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Two hard interactions in one collision

A second hard interaction in the collision
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• “hard” 4 to 4-parton scattering → 4 “jets” with large

PT1(hard), PT2(hard), plus the underlying event

• also processes in which 2 initial partons produce 4 jets

Ed Berger, Argonne – p.2/28



Assignment 

  ``What is the status of understanding of Double 
Parton Scattering (DPS) in final states that 
overlap with Higgs or New Physics signals’’? 

  Answer: first, we need definitive measurements 
of some well defined SM DPS signals at LHC: 
validate the phenomenology; determine the 
effective cross section σeff for DPS at LHC; … 

  Goal here is to help motivate such analyses 
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Outline 

  Role of Double Parton Scattering (DPS)  

  Example:  

  Extraction of a DPS signal from Single Parton 
 Scattering (SPS) and backgrounds 

  Results 

  Summary 
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Why study and measure DPS? 

  QCD dynamics beyond SPS scattering 
(including parton correlations) 

  Validate a hard component in underlyling event 
modeling, with distinct dynamic properties    
(DPS is ``not some tuneable parameter’’ – LeCompte) 

  Added SM background to interesting final states  
--- Measuring one DPS final state gives insight 
into the size of DPS contributions elsewhere 
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Single and Double Parton 
Scattering both Contribute 

Single Parton Scattering (SPS) Double Parton Scattering (DPS) 

Measure the relative size of these two contributions 
 

What are the distinguishing variables and regions of phase 
space that make this possible?   
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Why Wbb as an example? 

  New physics often has a W (isolated lepton 
plus missing energy) and/or bb final states.   
  W bb is a possible backgound 

  bb has a large cross section (µb) → large 
probability of second scattering 

  W → lepton easy to identify 

  NLO calculation exists for SPS Wbb 
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DPS calculation of                       

Two hard subprocesses:   

  Assume weak dynamic and kinematic 
correlations between the two subprocesses 

  Final expression:  

  σeff dimensional factor related to overlap in 
impact parameter   

  Theoretical treatise: Diehl, Ostermeier, Schafer, arXiv:1111.0910 

dσDPS(pp → Wbb̄X) =

dσ(pp→WX)dσ(pp→bb̄X)
σeff

Z → νν̄, W → �ν, t → b�ν

L

R = Lσint

cm−2s−1

• SM Higgs boson is well specified

–Once the mass is chosen, then
the Higgs boson width, pro-
duction cross sections, and de-
cay branching fractions are cal-
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Analysis details 
  Signal and backgrounds, including Wbb DPS 

and Wbb SPS, generated with POWHEG-BOX  
o  NLO calculation in a shower Monte Carlo code; 

fully differential so analysis cuts can be made  

  Simple detector effects (b tagging and muon 
efficicencies, resolution, mistagging) included 

  Acceptance cuts, backgrounds, background 
rejection, …. 

  See arXiv: 1107.3150, Phys Rev D 84 (2011) 074021 
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Separation of DPS and SPS 

  Kinematic variables that exploit 2 to 2 nature of 
the underlying DPS subprocesses 
  (i) Back to back in transverse momentum, so vector 

sum is small, for each subprocess 

  (ii) Back to back in azimuthal angle 

  Look at each, separately and then together 
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i. Transverse momentum balance 

  Useful kinematic variables to exploit different 
character of 2 to 2 from 2 to 4 processes 

  Define for 

go to zero for 2-2 in LO limit 

IV. DISCRIMINATION BETWEEN DPS AND SPS
CONTRIBUTIONS TO Wb !b

To separate the DPS events from those of SPS origin, we
find it convenient to employ quantities which take into
account information from the entire final state. One useful
observable is S0pT

, defined as [4]

S0pT
¼ 1ffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi" jpTðb1; b2Þj
jpTðb1Þjþ jpTðb2Þj

#
2
þ

" jpTð‘; 6ETÞj
jpTð‘Þjþ j6ETj

#
2

s
:

(17)

In our case pTðb1; b2Þ is the vector sum of the transverse
momenta of the two b jets, and pTð‘; 6ETÞ is the vector sum
of 6ET 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 S0pT

distribution for the DPS process exhibits an enhancement
at low S0pT

, as shown in Fig. 4. The peak does not occur at
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FIG. 4 (color online). The event rate for Wb !b production from DPS (left) and SPS (right) as a function of S0pT
. In the DPS case, the

distribution is peaked toward S0pT
’ 0; SPS production of Wb !b produces bottom quarks that are not back-to-back, resulting in a broad

distribution and a peak near S0pT
’ 1.
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FIG. 5 (color online). The S0pT
distribution for DPS and SPS production ofWb !b including all relevant backgrounds. On the left, only

the minimal acceptance cuts are imposed, while, on the right, an additional maximum 6ET cut is imposed ( 6ET < 45 GeV). Imposing a
maximum 6ET cut greatly reduces the background and produces a sharp peak in an S0pT

region where DPS is expected to dominate.
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SpT' 

  DPS is peaked at low values, even after NLO; 
contrast with broad distribution for SPS (2 to 4) 
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ii. Angle observables 

  Interplane angle used in b b jet jet study  
 

angle between the normals to the planes defined by the two subsystems 

-  Requires reconstruction of neutrino longitudinal 
momentum in the W bb case 

  Azimuthal angle between bb and lν systems is 
more useful in the W bb case 

-  Systems tend to be back-to-back in SPS 
(momentum conservation), but not in DPS 

normals to the two planes defined by the b !b and ‘!
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 defined by the b !b and ‘! systems is

cos"#b !b;‘! ¼ n̂3ðb1; b2Þ $ n̂3ð‘;!Þ; (18)

where n̂3ði; jÞ is the unit three-vector normal to the plane
defined by the i% j system and b1ðb2Þ is the leading
(next-to-leading) b jet. In order to construct the normals
n̂3ðb1; b2Þ and n̂3ð‘;!Þ, we require full event reconstruction
using the on-shellW-boson mass relations. We see that the
distribution of the DPS events is rather flat, aside from the
cut-induced suppressions at #b !b;‘! & 0 and &", whereas
the SPS events show a strong correlation, with a distribu-
tion that peaks near "#b !b;‘! & "

2 .
In the top-right plot of Fig. 6, we show the event rates as

a function of the azimuthal angle between the charged
lepton and the total momentum vector of the b !b system.
No information from the neutrino is used. In the bottom
plot, we show the event rates as a function of the azimuthal
angle between the transverse momentum vectors of the b !b
and ‘ 6ET systems. Since this azimuthal angle is defined
in the transverse plane, it requires only 6ET . Full event
reconstruction to determine the neutrino momentum is
not needed. In both cases, the shape of the DPS distribution
is flat while the SPS distribution shows a strong correla-
tion, with a preference for values toward ".

In all three plots of Fig. 6, it is clear that DPS and
SPS exhibit different behaviors as a function of angular
observables. However, the dominance of SPS Wb !b and

backgrounds over DPS Wb !b for the full range of these
observables makes it impossible to extract a DPS Wb !b
signal from these distributions by themselves.

B. Two-dimensional distributions

Despite the dominance of theWb !b SPS contribution and
the backgrounds over the DPS Wb !b contribution, the
angular distributions can still be extremely useful when
used in conjunction with other observables. Two-
dimensional distributions of one variable against another
show distinct regions of DPS dominance (or SPS and
background dominance). In Fig. 7, we construct two such
scatter plots. On the left, we show S0pT

versus the angle
between the normals of the two planes defined by the b !b
and ‘! systems ("#b !b;‘!), while, on the right, we show S0pT

versus the azimuthal angle between the charged lepton and
the total momentum vector of the b !b system. In both plots,
we see that the DPS events reside predominantly in the
lower half of the plane (small S0pT

) and are distributed
evenly in the angular variable. The separation between
DPS Wb !b and the SPS component is not as pronounced
in the S0pT

% "#b !b;‘! plane as we saw in our earlier study
of b !bjj [5]. In the Wb !b case, the background events are
more evenly distributed over the full plane, to some extent
resulting from inclusion of both solutions for the neutrino’s
longitudinal momentum in the W' decay. (The greater
density of points in the left plot of Fig. 7 relative to the
right plot is explained by the fact that both solutions for the
neutrino momentum are included in the left plot.)
As shown in the plot on the right of Fig. 7, the SPSWb !b

and background events in the S0pT
% "#b !b;‘ show a strong
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FIG. 7 (color online). Two-dimensional distributions of events in the variables S0pT
and "#b !b;‘! (left) and S0pT

and "#b !b;‘ (right). In
both cases, the Wb !b DPS events (denoted by red x’s) lie in the lower half of the plane, while the Wb !b SPS and background events
(denoted by blue dots) occupy the upper half. The plot on the right, in which reconstruction of only the lepton direction is required,
appears to achieve a cleaner separation, with SPS and background events concentrated in the upper right-hand corner of the plane.
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Azimuthal angle observable 

Sharp distinction in azimuthal angle, even with NLO included, 

exactly S0pT
¼ 0 owing to NLO real radiation that alters the

back-to-back nature of the b !b and ‘! systems. On the other
hand, SPS production of Wb !b final states does not favor
back-to-back configurations, and it exhibits a peak near
S0pT

¼ 1. This feature is linked to the fact that many b !b
pairs are produced from gluon splitting [5].

The clean separation in S0pT
between the DPS and SPS

Wb !b processes exhibited in Fig. 4 is obscured once the t!t
background is included (e.g., see the left side of Fig. 5).
Figure 5 illustrates the effectiveness of the maximum 6ET

cut in reducing the t!t background in the S0pT
distribution.

After the cut, a sharp peak is evident in the region of small
S0pT

where DPS events are expected to reside.
The plot on the right side of Fig. 5, shows that extraction

of a relatively clean DPS sample can be accomplished by

imposing a maximum S0pT
cut. The last column of Table I

shows that a cut S0pT
< 0:2 reduces the SPSWb !b 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 Wb !b signal. Despite this background, we find a
statistical significance for the presence of DPS Wb !b of
S=

ffiffiffiffi
B

p
¼ 173=

ffiffiffiffiffiffiffiffi
197

p
¼ 12:3.

A. Further discrimination

Observables which take into account the angular distri-
bution of events are also useful in the search for DPS.
Figure 6 depicts three such observables. In the top-left plot,
we show the event rates for DPSWb !b and the backgrounds
(SPSWb !b included) as a function of the angle between the
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FIG. 6 (color online). The event rate as a function of the angle between the normals of the two planes defined by the b !b and ‘!
systems (top-left), the azimuthal angle between the charged lepton and the total momentum vector of the b !b system (top-right), and the
azimuthal angle between the transverse momentum vectors of the b !b and ‘ 6ET systems (bottom). In SPS events, it is apparent that there
is a strong correlation in the angles. However, there is no such correlation present in the DPS events.
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DPS relatively 
flat 
(uncorrelated) 
but SPS 
peaked 
strongly near 
180 degrees 
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2D distribution 

preference for the upper right-hand corner of the plane.
This two-dimensional distribution indicates that cuts on the
S0pT

and !!b "b;‘ variables should permit extraction of an
enriched sample of DPS Wb "b events. Inclusion of 6ET

associated with the missing neutrino allows even better
separation. In the left plot of Fig. 8, we show the two-
dimensional distribution of S0pT

and !!bb;‘ 6ET
. This distri-

bution shows a high degree of separation between the DPS
Wb "b 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. Its boundary
is denoted by the black box in the left panel of Fig. 8.
Restricting S0pT

< 0:25 and !!bb;‘ 6ET
< 3"=4, we find a

sample of 154 signal and 103 background events, corre-
sponding to a statistical significance of S=

ffiffiffiffi
B

p
¼ 15:2.

By employing distributions in both S0pT
and !!bb;‘ 6ET

,
we achieve a better significance than from S0pT

alone. By
utilizing only S0pT

we obtain a lower significance of 12.7. In
the right plot of Fig. 8, we show the dependence of the
significance on the placement of the box. As long as the
maximum value of !!bb;‘ 6ET

is in the "=2–3"=4 range, a
statistically significant extraction of DPS Wb "b from the
other events can be obtained, given our assumed effective
cross section #eff ¼ 12 mb and luminosity.

We suggest experimental analyses ofWb "b 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 pT dependence
of the leading object and other properties of these DPS
events can be contrasted with those of the remainder 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 #eff .

V. CONCLUSIONS AND FURTHER WORK

In this paper, we investigate the possibility to observe
double parton scattering at the early LHC in the pp !
Wb "bX ! ‘$b "bX process. Our analysis begins with the
basic assumption that Wb "b production consists of two
components: the traditional single parton scattering pro-
cess and the double parton scattering process where two
individual hard scatterings produce the Wb "b final state, as
depicted in the right panel of Fig. 1.
After identifying the most relevant background pro-

cesses, we pinpoint a set of observables and cuts which
would allow for the best separation between the DPSWb "b
signal and the backgrounds (including the SPS Wb "b pro-
cess). To provide the most precise predictions possible, we
generate the DPS Wb "b signal event sample, the SPS Wb "b
sample, and the dominant background event samples at
next-to-leading order in QCD. The main obstacles in the
extraction of the DPS signal are the backgrounds from t"t
production and the SPS Wb "b component. The most effi-
cient way to suppress the t"t background is with an upper
cut on the missing transverse energy of the event, since top
quark decays result in larger values of 6ET .
To separate the DPS component of Wb "b from the SPS

component, we find it useful to employ observables which
take into account information on the full final state rather
than observables which involve one or two particles.
Examples are the S0pT

variable [defined in Eq. (17)] and
the angle (!#b "b;‘$) between the two planes defined by the
b "b and ‘$ systems, respectively. By displaying the infor-
mation from these two observables in two-dimensional
distributions, we show in Sec. IVB that it is possible to
identify distinct regions in phase space where the DPS
events reside. Utilizing cuts on these observables that
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FIG. 8 (color online). The two-dimensional distribution of events in the variables S0pT
and !!bb;‘ 6ET

(left). The Wb "b DPS events are
denoted by red x’s, while theWb "b SPS and background events are denoted by blue dots. The box denotes the boundary which gives the
highest statistical significance. On the right, we show the dependence of the significance as a function of the corners of the box.
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IV. DISCRIMINATION BETWEEN DPS AND SPS
CONTRIBUTIONS TO Wb !b

To separate the DPS events from those of SPS origin, we
find it convenient to employ quantities which take into
account information from the entire final state. One useful
observable is S0pT

, defined as [4]

S0pT
¼ 1ffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi" jpTðb1; b2Þj
jpTðb1Þjþ jpTðb2Þj

#
2
þ

" jpTð‘; 6ETÞj
jpTð‘Þjþ j6ETj

#
2

s
:

(17)

In our case pTðb1; b2Þ is the vector sum of the transverse
momenta of the two b jets, and pTð‘; 6ETÞ is the vector sum
of 6ET 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 S0pT

distribution for the DPS process exhibits an enhancement
at low S0pT

, as shown in Fig. 4. The peak does not occur at
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FIG. 4 (color online). The event rate for Wb !b production from DPS (left) and SPS (right) as a function of S0pT
. In the DPS case, the

distribution is peaked toward S0pT
’ 0; SPS production of Wb !b produces bottom quarks that are not back-to-back, resulting in a broad

distribution and a peak near S0pT
’ 1.
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FIG. 5 (color online). The S0pT
distribution for DPS and SPS production ofWb !b including all relevant backgrounds. On the left, only

the minimal acceptance cuts are imposed, while, on the right, an additional maximum 6ET cut is imposed ( 6ET < 45 GeV). Imposing a
maximum 6ET cut greatly reduces the background and produces a sharp peak in an S0pT

region where DPS is expected to dominate.
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DPS signal is found. Assuming success, the pT dependence
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events can be contrasted with those of the remainder to
establish whether the expected properties of DPS are seen.
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basic assumption that Wb "b production consists of two
components: the traditional single parton scattering pro-
cess and the double parton scattering process where two
individual hard scatterings produce the Wb "b final state, as
depicted in the right panel of Fig. 1.
After identifying the most relevant background pro-

cesses, we pinpoint a set of observables and cuts which
would allow for the best separation between the DPSWb "b
signal and the backgrounds (including the SPS Wb "b pro-
cess). To provide the most precise predictions possible, we
generate the DPS Wb "b signal event sample, the SPS Wb "b
sample, and the dominant background event samples at
next-to-leading order in QCD. The main obstacles in the
extraction of the DPS signal are the backgrounds from t"t
production and the SPS Wb "b component. The most effi-
cient way to suppress the t"t background is with an upper
cut on the missing transverse energy of the event, since top
quark decays result in larger values of 6ET .
To separate the DPS component of Wb "b from the SPS

component, we find it useful to employ observables which
take into account information on the full final state rather
than observables which involve one or two particles.
Examples are the S0pT

variable [defined in Eq. (17)] and
the angle (!#b "b;‘$) between the two planes defined by the
b "b and ‘$ systems, respectively. By displaying the infor-
mation from these two observables in two-dimensional
distributions, we show in Sec. IVB that it is possible to
identify distinct regions in phase space where the DPS
events reside. Utilizing cuts on these observables that
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FIG. 8 (color online). The two-dimensional distribution of events in the variables S0pT
and !!bb;‘ 6ET

(left). The Wb "b DPS events are
denoted by red x’s, while theWb "b SPS and background events are denoted by blue dots. The box denotes the boundary which gives the
highest statistical significance. On the right, we show the dependence of the significance as a function of the corners of the box.

CALCULATION OF Wb "b PRODUCTION VIA DOUBLE . . . PHYSICAL REVIEW D 84, 074021 (2011)

074021-9

preference for the upper right-hand corner of the plane.
This two-dimensional distribution indicates that cuts on the
S0pT

and !!b "b;‘ variables should permit extraction of an
enriched sample of DPS Wb "b events. Inclusion of 6ET

associated with the missing neutrino allows even better
separation. In the left plot of Fig. 8, we show the two-
dimensional distribution of S0pT

and !!bb;‘ 6ET
. This distri-

bution shows a high degree of separation between the DPS
Wb "b 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. Its boundary
is denoted by the black box in the left panel of Fig. 8.
Restricting S0pT

< 0:25 and !!bb;‘ 6ET
< 3"=4, we find a

sample of 154 signal and 103 background events, corre-
sponding to a statistical significance of S=

ffiffiffiffi
B

p
¼ 15:2.

By employing distributions in both S0pT
and !!bb;‘ 6ET

,
we achieve a better significance than from S0pT

alone. By
utilizing only S0pT

we obtain a lower significance of 12.7. In
the right plot of Fig. 8, we show the dependence of the
significance on the placement of the box. As long as the
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other events can be obtained, given our assumed effective
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DPS signal is found. Assuming success, the pT dependence
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events can be contrasted with those of the remainder 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 #eff .
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basic assumption that Wb "b production consists of two
components: the traditional single parton scattering pro-
cess and the double parton scattering process where two
individual hard scatterings produce the Wb "b final state, as
depicted in the right panel of Fig. 1.
After identifying the most relevant background pro-

cesses, we pinpoint a set of observables and cuts which
would allow for the best separation between the DPSWb "b
signal and the backgrounds (including the SPS Wb "b pro-
cess). To provide the most precise predictions possible, we
generate the DPS Wb "b signal event sample, the SPS Wb "b
sample, and the dominant background event samples at
next-to-leading order in QCD. The main obstacles in the
extraction of the DPS signal are the backgrounds from t"t
production and the SPS Wb "b component. The most effi-
cient way to suppress the t"t background is with an upper
cut on the missing transverse energy of the event, since top
quark decays result in larger values of 6ET .
To separate the DPS component of Wb "b from the SPS

component, we find it useful to employ observables which
take into account information on the full final state rather
than observables which involve one or two particles.
Examples are the S0pT

variable [defined in Eq. (17)] and
the angle (!#b "b;‘$) between the two planes defined by the
b "b and ‘$ systems, respectively. By displaying the infor-
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distributions, we show in Sec. IVB that it is possible to
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FIG. 8 (color online). The two-dimensional distribution of events in the variables S0pT
and !!bb;‘ 6ET

(left). The Wb "b DPS events are
denoted by red x’s, while theWb "b SPS and background events are denoted by blue dots. The box denotes the boundary which gives the
highest statistical significance. On the right, we show the dependence of the significance as a function of the corners of the box.
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inside the box area 
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DPS (red X) is well 
separated from SPS and 
backgrounds (blue dots) 
in this 2 D plot 



Summary 
  Double parton production can be important relative to 

the single parton rate in specific parts of phase space 

  Example of W b bbar computed at NLO  

  Variables designed to exploit nature of 2 to 2 
subprocesses can be used to differentiate DPS from 
SPS at excellent significance (12-15 σ) 

  Once DPS is isolated, can determine σeff, and verify 
expected dynamic characteristics of DPS (e.g., p_T 
spectra), ``factorization’’, dependence on initial partons 

  Data (and analyses) are needed! 
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Backup figures 
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New physics searches? 
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Previous study done of b bbar jet jet  

•  Identified signature kinematic variables and 
regions of phase space, but only a LO calculation 
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Two-dimensional distribution

Clear separation of DPS from SPS in the 2-D Φ and S′

pT
plane
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