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✦ What is Double Parton Scattering (DPS)?

✦ Electroweak DPS processes at the SppC

1.  Wjj  production 

2.  Same-sign WW pair production

✦ Summary



High energy hard collision
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High energy hard collision

Generally a complex interaction, here a pp̄ collision!
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• One “hard” 2 to 2-parton → 2 “jets” with large PT1(hard)

• breakup of the p and p̄ (“beam remnants”)

• “underlying event” = remnants + initial-state radiation

• can replace the 2 jets by γ + jet, W , Higgs, etc
Ed Berger, Argonne – p.19/28



Two hard interactions in one collision
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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



Single parton scattering
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Single parton scattering

• One hard collision per pp interaction: ij → abcd

p

p

i a

j
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c

d

• Well established methodology for calculations

dσSPS =
∑

i,j

∫

f i
p(x1, µ)f j

p (x′
1, µ)dσ̂(ij→abcd)(x1, x

′
1, µ)dx1dx′

1

Ed Berger, Argonne – p.3/28



What is double parton scattering?
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1. What is double parton scattering?

• Two hard collisions per pp interaction
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• Does it exist as a discernable contribution?

• What are its characteristics, allowing its measurement?

• Heuristic cross section for pp → bb̄j1j2X,

dσDPS(pp → bb̄j1j2X) =
dσSPS(pp → bb̄X)dσSPS(pp → j1j2X)

σeff

Ed Berger, Argonne – p.5/28



Parton distribution of two partons
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Several Assumptions 

F (x1, x2,
~

b) = f(x1)f(x2)G(~b) ~b transverse  
distance

x1,2 : longitudinal momentum fraction

Longitudinal
component 

Transverse
component 

2) Transverse component: 

G(~b) =

Z
F?(~b1)F?(~b1 �~b)d2~b1

Effective transverse overlap area of partonic interaction

1) Longitudinal component: 
Products of two independent single PDF

1

�eff
=

Z
d2bG2(~b)

(reasonable for small x)



Several assumptions

dσDPS(pp → bb̄j1j2X) =
dσSPS(pp → bb̄X)dσSPS(pp → j1j2X)

σeff

• Factorization/independent hard scatters cannot be

strictly true, certainly not if any parton x > 0.5

• σeff

• Given one hard-scatter, σeff measures the effective size

of the core in which accompanying partons are

confined

• Bounded by the transverse size of a proton

• Different for gg and qq subprocesses? Energy

dependent?

• Large dynamic range of LHC offers opportunity to explore

this phenomenology; measure σeff
Ed Berger, Argonne – p.6/28
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Figure 8: The e↵ective overlap area between the interacting hadrons, �e↵ , determined in various final states and in
di↵erent experiments [16–30]. The inner error bars (where visible) correspond to the statistical uncertainties and
the outer error bars represent the sum in quadrature of the statistical and systematic uncertainties. Dashed arrows
indicate lower limits and the vertical line represents the AFS measurement published without uncertainties.

to constrain MPI models and tunes. In Appendix A, the normalized di↵erential cross-sections in data
for the remaining variables are compared to the particle-level distributions in the AHJ samples generated
using the AUET1 and AUET2 tunes.

10. Summary and conclusions

A measurement of the rate of hard double-parton scattering in four-jet events was performed using a
sample of data collected with the ATLAS experiment at the LHC in 2010, with an average of approx-
imately 0.4 proton–proton interactions per bunch crossing, corresponding to an integrated luminosity
of 37.3 ± 1.3 pb�1. Three di↵erent samples were selected, all consisting of single-vertex events from
proton–proton collisions at a centre-of-mass energy of

p
s = 7 TeV. Four-jet events were defined as

those containing at least four reconstructed jets with pT � 20 GeV and |⌘|  4.4, and at least one jet
having pT � 42.5 GeV. Two additional dijet samples were selected with the requirement of having at
least two jets with pT � 20 GeV and |⌘|  4.4. One of the dijet samples was further constrained such that
it contained at least one jet with pT � 42.5 GeV.
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Measures the effective size of 
the core in which accompanying 
partons are confined

Bounded by the transverse size 
of a proton

Different for gg and qq 
subprocesses? Energy 
dependent?

Large dynamic range of SppC offers opportunity to 
      explore this phenomenology; measure �e↵

(1608.01857)

�e↵ ⇠ 15 mb

�e↵
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Figure 3: Production rates of SM processes versus the pp CM energy [4].

production cross section of O(1 pb). At the LHC, this process su↵ers from
a low production rate and large SM backgrounds. Moreover, one needs to
disentangle di↵erent contributions from di↵erent contributing diagrams. At
100 TeV, this process will however probe a SM Higgs self-coupling at about
ten percent level [5, 6, 7, 8]. The 100 TeV pp collder could also directly probe
the top Yukawa coupling, via tt̄H production, at the 1% level [9].

Experiments at 100 TeV probe the SM in a regime where the electroweak
symmetry is e↵ectively restored. A couple of new features are worth noting
(more details will be given in Section 6.2.2). First of all, in processes at the
very high energies

p
ŝ � MW , EW gauge bosons are copiously produced by

radiation. For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor
4↵2 log2(p2

T /m2
W ) ⇠ 0.1, and we have “electroweak radiation” in complete

analogy with electromagnetic and gluon radiation. For instance, a W or Z
gauge boson would be radiated o↵ a light quark with 10 TeV of energy with
a probability of 10% and o↵ a gauge boson with a probability of 20%. These
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Electroweak DPS at the LHC and SppC
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SPS x-sec (LHC)   
   jj:    ~ 108 pb     
  W/Z: ~ 104 pb     
   j+γ:  ~ 105 pb

�DPS(AB) =
m

2�e↵
�SPS(A)�SPS(B)

jj ⌦ jj

jj ⌦W/Z

W/Z ⌦W/Z

DPS combo:

�e↵ ⇠ 15 mb



Electroweak DPS at the LHC and SppC
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SPS x-sec:   jj: ~ 108 pb;    W/Z: ~ 104 pb;    j+γ: ~ 105 pb

�DPS(AB) =
m

2�e↵
�SPS(A)�SPS(B)

jj ⌦ jj jj ⌦W/Z W/Z ⌦W/ZDPS process:

R. M. Godbole et al. Z. Phys. C47, 69 (1990);  
E. L. Berger et al. Phys. Rev. D81, 014014 (2010), 0911.5348; 
S. Chatrchyan et al. (CMS), JHEP 03, 032 (2014), 1312.5729.
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1)               production: DPS versus SPS
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Kinematic distributions
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Kinematic distributions

13

BlueRed
g

g

W

g

g

W



Kinematic distributions
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�relpT =
|pT (j1, j2)|

|pT (j1)|+ |pT (j2)|
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Kinematic distributions
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�relpT =
|pT (j1, j2)|

|pT (j1)|+ |pT (j2)|

pT (j1) ⇡ pT (j2) ⇡ pT

�

relpT =

|pT (j1, j2)|
|pT (j1)|+ |pT (j2)|

⇡
p

2pT + 2pT cos(��j1j2)

2pT
=

p
1 + cos(��j1j2)p

2

Jacobian
peak ~ 1



Collider simulation
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FIG. 7: For Wjj channel. (a) �relpT distribution at 13 TeV. (b) �relpT distribution at 100 TeV.

(c): S� distribution at 13 TeV. (d): S� distribution at 100 TeV.

We’ll only consider these processes at hadron level simulation. Follow [7], the basic cuts we

add are

1. exactly one charged lepton with plT � 35 GeV, |⌘l|  2.5;

2. exactly two hard jets with pjT � 25 GeV, |⌘j|  2.5;

3. E/T � 30 GeV;

12
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4. MT =

r
2 · plT · E/T ·

⇣
1� cos(��[l, E/T ])

⌘
> 50 GeV.

The jet trigger for 100 TeV collider is still lack of comprehensive study so we just use the

same cut for both 13 TeV and 100 TeV. We give out the basic cuts flow of signal and

backgrounds in Tab. III and Tab. IV. Defining fDPS as the events fraction of total events

including signal and backgrounds, we can see that it raise along with the cuts we put.

Process Generator level After cut I After cut II After cut III After cut IV

DPS W (! l⌫l)jj 639056 141639 35170 24308 23546

W (! l⌫l)jj 7529710 2262220 395275 228330 193813

tt̄ (all possible decays) 461001 76162 10255 8457 6455

t(! bl⌫l)j 36577 13456 5751 4069 3344

tW (all possible decays) 39450 7214 2012 1506 1154

Z(! ll)jj 284037 129799 53003 5594 4200

fDPS � 0.05 0.07 0.09 0.10

TABLE III: Cut flows of DPS Wjj process and its main backgrounds at 13 TeV, with all events

normalized to a integrated luminosity of 1 fb�1. The variable fDPS in last row denotes the fraction

of DPS events in total ones. We omit the indices of SPS processes.

Process Generator level After cut I After cut II After cut III After cut IV

DPS W (! l⌫l)jj 5375310 945360 246794 163131 154847

W (! l⌫l)jj 7768790 2124970 422557 253758 211377

tt̄ (all possible decays) 2401890 333570 41949 34872 26642

t(! bl⌫l)j 51296 17127 6856 4956 3964

tW (all possible decays) 174203 27599 6607 5252 3829

Z(! ll)jj 449478 167953 61483 9038 6906

fDPS � 0.26 0.31 0.35 0.38

TABLE IV: Cut flows of DPS Wjj process and its main backgrounds at 100 TeV, with all events

normalized to a integrated luminosity of 0.1 fb�1. The variable fDPS in last row denotes the

fraction of DPS events in total ones. We omit the indices of SPS processes.

The table reads that SPS Wjj events provide the dominant background. As a matter

13

W-boson decaying into a pair of leptons 

MadEvent / Pythia /Delphes
(Parton level results checked with homemade code)



Collider simulation
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fraction of DPS events in total ones. We omit the indices of SPS processes.

The table reads that SPS Wjj events provide the dominant background. As a matter
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TABLE IV: Cut flows of DPS Wjj process and its main backgrounds at 100 TeV, with all events

normalized to a integrated luminosity of 0.1 fb�1. The variable fDPS in last row denotes the

fraction of DPS events in total ones. We omit the indices of SPS processes.

The table reads that SPS Wjj events provide the dominant background. As a matter
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13TeV LHC ( L=1 fb-1 )

100TeV SppC ( L=0.1 fb-1 )

f ⌘ #(DPS)

#(DPS + SPS + BG)



2) Same-sign WW pair production
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Kinematic distributions
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Kinematic distributions
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Collider simulation
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FIG. 3: For same sign W pair channel, with no hard jet and exactly two charged leptons. (a)

Charged lepton pT distribution at 13 TeV. (b) Charged lepton pT distribution at 100 TeV.

• Z(�⇤)Z(�⇤) ! l+l�l+l�.

We propose following basic cuts to the events:

1. exactly two same sign charged leptons, with the leading lepton pl1T � 20 GeV, |⌘l1 | 
2.5, and the trailing lepton pl2T � 10 GeV, |⌘l2 |  2.5;

2. exactly 0 jet with pjT � 25 GeV, |⌘j|  2.5;

3. E/T � 20 GeV;

4. |pl1T |+ |pl2T | > 45 GeV;

5. Ml1l2 2 [20, 75] [ [105,+1] GeV;

6. |pl1T | < 60 GeV, and |pl2T | < 60 GeV.

Background events are generated and showered then simulated using the programs men-

tioned before. Cut II veto associated jets, which suppress WWjj background e�ciently.

Cut IV is mainly to remove multi-jet background [16], which we don’t list in the table.

Although having a huge cross section, the multi-jet events will be cut away at most by the

lepton cut we add. There may be fake background that the l+l� pairs from Z decay are

mis-tagged to same sign pairs, so we put cut V to remove Z pole.
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Collider simulation
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13TeV LHC ( L=50 fb-1 )

100TeV SppC ( L=1 fb-1 )

f ⌘ #(DPS)

#(DPS + SPS + BG)

Due to the Jacobi peak character of DPS WW process, the charged leptons’ pT distribute

mainly in ⇠ 40 GeV, thus we make a cut VI: |pl1T | < 60 GeV, and |pl2T | < 60 GeV to suppress

backgrounds. One can read from Tab. I and Tab. II that this cut works well. After all cuts,

the fraction of DPS events can be 0.39 at 13 TeV and 0.76 at 100 TeV, so it is easy to

observe. We plot leading lepton pT distributions of signal and background in Fig. 4.

Process Generator level After cut I After cut II After cut III After cut IV After cut V After cut VI

DPS W±W± 807 199.5 129.7 108 99.3 82.8 82

W±W±jj 718 204.07 4.71 4.20 3.97 3.24 2.06

tt̄ 23050050 177.53 2.82 2.82 1.88 1.88 0.94

Wl+l� 19600 1807.88 333.26 284.05 262.87 244.61 123.9

l+l�l+l� 1615 94.62 8.69 1.41 1.28 1.03 0.59

fDPS � 0.08 0.27 0.27 0.27 0.25 0.39

TABLE I: Cut flows of DPS WW process and its main backgrounds at 13 TeV, with all events

normalized to 50 fb�1. The variable fDPS in last row denotes the fraction of DPS events in total

ones. We omit the indices of SPS processes.

Process Generator level After cut I After cut II After cut III After cut IV After cut V After cut VI

DPS W±W± 1100 151.1 78.1 64.1 58 47.6 46.9

W±W±jj 223.53 39.25 0.79 0.7 0.65 0.54 0.29

tt̄ 24018900 149.69 5.87 5.87 2.43 0 0

Wl+l� 4044 360.73 42.1 36.08 33.76 26.77 14.76

l+l�l+l� 275 17.09 1.25 0.24 0.22 0.17 0.08

fDPS � 0.21 0.61 0.60 0.61 0.63 0.76

TABLE II: Cut flows of DPS WW process and its main backgrounds at 100 TeV, with all events

normalized to 1 fb�1. The variable fDPS in last row denotes the fraction of DPS events in total

ones. We omit the indices of SPS processes.
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mainly in ⇠ 40 GeV, thus we make a cut VI: |pl1T | < 60 GeV, and |pl2T | < 60 GeV to suppress

backgrounds. One can read from Tab. I and Tab. II that this cut works well. After all cuts,

the fraction of DPS events can be 0.39 at 13 TeV and 0.76 at 100 TeV, so it is easy to

observe. We plot leading lepton pT distributions of signal and background in Fig. 4.

Process Generator level After cut I After cut II After cut III After cut IV After cut V After cut VI

DPS W±W± 807 199.5 129.7 108 99.3 82.8 82

W±W±jj 718 204.07 4.71 4.20 3.97 3.24 2.06

tt̄ 23050050 177.53 2.82 2.82 1.88 1.88 0.94

Wl+l� 19600 1807.88 333.26 284.05 262.87 244.61 123.9

l+l�l+l� 1615 94.62 8.69 1.41 1.28 1.03 0.59

fDPS � 0.08 0.27 0.27 0.27 0.25 0.39

TABLE I: Cut flows of DPS WW process and its main backgrounds at 13 TeV, with all events

normalized to 50 fb�1. The variable fDPS in last row denotes the fraction of DPS events in total

ones. We omit the indices of SPS processes.

Process Generator level After cut I After cut II After cut III After cut IV After cut V After cut VI

DPS W±W± 1100 151.1 78.1 64.1 58 47.6 46.9

W±W±jj 223.53 39.25 0.79 0.7 0.65 0.54 0.29

tt̄ 24018900 149.69 5.87 5.87 2.43 0 0

Wl+l� 4044 360.73 42.1 36.08 33.76 26.77 14.76

l+l�l+l� 275 17.09 1.25 0.24 0.22 0.17 0.08

fDPS � 0.21 0.61 0.60 0.61 0.63 0.76

TABLE II: Cut flows of DPS WW process and its main backgrounds at 100 TeV, with all events

normalized to 1 fb�1. The variable fDPS in last row denotes the fraction of DPS events in total

ones. We omit the indices of SPS processes.
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Summary
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Large dynamic range of SppC offers opportunity to 
explore the DPS phenomenology and measure �e↵

f ⌘ #(DPS)

#(DPS + SPS + BG)


