
Introduction Effective Cross Section Cross Sections and Double PDFs Conclusions

Correlations in Double Parton Scattering

Wouter Waalewijn
UCSD

Pheno 2012

In collaboration with Aneesh Manohar
arXiv: 1202.3794,1202.5034



Introduction Effective Cross Section Cross Sections and Double PDFs Conclusions

What is Double Parton Scattering?

I Single parton scattering (SPS): one partonic collision for colliding protons

I Double parton scattering (DPS): two partonic collisions (not pile-up!)
I DPS is Λ2

QCD/Q
2 suppressed, only important when signal is small
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Introduction Effective Cross Section Cross Sections and Double PDFs Conclusions

Examples

I Light Higgs searches, pp→WH → `νbb̄: DPS background important
[Del Fabbro, Treleani; Hussein; Berger, Jackson, Shaughnessy; Bandurin, Golovanov, Skachkov]

dσ/dMjj cross sections for HW, HZ and double parton events 6
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Figure 5: The ratio of HW signal to DP background event yields with the combined b-tagging (see the main text).

IV. COMPARISON OF THE DP AND SP EVENT YIELDS

In this section we compare the event yields dN/dMjj expected for the DP and SP W+2-jet productions. The two
additional jets in the SP events come from radiation effects in the initial and/or final states. SP events are simulated
using qq̄ → Wg and qg → Wq subprocesses and applying the HW selection criteria from section II. To reproduce
the inclusive W+2 jet cross section in data [27], the pythia events are reweighted with a scaling factor depending on
the second jet pT , what increases the pythia W+2 jet cross section in the region 110 < Mjj < 160 GeV by about a
factor 2. Also, as before, the jet pT is smeared according to the pT resolution, eq. (2) and the events are weighted
with the jet b-tagging efficiencies according to the jet flavors.

The estimated total event yields in the whole mass region at Lint = 5.3 fb−1 for SP and DP events are about 5212
and 262 events, respectively. The differential ratios of the DP/SP W+2-jet event yields in the Mjj bins are shown in
figure 6. They are about 5 − 8% for Mjj # 115 GeV and 3.5 − 6% for Mjj # 150 GeV.
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Figure 6: The ratio of the DP to SP event yields for the W+2-jet production.

[Bandurin, Golovanov, Skachkov (1011.2186)]

I Same-sign leptons, pp→W+W+: SPS requires additional jets
[Kulesza, Stirling, Gaunt, Kom; Cattaruzza, Del Fabbro, Treleani; Meina]
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Examples

I pp→W + 2 jets: DPS jets are back-to-back in transverse plane

SPS: DPS:
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Double Parton Scattering at the LHC
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Figure 4: Comparison of ∆n
jets distribution in the data with expectations after χ2 minimisation fits of the

templates to data to extract f R
DP. The result obtained using Sherpa for template A is shown in (a) and

the result obtained using Alpgen+Herwig+Jimmy (A+H+J) for template A is shown in (b). The physics
background (physics BG) is added to template A in the figure (dotted line). The fit region is the region
to the left of the dotted line. Data and the overall fit were normalised to unity, template A to 1 − f R

DP and
template B to f R

DP.

Template B, the model for W0 + 2jDPI kinematics, is constructed from dijet data using the selection
outlined in Section 4. The fractional difference between the extracted value of f R

DP when using dijet MC
in place of dijet data was found to be negligible.

7.2 Fit results

The result of fitting the templates to the data is shown in Figure 4. The fraction of DPI events was found to
be f R

DP = 0.18, using the Sherpa prediction for template A. The associated quality of the fit was χ2/Ndf =

1.4 (Ndf = 27). The fraction of DPI was observed to be f R
DP = 0.14 using the Alpgen+Herwig+Jimmy

prediction for template A, with a χ2/Ndf of 0.9. The final value of f R
DP was taken to be the average of

these results ( f R
DP = 0.16). The statistical uncertainty was obtained by varying the χ2 by one unit and

was found to be � 0.07 f R
DP. The systematic uncertainties on the extracted value of f R

DP are discussed in
Section 7.4.

The value f R
DP extracted from the fit to ∆n

jets can be used to normalise appropriate templates for ∆jets.
Figure 5 shows the distribution obtained in data compared to these normalised templates.

7.3 Transition of results from detector to parton level

In this section, the relationship between the parton-level, f P
DP, and reconstruction level, f R

DP, quantities is
established. The fraction of events originating from double parton scattering is defined at parton-level by

f P
DP =

NP
W0+2jDPI

NP
W0+2jDPI

+ NP
W+2jD

. (16)

where NP
W0+2jDPI

is the number of events generated with the two partons originating from DPI and NP
W+2jD

is the number of events generated with the two partons produced directly from the W+2j matrix element.
The partons are required to pass the same selection criteria as the reconstructed jets, pT > 20 GeV and
|y| < 2.8. The value of f P

DP was evaluated to be 0.18 in the nominal Alpgen+Herwig+Jimmy settings.

10

[ALTAS-CONF-2011-160]

I pp→W + 2 jets with p
jet
T > 20 GeV

I Use ∆n
jets =

∣∣~p jet,1
T + ~p

jet,2
T

∣∣/(∣∣~p jet,1
T

∣∣+ ∣∣~p jet,2
T

∣∣)
I DPS observed in 33 pb−1 of data (no pile-up)
I Fit to shape of SPS/DPS from Monte Carlo
→ extract fraction of DPS events fDPS = 16%
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Calculating Cross Sections (Until Recently)

x1, i=q x2, j=q

SPS: dσ =
∑
i,j

fi(x1)fj(x2)σ̂ij(x1x2s)

I PDF fi(x) is probability in x for finding parton of type i = g, u, ū, d, . . .

I σ̂ij is partonic cross section for ij → final state

DPS:

[Paver, Treleani]

dσ =

∫
d2zT

∑
i,j,k,l

Fij(x1, x2, zT )Fkl(x3, x4, zT )σ̂ik(x1x3s)σ̂jl(x2x4s)

I Double PDF Fij(x1, x2, zT ) depends on transverse separation zT
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Effective Cross Section

zT
x1, i=g x3, k=g

x2, j=q x4, l=q

dσ =

∫
d2zT

∑
i,j,k,l

Fij(x1, x2, zT )Fkl(x3, x4, zT )σ̂ik(x1x3s)σ̂jl(x2x4s)

Commonly-used assumptions:
I No correlation between xi and zT : Fi(x1, x2, zT ) = Fi(x1, x2)F (zT )
I Uncorrelated partons: Fij(x1, x2) = fi(x1)fj(x2)

Not valid at large x, since x1 + x2 ≤ 1

Effective cross section:

σ ∼ σ1σ2

∫
d2zT F (zT )2 =

σ1σ2

σeff

I σeff ∼ 1/Λ2
QCD ∼ mB.

I Experimentally: σeff ∼ 5− 15 mB
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Full QCD analysis

Our work:
I QCD factorization of the cross section (without assumptions)
I Field-theoretic definition of double PDFs→ derive RGE and properties
I Addresses obstacles:

I Rapidity divergences complicate factorization
I Overlap between single and double PDFs

Factorization for double Drell-Yan [Manohar, WW]

dσDPS

dq21 dY1 dq22 dY2
=
(

4πα2Q2
q

3Nc s

)2
1

q21q
2
2

∫
d2zT

{[
F 1
qqF

1
q̄q̄+F

1
qq̄F

1
q̄q+F

1
∆q∆qF

1
∆q̄∆q̄+F

1
∆q∆q̄F

1
∆q̄∆q

]
+ 2Nc
CF

[
(FTqqF

T
q̄q̄+F

T
∆q∆qF

T
∆q̄∆q̄)+(FTqq̄F

T
q̄q+F

T
∆q∆q̄F

T
∆q̄∆q)

]
STT

+ 1
2

[
(I1
q̄q+I

1
∆q̄∆q)(I

1
qq̄+I

1
∆q∆q̄)+I

1
δq̄δqI

1
δqδq̄

]
S11
I

+Nc
2

[
(ITq̄q+I

T
∆q̄∆q)(I

1
qq̄+I

1
∆q∆q̄)+I

T
δq̄δqI

1
δqδq̄+(1↔T )

]
ST1
I

+Nc
CF

[
(ITq̄q+I

T
∆q̄∆q)(I

T
qq̄+I

T
∆q∆q̄)+I

T
δq̄δqI

T
δqδq̄

]
STTI +(q↔q̄)

}
I New effects: spin correlations, color correlations,

interference in fermion number, soft radiation
I We find: color correlations and interferences are Sudakov suppressed!
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Double PDF Definition

Γ1

x1 x1

x2 x2

Γ2

F 1
qq

(q−1
p−1
,
q−2

p−1
, zT

)
= −4π p−1

∫
dz+

1

4π

dz+
2

4π

dz+
3

4π
e−iq

−
1 z

+
1 /2 e−iq

−
2 z

+
2 /2 eiq

−
1 z

+
3 /2

×〈p1|T
{[
ψ(z+

1 , 0, zT )
n̄/

2

]
a

[
ψ(z+

2 , 0, 0T )
n̄/

2

]
b

}
T
{
ψa(z+

3 , 0, zT )ψb(0)
}
|p1〉

I Like a PDF at zT and 0T
I Wilson lines ensure gauge invariance (not shown)
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Spin Correlations for Single PDF
[Mekhfi; Diehl, Ostermeier, Schäfer; Manohar, WW]

Γ

x x

fq(x) ∼ 〈p|q̄Γq|p〉

I Single PDF spin structures:
Γ = 1

2
n̄/ q(x) unpolarized

Γ = 1
2
n̄/γ5 ∆q(x) longitudinally polarized

Γ = i
2
n̄νσ

µνγ5 δq(x) transversely polarized

I Unpolarized double PDF has spin correlations:

Γ1 ⊗ Γ2 = 1
2
n̄/⊗ 1

2
n̄/, 1

2
n̄/γ5 ⊗ 1

2
n̄/γ5,

1
2
n̄/⊗ i

2
n̄µσµργ5 z

ρ
T , . . .

I Interpretation:
F∆q∆q ∼ 〈p|(a†1Ra1R − a†1La1L)(a†2Ra2R − a†2La2L)|p〉
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Color Correlations

Fqq̄(x1, x2, zT ) ∼ 〈p|q̄1Γ1q1 q̄2Γ2q2|p〉

I Double PDF color structures:
Γ1 ⊗ Γ2 = 1⊗ 1, TA ⊗ TA

I TA ⊗ TA measures color correlation

F
(1)
qq̄ = F 1

qq̄ +
N2 − 1

2N
F Tqq̄, F

(8)
qq̄ = F 1

qq̄ −
1

2N
F Tqq̄

F (6)
qq = F 1

qq +
N − 1

2N
F Tqq, F (3̄)

qq = F 1
qq −

N + 1

2N
F Tqq
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Interference Effects

I Interference in fermion number is possible

Iqq̄(x1, x2, zT ) ∼ 〈p|q̄2Γ1q1 q̄2Γ2q1|p〉

I The interference double PDF does not have to be real: I∗qq̄ = Iq̄q
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Soft Gluon Emissions

σ ∼ σ̂σ̂
∫

d2zT [F 1
qq(x1, x2, zT )F 1

q̄q̄(x3, x4, zT )S11(zT )+

F Tqq(x1, x2, zT )F Tq̄q̄(x3, x4, zT )STT (zT ) + . . . ]

I Soft radiation resolves large zT ∼ 1/ΛQCD separation

I Soft gluon emissions summed in eikonal Wilson lines Sn and Sn̄

S11(zT ) = 〈0|tr[S†n̄SnS
†
nSn̄](0) tr[S†n̄SnS

†
nSn̄](zT )|0〉 = tr[1]2 = N2

c

STT (zT ) = 〈0|tr[TAS†n̄SnT
BS†nSn̄](0) tr[TAS†n̄SnT

BS†nSn̄](zT )|0〉
[Manohar, WW]
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Double PDF Evolution
[Manohar, WW]

γF
1

µ =
αsCF

π
Pqq(x1)δ(1−x2)

I + (x1 ↔ x2) and mixing contributions not included
I F 1

qq has the usual splitting function evolution

I Remaining terms affect overall normalization→ Sudakov suppression:

Uµ(Λ, Q) = exp

[
−
αsCA

π

(1

2
ln2 Q

2

Λ2
−

3

2
ln
Q2

Λ2

)]
[Agrees with Mekhfi, Artru]
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Numerical Results for Color Correlations
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[Using HOPPET (Salam, Rojo)]

I The reverse evolution in x is shown for a sample PDF

I Sudakov double logarithmic suppression Ũµ and
Rapidity single logarithmic enhancement Uν

I Mixing with single PDFs generates color correlations and is not included
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Conclusions
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Figure 4: Comparison of ∆n
jets distribution in the data with expectations after χ2 minimisation fits of the

templates to data to extract f R
DP. The result obtained using Sherpa for template A is shown in (a) and

the result obtained using Alpgen+Herwig+Jimmy (A+H+J) for template A is shown in (b). The physics
background (physics BG) is added to template A in the figure (dotted line). The fit region is the region
to the left of the dotted line. Data and the overall fit were normalised to unity, template A to 1 − f R

DP and
template B to f R

DP.

Template B, the model for W0 + 2jDPI kinematics, is constructed from dijet data using the selection
outlined in Section 4. The fractional difference between the extracted value of f R

DP when using dijet MC
in place of dijet data was found to be negligible.

7.2 Fit results

The result of fitting the templates to the data is shown in Figure 4. The fraction of DPI events was found to
be f R

DP = 0.18, using the Sherpa prediction for template A. The associated quality of the fit was χ2/Ndf =

1.4 (Ndf = 27). The fraction of DPI was observed to be f R
DP = 0.14 using the Alpgen+Herwig+Jimmy

prediction for template A, with a χ2/Ndf of 0.9. The final value of f R
DP was taken to be the average of

these results ( f R
DP = 0.16). The statistical uncertainty was obtained by varying the χ2 by one unit and

was found to be � 0.07 f R
DP. The systematic uncertainties on the extracted value of f R

DP are discussed in
Section 7.4.

The value f R
DP extracted from the fit to ∆n

jets can be used to normalise appropriate templates for ∆jets.
Figure 5 shows the distribution obtained in data compared to these normalised templates.

7.3 Transition of results from detector to parton level

In this section, the relationship between the parton-level, f P
DP, and reconstruction level, f R

DP, quantities is
established. The fraction of events originating from double parton scattering is defined at parton-level by

f P
DP =

NP
W0+2jDPI

NP
W0+2jDPI

+ NP
W+2jD

. (16)

where NP
W0+2jDPI

is the number of events generated with the two partons originating from DPI and NP
W+2jD

is the number of events generated with the two partons produced directly from the W+2j matrix element.
The partons are required to pass the same selection criteria as the reconstructed jets, pT > 20 GeV and
|y| < 2.8. The value of f P

DP was evaluated to be 0.18 in the nominal Alpgen+Herwig+Jimmy settings.
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I Double parton scattering has been observed
I Higher twist but important for e.g. light Higgs
I Approximate description σ ∼ σ1σ2/σeff

I Our QCD analysis:
I Full factorization analysis of cross section
I Field-theoretic definition of double PDF→ derive evolution
I Color correlations and interferences are Sudakov suppressed

Thank You!
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