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Next-to-leading order predictions in perturbative QCD are presented of various differ-
ential distributions for pp — WbbX — fvbbX at the Large Hadron Collider energy 7
TeV. Included are the contributions from both single parton scattering and double parton
scattering as well as relevant backgrounds. Several kinematic variables are proposed for
isolating the double parton contribution with the first 10 fb~! of integrated luminosity.
Smearing associated with next-to-leading order contributions is important for a proper
description of some of the observables we compute. Under specified conditions, the double
parton process can be identified and measured with signal over background significance
S/\/E ~ 10. The work summarized here was done in collaboration with Chris Jackson,
Seth Quackenbush, and Gabe Shaughnessy.

1 Introduction

With its higher energies and larger luminosities, the Large Hadron Collider (LHC) makes it
possible to investigate unexplored aspects of established theories such as quantum chromody-
namics (QCD). The standard single parton scattering (SPS) picture of hadron-hadron collisions
is shown on the left side of Fig. 1. One parton from each proton participates in the hard
scattering to produce the final state. In SPS, the differential hadronic cross section factors:

doSPS =3 / Fin, 1) £, )65 (0, 2%, )y dry (1)
1,5

The short-distance partonic cross section dé;; is computed in perturbation theory, whereas
the parton distribution functions (PDF) f(x;, 1) are nonperturbative objects extracted from
experiment and evolved to the appropriate hard scale p.

The full description of hadronic collisions involves other elements including initial- and final-
state soft radiation, underlying events, and multiparton interactions. Double parton scattering
(DPS) describes the case in which two short-distance subprocesses occur in a given hadronic
interaction, with two initial partons being active from each of the incident protons. The general
picture of DPS is shown on the right side of Fig. 1. Given the small probability for single parton
scattering in hadronic collisions, it is often assumed that the effects of double (or multiple)
parton scattering may be ignored or subsumed into the parametrization of the underlying event.
Nevertheless, it is worth exploring theoretically and investigating experimentally whether a
second distinct hard component may be identified in events at the LHC. Evidence for DPS
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Figure 1: Schematic depiction of single parton scattering (left) and double parton scattering
(right).

is reported in Refs. [1, 2, 3, 4], and many references to theoretical work may be found in
Refs [5, 6, 7, §].

In Ref. [5], we investigated the DPS and SPS contributions at the LHC for the four-parton
final state pp — bbjjX in which a bb system is produced along with two jets j. We showed
that there are characteristic regions of phase space in which the DPS events are expected to
concentrate, and we developed a methodology to measure the effective size of the DPS signal.
Precise measurements of DPS at the LHC will provide insight into QCD dynamics beyond SPS
and into parton-parton correlations, and it will help to validate a second hard component in
underlying event modeling. In this contribution I summarize our next-to-leading order study
in perturbative QCD of pp — WbbX — fvbbX at the Large Hadron Collider energy 7 TeV [6].

Under the assumption of weak dynamic and kinematic correlations between the two hard-
scattering subprocesses, a typical approach in DPS studies is to assume the differential hadronic
cross section takes a factored form in analogy to Eq. (1):

m . .
dO’IE;)PS — 2Ueff Z /H]’;k(g:l?x%,uAa/LB)H]gl(I/hIIQMU'Aa/LB)
1,5,k,0
Xd6;j (w1, 2, pa)dog (w2, 24, pp)derdreda’ dl (2)

where m is a symmetry factor equal to 1 (2) if the two hard-scattering subprocesses are identical
(nonidentical). The joint probabilities H;k (z1, 22, A, up) can be approximated as the product
of two single PDF's:

H;k(-rhx?v/’(‘AnuB) :f;($17MA)f§($2aMB)~ (3)

Given that one hard scattering has taken place, the parameter o.g measures the size of the par-
tonic core in which the flux of accompanying short-distance partons is confined. Typical values
in phenomenological studies focus on the 10-12 mb region, consistent with measurements from
the Tevatron collider [3, 4]. In writing Eqs. (2) and (3), we ignore possible strong correlations
in longitudinal momentum. However, for the small values of = expected at the LHC, this should
be a good approximation [5]. A detailed examination of the limitations of this approach may
be found in Ref. [8].

In the DPS contribution to the production of a W boson in association with a pair of bottom
quark jets, one hard scattering produces the W via the Drell-Yan mechanism, while the other
hard scattering produces a bb pair. The charged lepton from the W decay (along with the
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bottom quarks in the final state) provides a relatively clean signal to tag on. Our purpose is to
establish whether double parton scattering can be observed as a discernible physics process in
Wbb production at LHC energies. In the rest of the paper, we outline our simulation of the DPS
and SPS contributions to Wb, discuss backgrounds for the same final state, and present details
of our analysis. We study various single variable and two-dimensional kinematic distributions
to bring out the DPS contribution more cleanly, showing that variables designed to exploit the
nature of the 2 parton to 2 parton subprocesses can be used to differentiate DPS from SPS
with excellent signal over background significance, S/ VB ~ 10 to 15.

2 Calculation of Wb production

We perform all calculations at center-of-mass energy /s = 7 TeV. Event rates are quoted for
10 fb=! of integrated luminosity. For the DPS case, Wbb production is computed using Eq. (2)
where it is assumed that one hard scattering produces the W boson via ¢ — W=*X, while
the other scattering produces the bb system. The individual SPS processes which make up
the DPS process are generated using the POWHEG BOX event generator [9, 10, 11] which
includes next-to-leading order (NLO) QCD corrections for both, plus shower emission. In the
SPS production of Wbb, one hard scattering produces the complete final state. The events
from this process are also generated using the POWHEG BOX [12] which implements the NLO
calculation of Ref. [13].

Extracting evidence for DPS Wbb production is complicated by the fact that many standard
model processes imitate the Wbb — bblv final state. In particular, we consider contributions
from (a) top quark pair production ¢#; (b) single top quark production (tb, tb, tj and £j modes);
(¢c) Wjj, where both light jets are mistagged as b jets; and (d) Wbj where the light jet is
mistagged as a b jet. We also consider the following processes, which have a negligible contribu-
tion after cuts: (a) bbj where one b quark gives an isolated lepton and the light jet is tagged as a
b jet; (b) Zbb where one lepton from the Z decay is missed; and (c) bbbb (bbcé) production where
at least one heavy quark gives an isolated lepton and the other does not pass the threshold
cuts. The Wjj background (where both jets fake bottom quark jets) can be produced in both
SPS and DPS processes.

2.1 Simulation

We concentrate on the final state in which there are two b jets, a hard lepton, and missing
transverse energy Fp. We consider only leptonic decays of the W boson (W — fv). We focus
on the case ¢ = p, since electrons with low transverse momentum can be easily faked by light
jets. We limit the hadronic activity in our events to include exactly two hard jets, both of
which must be identified as bottom quark jets. Finally, all events (DPS and SPS Wb as well
as backgrounds) are required to pass the following acceptance cuts:

pry > 20GeV, || < 2.5, (4)
20GeV < pr, <50GeV, |n,| < 2.1, (5)
Er >20GeV, (6)

ARy > 0.4, ARy, > 0.4, (7)
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Process \ Acceptance cuts \ ET <45 GeV \ S;,T <0.2 ‘
W=bb (DPS) | 247 \ 231 \ 173 \
WEbb (SPS) | 1142 \ 569 \ 114 |

tt 1428 290 13
W*jj (DPS) 43.5 37.7 27.3
WEj5 (SPS) 101 55.7 19.6

Single top 492 168 15
WEbj 152 53.1 8.2

Table 1: Numbers of events before and after the various cuts are applied for 10 fb=1 of data.
After acceptance cuts, SPS Wbb production and ## production dominate the event rate. A
maximum 1, cut reduces the background from tf significantly.

where 7 is the pseudorapidity and ARy is the separation in the azimuthal-pseudorapidity plane
between the two objects [ and k:

ARy, = \/(771 =)+ (&1 — on). )

The cut on the missing transverse energy F > 20GeV is motivated by the fact that the
neutrino momentum in W decay is not observed. The 20 GeV cut on the b jets and the lepton
is invoked to eliminate contributions from the underlying event. The upper lepton pr cut is
used to reject boosted W bosons, as in the case where a W boson originates from a t-quark
decay, or when the W recoils against the bb pair in SPS. Our b jet tagging efficiencies, muon
identification efficiencies, fake rates, and detector resolution effects are described in Ref. [6].

Table 1 shows the number of events from the Wb final state (DPS and SPS) and the
backgrounds after the acceptance cuts, detector effects, and mistagging effects are applied
(column labeled “acceptance cuts”). In these results and those that follow, we sum the W and
W~ events. In evaluating the DPS processes, we assume a value oo ~ 12 mb for the effective
cross section. However, we stress that the goal is to motivate an empirical determination of
its value at LHC energies. The acceptance cuts are very effective against the W jj final states,
both for DPS and SPS. The results in Table 1 make it apparent that Wbb production from
SPS and the top quark pair background are the most formidable obstacles in extracting a DPS
signal. We address ¢t background rejection in the next section.

2.2 it background rejection

We examine three possibilities to reduce the tf background: a cut to restrict f, from above,
rejection of events in which a top quark mass can be reconstructed, and a cut to restrict
the transverse momentum of the leading jet. In the end, an upper cut on F; in the event
appears to offer the best advantage. Indeed, one would expect that J04 in Wbb events would be
smaller than F; in tf events. Top quark decays give rise to boosted W*’s which, after decay,
should result in larger values of missing E compared to the Wbb process. The DPS signal is
produced in the region of relatively small £, and the tf background has a harder spectrum
in 7. One way to suppress the ¢t background while leaving the DPS signal unaffected is to
impose a maximum - cut in the 40-60 GeV range. In the analysis that follows, we include a
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maximum F cut of 45 GeV in addition to the acceptance cuts outlined above. The effects of
the maximum 7 cut are shown in the third column of Table 1. This cut eliminates about 80%
of the tt background that remains after the initial acceptance cuts. The cut is also effective
at reducing the single top quark and Wbj backgrounds, eliminating about 67% in both cases.
On the other hand, 93% of the DPS Wbb events and 50% of the SPS Whb events are retained.
Of the three possibilities we consider to reduce the ¢t background, a cut to restrict f; from
above appears to offer the best advantage, and it is the only cut we impose in addition to the
acceptance cuts specified above.

3 Separation of the DPS and SPS contributions

To separate the DPS contribution from the SPS and background contributions, it is valuable to
use kinematic variables that take advantage of the 2 parton to 2 parton nature of the underlying
DPS subprocesses. The observable S’ exploits the transverse momentum balance of 2 to 2
scattering. It is defined as |

¢ pr(by, b)) >+< lpr(t, Ex) > o)
S V2 IpT (01)] + [pr(b2)]| pr(O+1Er]/)

Here, pr(by,b2) is the vector sum of the transverse momenta of the two b jets, and pr (¢, Fr)
is the vector sum of £+ and the transverse momentum of the charged lepton in the final state.
In DPS production, the bottom quarks are produced roughly back-to-back such that the vector
sum of their transverse momenta tends to vanish. Likewise, the vector sum of the lepton and
neutrino momenta tends to be small (with corrections from the boosted W#). Thus, the Spr
distribution for the DPS process exhibits an enhancement at low SI/7T’ as shown on the left side
of Fig. 2. The peak does not occur at exactly S;}T = 0 owing to NLO real radiation that alters
the back-to-back nature of the bb and fv systems. On the other hand, SPS production of Wbb
does not favor back-to-back configurations; it exhibits a peak near S;T = 1, a feature linked to
the fact that many bb pairs are produced from gluon splitting [5].

The clean separation in S, between the DPS and SPS Whb processes is obscured by the
tf background, but this background can be mitigated by a maximum F cut, as shown on the
right side Fig. 2. The last column of Table 1 shows that a cut S, < 0.2 reduces the SPS Whb
rate while leaving the DPS signal relatively unaffected. In the end, the major background arises
from DPS Wjj, as is expected since this process inhabits the same kinematic regions as the
DPS Wbb signal. Despite this background, we find a statistical significance for the presence of
DPS Wbb of S/vB =173/1/197 = 12.3.

Azimuthal angle balance is a second notable feature of 2 parton to 2 parton scattering.
Observables which take into account the angular distribution of events are also useful in the
search for DPS. Figure 3 depicts two such observables. In the left plot, we show the event rates
for DPS Wbb and the backgrounds (SPS Wbb included) as a function of the angle between the
normals to the two planes defined by the bb and v systems. These planes are defined in the
partonic center-of-mass frame and are specified by the three-momenta of the outgoing jets or
leptons. The angle between the two planes is:

COS Aeb?},@y = ’fl3(b1, bg) . ’fL3(€, l/) (10)

where 713(%, j) is the unit three-vector normal to the plane defined by the i — j system and b (b2)
is the leading (next-to-leading) b jet. In order to construct the normals 713(b1, b)) and n3(¢, v),
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Figure 2: The S distribution for DPS and SPS production of Wbb including all relevant
backgrounds. On the left, only the minimal acceptance cuts are imposed, while, on the right,
an additional maximum F cut is imposed (E < 45 GeV). A maximum [ cut greatly reduces
the background and produces a sharp peak in the region of small SI’)T where DPS is expected

to dominate.
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Figure 3: The event rate as a function of the angle between the normals of the two planes defined
by the bb and (v systems (left), and the azimuthal angle between the transverse momentum
vectors of the bb and ¢} systems (right). In SPS events, it is apparent that there is a strong
correlation in the angles.

we require full event reconstruction using the on-shell W-boson mass relations. We see that
the distribution of the DPS events is rather flat, aside from the cut-induced suppressions at
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Opp0, ~ 0 and ~ m, whereas the SPS events show a strong correlation, with a distribution that
peaks near AOy; 4, ~ 7.

In the right plot of Fig. 3, we show the event rates as a function of the azimuthal angle
between the transverse momentum vectors of the bb and ¢, systems. Since this azimuthal
angle is defined in the transverse plane, it requires only J. Full event reconstruction to
determine the neutrino momentum is not needed. The DPS distribution is flat while the SPS
distribution shows a strong correlation, with a preference for values toward 7.

The DPS and SPS samples exhibit different behavior as a function of angular observables.
However, the dominance of SPS Wbb and backgrounds over DPS Wbb for the full range of these
observables makes it impossible to extract a DPS signal from these distributions by themselves.
Having found interesting features in the transverse momentum variable S, = and in the angular
distributions, we now put this information together in a two-dimensional distribution.

4 Two-dimensional distributions
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Figure 4: Two-dimensional distributions of events in the variables (left) S, = and A© ,,, and
(right) S, and Agy, ¢ g..- In both cases, the Wbb DPS events (denoted by red x) lie in the
lower half of the plane, while the Wb SPS and background events (denoted by blue dots)
occupy the upper half. The plot on the right appears to achieve a cleaner separation.

Two-dimensional distributions of one variable against another show distinct regions of DPS
dominance (or SPS and background dominance). In Fig. 4, we construct two such scatter plots.
On the left, we show S, versus the angle between the normals of the two planes defined by
the bb and v systems (A©y; 4,). The DPS events reside predominantly in the lower half of the
plane (small SI/,T) and are distributed evenly in the angular variable. The separation between
DPS Wbb and the SPS component is not as pronounced in the S, — Ay 4, plane as we
saw in our earlier study of bbjj [5]. In the Wbb case, the background events are more evenly
distributed over the full plane, to some extent resulting from inclusion of both solutions for
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the neutrino’s longitudinal momentum in the W# decay. (The greater density of points in the
left plot of Fig. 4 relative to the right plot is explained by the fact that both solutions for the
neutrino momentum are included in the left plot).

On the right of Fig. 4, we show the two-dimensional distribution of S}, and Ag¢y,, . -
This distribution shows a high degree of separation between the DPS Wbb and the SPS plus
background samples. To quantify the degree of separation, we define a region in this plane
that gives the highest statistical significance. Restricting ), < 0.25 and Ay, , By < 3 /4,
we find a a sample of 154 signal and 103 background events, corresponding to a statistical
significance of S/v/B = 15.2. Employing the scatter plot in Sy and A¢y, , g, we achieve a
better significance than from S}, alone. As long as the maximum value of Agy, ¢ g, is in the
7/2-3m/4 range, a statistically significant extraction of DPS Wb from the other events can be
obtained, given our assumed effective cross section oeg = 12 mb and luminosity.

In this study of Whb, as in our earlier study of bbjj, we find that DPS can be important
relative to SPS in specific parts of phase space. We suggest experimental analyses of Wbb at
the LHC in terms of the two-dimensional distributions presented in this section, with the goal
to establish whether a discernible DPS signal is found. Assuming success, the pr dependence
of the leading object and other properties of these DPS events can be examined to establish
whether the expected properties of DPS are seen. The enriched DPS event sample can be used
for a direct measurement of the effective cross section o.g. Data are needed.
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