end up with
fPPS = 11% at the 13 TeV LHC and fPPS = 54% at the
100 TeV SppC/FCC-hh. Increasing collider energy
improves the fraction fPPS significantly.

C. Determining o

We perform a y>-fit of the |An,,| distribution, divided
into 12 bins, to measure .. Figure 22 displays the |A#,,|
distributions of the DPS signal and the sum of all the SM
backgrounds (labeled as background) after the five selec-
tion cuts. Note that the WZ/y* channel, not the W W+
SPS background we examined, becomes the dominant
background. The difference between the DPS signal and
the SPS background we observed in Fig. 19 still remains.
Figure 23 shows the ofl\ as a function of o at the 13 TeV
LHC (a) and 100 TeV colliders (b). The rate of the W* ®
W+ DPS production is suppressed in comparison with the
W ® jjand Z ® jj DPS channels. To study the impact of
the statistical uncertainty on the fitting precision, we
consider two benchmark Iluminosities in the fitting
analysis: 300 fb~! (red circle) and 3000 fb~! (triangle).
Two systematic errors, f, = 15% and fq = 25%, are
considered.

Due to the small rate of the W* ® W* and large
backgrounds (fPPS = 11%) at the 13 TeV LHC, the
accuracy of o'l is sensitive to the integrated luminosity.
Upgrading the LHC to the phase of high luminosity, say
L = 3000 fb~!, improves the fitting accuracy sizably; for
example, see the circle and triangle points for each input
o At the 100 TeV collider, owing to the significant

10! grerrrres LAAAMARA LAAARAMAM T LA - I G LA LAAAMAAAAM T LM
()13 TeV  —W*@W* (b)100 TeV —W*QW*
—Background — Background
102 - Total B
— 10° 4 — H :
£ =)
g g
o o
~ ~ m
5 107! ERRS)
After all cuts After all cuts
10—2 ““““ Lo Lo Lo Lo L 100 ““““ Lo Lovin b Lo
0 1 2 3 4 5 0 2 4 6 8 10
[Am,| |An|

FIG.22. The |An,,| distribution in the W* ® W= channel after
all of the five basic cuts at the 13 TeV (a) and 100 TeV (b).
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3< T T T T T 3< T T T T T
® 300 fb~! ] ® 300 fb~! ]
30* i | 30* |
_ 43000 fb~! 1 - 43000 fb~!
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E H ] E iy
C? 20F ] é@ 20F H ]
~ I5F Y 1 = 5 3 ]
.'U: 107 ,/k —syst. err. 15% 1 E 107 /ﬂ —syst. err. 15% 1
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(a) W*®W- 13 TeV (b) W ®W 10() TeV
, 1 L L
00 5 10 15 20 25 30 OO 5 10 15 20 25 30

Input o [mb] Input o [mb]
FIG. 23. The fitted o as a function of /% fitted in the A,
distribution at the 13 TeV (a) and 100 TeV colliders (b).

enhancement of the DPS production rate, the statistic
uncertainty is well under control and the systematic error
dominates the fitting precision. Therefore, accumulating
more luminosity at the 100 TeV machine would not
improve the accuracy of ol

The fitted results for an integrated luminosity of
3000 tb~! are as follows:

(i) o =10 mb

H=100 5 s 10 e - 13TeV.

o= 100030 500 101050 o+ 100TeV;
(i) o =15 mb

ol = IST2MCINTH SR 13 Tev,

=151 o)+ 150058y - 100TeV:
(ili) o™ = 20 mb,

o =200y isan)+ 20 4h0( a0 m)- 13 TeV.

ol =201 oo sa . 2000 ey, 100TeV,

where the first value of Ggftf is for fq = 15% while the
second value for f i = 25%. The superscript and subscript
denotes the upper and lower error and the percentage
denotes the fraction of the error normalized to the mean

fit
value of 0.

VII. DISCUSSION AND CONCLUSIONS

In the LHC era, with much higher collision energies
available, DPS has received several experimental and
theoretical studies. Lacking theoretical ground, the phe-
nomenological studies are based on the factorized ansatz of
the double parton distribution functions, which neglect
momentum correlations between partons and introduce an
effective cross section o.;. The latter quantity is to be
extracted from experimental data and might vary for

different processes. As o is connected with the effective
size of the hard scattering core of the proton, the variation in
the values of o, may mean that o, will have different
values for gg, qg, and gg scatterings. It is desirable to
establish double parton scattering in data and determine o
in a relatively clean processes. In this work, we demonstrate
that the DPS production involving weak gauge bosons is
important for measuring oz because the leptons from the
W and Z boson decays provide a nice trigger of the DPS
signal. Specifically, we focus on the W @ jj, Z ® jj and
W+ ® W+ channels and explore the potential of measuring
oo at the 13 and 100 TeV proton-proton colliders.
Several observables characterizing the feature of DPS
have been proposed to optimize the DPS signal in the
literature [49,50]. Our study shows that the best observable
to measure o, is: the relative p, balance of jets (A™ p;) in
W ® jj, the relative p; balance of leptons (A%'py) in
Z ® jj, and Ang, in WE @ W, Note that A% p; works
better than A;e' pr in Z ® jj. Taking advantage of those

optimal observables, we show that it is very promising to
observe the DPS signal on top of the SPS backgrounds.
Figure 24(a) displays the fraction of the DPS signal event in
the total event collected (fPFS), defined in Eq. (27), after
imposing the optimal cuts specified in main text. At the
13 TeV LHC, fP"(W® jj)~34%, fP*(Z® jj)~
45%, and fPPS(W* @ W*)~10%; at the 100 TeV
colliders, fPPS increases dramatically, say fPPS(W ® jj) ~
45%, fPP(Z ® jj) ~ 78%, and fPPS(W+ @ W) ~ 54%,
owing to the huge enhancement of the production rate of
the DPS processes.

Once double parton scattering is established in the data
and o is determined, one can address the three questions
raised in Sec. I: (i) how well can one measure o.? (ii) does
o. vary with colliding energies? (iii) is o5 universal for
various DPS processes?

Figure 24(b) displays the recent experimental data (left
panel) and the projected accuracies of o. measurement
obtained from our collider simulations with the choice of
o =15 mb (right panel). The recent experimental data
are summarized in Table II, which suggests an average
value of 6.4 ~ 15 mb. For the three DPS channels of
interest to us, the red (blue) points denote the ¢’ obtained
at the 13 (100) TeV colliders, respectively. The W ® jj and
Z ® jj channels are able to measure the o with errors less
than the current data, assuming the systematic error is 15%
or 25%. Since the uncertainties of the two DPS channels are
dominated by the systematic errors, we present the fitting
results with an integrated luminosity of 300 fb~!. Note that
accumulating more luminosity cannot improve the accu-
racy. At the 100 TeV colliders, the DPS production rate
increases dramatically such that the o, measurement can
be sizably improved.

The Z ® jj channel gives a better precision than the
W ® jj channel; for example, assuming a 15% systematic
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FIG. 24.

(a) fPPS (the fraction of the DPS signal events in the total events) in the three DPS processes after the optimal cuts at the 13

and 100 TeV colliders. (b) Recent experimental data of o measurement (left) and the projected o-glf‘f inthe W® jj, Z® jj and

W* ® W* channels (right).

error, one can measure the oy through the A%¥'p; dis-

tribution with a precision as

| +1.83(+12.2%
grtt(W ®jj)=15 147(( 9.8%) )’
i +1.36(+9.1%
oui(Z ® jj) = 15 —1. 15(< 7.7%))’
at the 13 TeV LHC, and

i +1.07(+7.1%)
gftf<W ® jj) =15 094(( 63%)

i +0.69(+4.6%
oy (Z ® jj) = 15 063(( 42%)

at the 100 TeV colliders with an integrated luminosity of
300 fb~!. See the points A, B, C, and D in Fig. 24(b).
Therefore, we argue that one should explore the Z ® jj
channel to measure o;-.

The W+ ® W= channel has been studied extensively in
the literature for the reason that it has a clean signature of
two charged leptons and large missing transverse momen-
tum. However, the channel suffers from small production
rate and lack of distinctive observables discriminating the
DPS signal from the SPS backgrounds. Therefore, the
uncertainty of o,y measurements is worse than that of
the W @ jj and Z @ jj channels. For the same reason, the
recent CMS measurement provides only a lower limit of
o.; see the fourth data in the left panel of Fig. 24(b).
Though suffering from large uncertainties, the W* @ W=
signal can be measured in the |Az,,| distribution at the
13 TeV LHC, and the accuracy can be further improved at
the high luminosity phase. For example, choosing an input
o =15 mb and assuming a 15% systematic error, one

can measure o.y through the Apn,, distribution with a
+S.08(+33.9%) 4 1 5+280(+18.7%)
~3.03(-20.2%) ~2.04(~13.6%)
integrated luminosity of 300 fb~! and 3000 fb~!, respec-

tively; see the points E and F in Fig. 24(b). At the 100 TeV

precision as 15 with an

colliders, the DPS signal rate dominates over the SPS

background, thus leading to a much better precision

15:())3;((;5 fZ: )> with an integrated luminosity of > 300 fb~!;

see the points G and H in Fig. 24(b). With the projected
accuracy, one might be able to check whether o varies
with the colliding energy.

Now check the universality of o for different DPS
processes. The current data imply o4 ~ 15 mb but with
large uncertainties. Figure 25 shows the correlations among
the agf?f’s measured in the three DPS channels: (a)—(b) Z ®
jj versus W ® jj, (c)~«(d) W+ @ W* versus W ® jj. The
yellow and green bands represent the region of a universal
o at the 1o level with a systematic error of 15% and 25%,
respectively. Any data falling outside the band indicate that
o 1s process dependent. The weak boson productions are
sensitive to the flavor of quarks inside proton. As shown in
Sec. III C, the DPS channels we considered depend mainly
on parton combinations listed as follows:

W® jj: oer(qg ® 4'9).
Z®jj: oer(q9 ® q9).
W ® Wt oup(ud ® ud), 099 ® 3'7').
A process-dependent o.; means that the oo will have
different values for qq, qg, and ¢g scatterings. Note that our
theory calculation is based on the assumption that the F(b)
function is universal for any two partons in one proton.
Deviation from the yellow or green band might indicate that
the assumption of a universal function F(b) is not valid.
Note that the uncertainty bands in the correlation
between W ® jj and Z ® jj, shown in Figs. 25(a) and
25(b), are dominated by the systematic errors. We plot the
lo bands with an integrated luminosity of 300 fb~!, and
increasing luminosity will not alter the band width. The
W* ® W+ channel has a large statistical uncertainty in the
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FIG. 25. Universality check of 61: (a)—(b) Z ® jj versus W ®
jj with £ >300 b7, (c)-(d) W= ® W* versus W @ jj with
£ = 3000 fb~!. The yellow (green) band denotes the region of a
universal o at the 1o confidence level with a systematic error of
15% (25%), respectively.

o.; measurement, therefore, it requires a high luminosity to
make W* ® W* usable. We obtain the lo bands in
Figs. 25(c) and 25(d) using an integrated luminosity of
3000 fb~!. One is able to test the o, universality if the
o s of two different DPS processes are not too close. For
example, o.x(W ® jj)=10mb and o.4(Z® jj) =
20 mb can be well distinguished at the 13 TeV LHC.
A better test of o5 universality is expected at the 100 TeV
colliders. It is worth mentioning that one should also take
the yj ® jj channel into account for a better and compre-
hensive comparison.

In short, we affirm that the double parton scattering
processes involving weak bosons (W ® jj, Z ® jj, and
W* ® W*) are promising at the LHC and future hadron
colliders. The Z ® jj channel is the best in measuring the
effective cross section 5. Once DPS is established in data
and o, is determined, one can test the universality of 6.5 in
the three channels.
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