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OUTLINE
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• Basics of double parton scattering: cross section formula 

and double parton distributions (DPDs). Crudest model for 

DPS: pocket formula.

• Why is DPS in same-sign WW relevant and interesting?

• Correlation effects in double parton distributions, and 

impact on same-sign WW distributions (lepton asymmetry)



DOUBLE PARTON SCATTERING: BASICS

DPS = two separate hard 

parton-parton collisions in one 

proton-proton collision:

A

B
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𝜎𝐷𝑃𝑆
(𝐴,𝐵)

= න𝐹𝑖𝑘 𝑥1, 𝑥2, 𝒚 ⨂ ො𝜎𝑖𝑗
𝐴 ො𝜎𝑘𝑙

𝐵 ⊗ 𝐹𝑗𝑙 𝑥′1, 𝑥′2, 𝒚 𝑑2𝒚

(Schematic) DPS factorisation formula:

Double parton density (DPD)

𝒚

Formula obtained long ago in parton model (Paver, Treleani, Nuovo Cim. A70 (1982) 215. 

Mekhfi, Phys. Rev. D32 (1985) 2371). 

Factorisation now proven for double colour-singlet production in QCD 
(Diehl, JG, Ostermeier, Plößl, Schafer, JHEP 1601 (2016) 076, Diehl, Ostermeier, Schafer, JHEP 1203 (2012) 089, Diehl, Nagar, JHEP 
1904 (2019) 124, Vladimirov, JHEP 1804 (2018) 045)

c.f. Single 

scattering (SPS)

A

B



DPS ‘POCKET FORMULA’
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Crudest approach to modelling DPS, ignoring any correlations 

between partons: 𝐹𝑖𝑗 𝑥1, 𝑥2, 𝒚 → 𝑓𝑖 𝑥1 𝑓𝑗 𝑥2 𝐺 𝒚

“DPS pocket formula”𝜎𝐷
(𝐴,𝐵)

=
𝜎𝑆
(𝐴)
𝜎𝑆
(𝐵)

𝜎eff

 𝜎𝐷𝑃𝑆~𝜎𝑆𝑃𝑆
Λ𝑄𝐶𝐷
2

𝑄2
: DPS is power suppressed with respect to single 

scattering

(Note straightforward extension of pocket formula to arbitrary 

scatters yields ‘eikonal model’ of MPI, used in Herwig)  
Butterworth, Forshaw, Seymour, Z.Phys. C72 (1996) 637

Borozan, Seymour, JHEP 0209 (2002) 015

Bahr, Gieseke, Seymour, JHEP 0807 (2008) 076



WHY DPS IN SAME-SIGN WW?

SPS:
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N.B. same-sign dilepton production an important channel for various 

new physics searches (doubly charged Higgs, SUSY,…)

JG, Kom, 

Kulesza, Stirling, 

Eur.Phys.J. C69 

(2010) 53
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Why is DPS relevant in same-sign WW? Single scattering process 

suppressed by multiple coupling constants, yields jets



WHY DPS IN SAME-SIGN WW?

𝑥𝑝
A motivation to study DPS: investigate 

correlations between partons in the 

proton

Parton densities (PDFs)
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𝑓𝑖 𝑥

𝑥1𝑝

𝑥2𝑝

𝒚

Double parton 

distributions (DPDs)

So far have lots of information on single 

parton distributions (PDFs, GPDs, 

TMDs,..) – only tells us about distribution 

of a single parton, with effect of others 

integrated over

DPS tells us directly about 

correlations between partons!



MEASURING CORRELATIONS

For same-sign WW there is a useful 

variable to probe correlations:

If no correlations: 𝑃 − 𝑃 = 𝑃 𝑃 − 𝑃 = 0

𝒜 ≠ 0 implies correlations! 

7

NOTE: One should be careful with phase space cuts when studying 

such correlation observables – imposing certain cuts (e.g. on 𝑚𝑙𝑙) 

can artificially induce 𝒜 ≠ 0

JG, Kom, Kulesza, Stirling,
Eur.Phys.J. C69 (2010) 53

(As discussed in Cotogno, Kasemets, Myska, JHEP 10 (2020) 214)



PROSPECTS TO SEE CORRELATIONS
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CMS-TDR-016

Studies indicate good 

prospects of discriminating 

between pocket formula and a 

model with correlations at HL-

LHC, if the latter has 𝒜~0.1

𝒜 = 0.11

What correlation effects can 

influence ssWW, and how large is 

their effect on 𝒜?

Cotogno, Kasemets, Myska, 

JHEP 10 (2020) 214



VALENCE NUMBER & MOMENTUM CONSERVATION 

9

Some simple correlations that can influence the asymmetry are basic 

ones that are associated with finite valence number and momentum in 

the proton.

Yields positive asymmetries (e.g. chance to find two high 𝑥 up quarks 

that produce 𝑙+ 𝑙+ in same hemisphere decreases wrt pocket formula).

Encoded in ‘sum rules’ for (equal-scale) dPDFs:

Momentum rule: σ𝑗2 𝑑𝑥2׬ 𝑥2 𝐷𝑗1𝑗2 𝑥1, 𝑥2, 𝑄 = 1 − 𝑥1 𝑓𝑗1 𝑥1, 𝑄

Number rule: 𝑑𝑥2׬ 𝐷𝑗1𝑗2𝑣 𝑥1, 𝑥2, 𝑄 = 𝑁𝑗2𝑣 − 𝛿𝑗1𝑗2 + 𝛿𝑗1 ҧ𝑗2 𝑓𝑗1 𝑥1, 𝑄

Available momentum after “taking out” 𝑗1

Number of 𝑗2 quarks - number of ҧ𝑗2 quarks after “taking out” 𝑗1

JG, Stirling, 0910.4347

Blok, Dokshitzer, Frankfurt, 

Strikman, 1306.3763

Diehl, Plößl, Schäfer, 

1811.00289

What dPDF models account for these effects?

𝑥1



PYTHIA MULTIPLE INTERACTIONS MODEL
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Backwards evolution from 

hardest interaction, 

“interleaving” both ISR and MPI

Start with hardest interaction, 
using usual PDFs 𝑓𝑖

𝑟 𝑥, 𝑄

PDFs are modified in 

“subsequent” interactions,

𝑓𝑖
𝑚←𝑗1,𝑥1…𝑗𝑛−1,𝑥𝑛−1 𝑥, 𝑄 to 

account for removal of quark 

number/momentum in ‘prior’ 

interactions

Pythia MPI model has some account for these effects:

Sjostrand, Skands, JHEP 03 (2004) 
053, Eur.Phys.J.C 39 (2005) 129-154



PYTHIA MULTIPLE INTERACTIONS MODEL
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Modifications:

(I) MOMENTUM “SQUEEZING”: 𝑓𝑖
𝑚←𝑗1,𝑥1…𝑗𝑛−1,𝑥𝑛−1 𝑥, 𝑄 =

1

𝑋
𝑓𝑖
𝑟 𝑥

𝑋
, 𝑄 [𝑋 = 1 − σ𝑖=1

𝑛−1 𝑥𝑖]

Ensures σ 𝑖 𝑑𝑥׬ 𝑥 𝑓𝑖
𝑚←𝑗1,𝑥1…𝑗𝑛−1,𝑥𝑛−1 𝑥, 𝑄 = 𝑋.

(II) VALENCE NUMBER SUBTRACTION:

𝑓𝑖𝑣
𝑚←𝑗1,𝑥1…𝑗𝑛−1,𝑥𝑛−1 𝑥, 𝑄 =

𝑁𝑖𝑣𝑛

𝑁𝑖𝑣0

1

𝑋
𝑓𝑖𝑣
𝑟 𝑥

𝑋
, 𝑄

(III) COMPANION QUARK ADDITION:

𝑞𝑐 𝑥, 𝑥𝑠 = 𝐶 𝑥𝑠 𝑃𝑔→𝑞 ത𝑞
𝑥𝑠

𝑥𝑠 + 𝑥

𝑔 𝑥𝑠 + 𝑥

𝑥𝑠 + 𝑥

d

u u

𝑑 ҧ𝑑

𝑠 ҧ𝑠

ത𝑢

𝑢

d

u u

𝑑

ҧ𝑑

𝑠 ҧ𝑠

ത𝑢

𝑢

(IV) SEA QUARK AND GLUON RESCALING: Steps (II) and (III) break (I). To fix, 

rescale all sea quark and gluon distributions by a factor “𝑎”.

𝑑

ҧ𝑑𝑔

Sjostrand, Skands, JHEP 03 (2004) 
053, Eur.Phys.J.C 39 (2005) 129-154



PYTHIA DPDFS: SUM RULES
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Model based around a hardness ordering, and exactly satisfies sum 

rules when integrating over the ‘last’ interaction.

But for ssWW (and for formal derivation of sum rules), we’re talking 

about equal scales! No ordering, and dPDFs should be symmetric 

under 𝑥1 ↔ 𝑥2, 𝑗1 ↔ 𝑗2.

In simulations, one process is randomly picked to be first, & 

corresponding dPDFs don’t satisfy sum rules perfectly (as ordering is 

‘wrong’ half the time)

𝑢ത𝑢 number sum 

rule. Should = -1.
ത𝑢𝑢 number sum 

rule. Should = 3.

Naively symmetrised Pythia dPDFs

Fedkevych, JG, JHEP 02 (2023) 090



AN IMPROVED MODEL 
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Together with Oleh Fedkevych, Seonagh Smith, have developed a 

model of equal-scale dPDFs that is based on Pythia model, that is 

symmetric in 𝑥1 ↔ 𝑥2, 𝑗1 ↔ 𝑗2 and satisfies the sum rules better.

“Minimal” adjustments to Pythia picture:

• Order scatters in 𝑥 rather than 𝑄 + smooth transitions

• Improve “companion quark mechanism” so that it is symmetric and 

conforms better to picture of quark and companion arising from 𝑔 →
𝑞ത𝑞 splitting (Pythia model ‘double counts’)

• Add a damping factor at small 𝑥: 𝑘

𝑄 / GeV

𝑘𝑞 (quark-quark pair)

𝑘𝑔 (quark-gluon or 

gluon-gluon pair)

Damping strongest at small 𝑄, 

suppresses 𝑥1 ≈ 𝑥2 in particular



AN IMPROVED MODEL 
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Resultant dPDFs satisfy sum rules well!

dPDFs 

constructed at 

𝑄 = 𝑀𝑍

dPDFs 

constructed at 

𝑄 = 2 GeV

Fedkevych, JG, Smith, in preparation



COMPARISON OF DIFFERENT MODELS
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Compare asymmetries generated by various models:

• Pythia

• ‘X-ordered’ dPDFs just described, constructed at 𝑄 = 𝑀𝑊

• ‘X-ordered’ dPDFs constructed at 𝑄0 = 2 GeV, and then evolved to 

𝑄 = 𝑀𝑊 according to ‘inhomogeneous double DGLAP’ equation:

𝑑

𝑑ln𝑄2
= + + ‘Perturbative splitting’ (or ‘12’)

contribution to dPDFs. This 

approach doesn’t properly 

account for 𝑦 dependence of this 

contribution.

• ‘GS09’ dPDFs. An alternative set of dPDFs

constructed to satisfy sum rules. 

Model dPDFs constructed at 𝑄0 = 1 GeV (product 

of single PDFs x phase space suppression factor 

plus valence and companion adjustments. 

Evolved with same approach.

JG, Stirling, JHEP 03 (2010) 005



COMPARISON OF DIFFERENT MODELS
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𝑊+𝑊+

𝑊−𝑊−

Results from X-ordered dPDFs and Pythia 

very close. Not much impact from x 

ordering and (weak) damping factor 

(n.b. companion quark not directly 

probed in ssWW)
(no cuts)

(no cuts)

Results from GS09 and the evolved X-

ordered dPDFs very different, even 

though dPDFs satisfy same sum rules & 

are evolved with same approach. 

Large asymmetry in evolved X-ordered 

case linked with strong damping factor 

suppressing 𝒙𝟏 ≈ 𝒙𝟐 at low Q (associated 

with same hemisphere contributions), 

suppression persists even after evolution 

Fedkevych, JG, Smith, in preparation



PERTURBATIVE SPLITTING CONTRIBUTION
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Briefly mentioned ‘perturbative splitting’ contribution to 

PDFs. This induces correlations, how much does it affect the 

asymmetry?

To properly assess this, need to take 

account of the 𝑦 dependence of 

this contribution.

This is implemented in dShower MC 

Results of an 𝑛𝑓 = 3 simulation:

~6% effect at 𝜂min = 0

No splitting

Full dShower

For an 𝑛𝑓 = 5 simulation with the 

cut 𝜂𝑙 < 2.4, ~2.8% effect
In Azzi, JG, et al. CERN Yellow Rep.Monogr. 7 (2019) 1-220

See e.g. Diehl, JG, Schönwald, JHEP 06 (2017) 083

Cabouat, JG, Ostrolenk, JHEP 11 (2019) 061



18

SPIN CORRELATIONS

Correlations between partons not limited to ones in 𝑥, transverse 

space – can be in other quantum numbers!

E.g. spin correlations!

Spin correlations could be large at high 𝑥, but become less significant 

at smaller 𝑥 – evolution at small 𝑥 “jumbles” spins.

≠

Mekhfi, Phys. Rev. D32 (1985) 2380

Diehl, Ostermeier and Schafer (JHEP 1203 (2012))

Manohar, Waalewijn, Phys.Rev. D85 (2012) 114009

Spin effects should be particularly 

noticeable for ssWW – W only couples 

to LH particles/ RH antiparticles.
𝑢 ҧ𝑑

𝑊+



SPIN CORRELATIONS
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Study of spin in 𝑊+𝑊+ production by Cotogno, Kasemets, Myska [Phys.Rev. 

D100 (2019) 1, 011503, JHEP 10 (2020) 214]

Investigate maximum size of spin effects. 

‘Positivity bounds’ for polarised dPDFs: 𝑓∆𝑎∆𝑏 ≤ 𝑓𝑎𝑏

[Corresponds to P( ) ≥ 0 and P( ) ≥ 0]

Maximise spin correlations by saturating these bounds at small scale 

𝑄0 = 1 GeV. Two scenarios investigated, ‘mixpol’ and ‘pospol’.

Then dPDFs evolved to W mass scale via (homogeneous) QCD 

evolution.

↑↑+↓↓−↓↑−↑↓
↑↑+↓↓+↓↑+↑↓



‘MIXPOL’ SPIN CORRELATIONS
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𝑢
𝑢

ҧ𝑑
ҧ𝑑

𝑙+

𝑙+

𝑢
𝑢
ҧ𝑑

ҧ𝑑

𝑙+

𝑙+

‘MixPol’:

𝑛 = 1 if 𝑎𝑏 = 𝑞𝑞, ത𝑞ത𝑞
𝑛 = 2 otherwise

At starting scale, all 

spin combinations that 

could produce 𝑊+𝑊+

are killed!

↑↑+↓↓−↓↑−↑↓ ↑↑+↓↓+↓↑+↑↓



‘MIXPOL’ SPIN CORRELATIONS
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Same hemisphere region stays small, 

difficult for QCD evolution to generate 

large 𝑥1, 𝑥2 pair with appropriate spin

Opposite hemisphere region ‘recovers’ via evolution 

𝑢
𝑢

𝑢
ҧ𝑑

𝑢
𝑢

ҧ𝑑
ҧ𝑑

𝑙+

𝑙+

Large 𝑥
Large 𝑥

Small 𝑥
Small 𝑥

𝑢
𝑢
ҧ𝑑

𝑙+

𝑙+

Large 𝑥
Small 𝑥 ҧ𝑑

Small 𝑥
Large 𝑥



‘MIXPOL’ SPIN CORRELATIONS
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Leads to significant 

positive asymmetry

(Final HL)

Note that in this scenario overall DPS cross section is significantly 

reduced vs scenario with no initial polarisation.

PL = Parton level

HL = Hadron level



‘POSPOL’ SPIN CORRELATIONS
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𝑢
𝑢

ҧ𝑑
ҧ𝑑

𝑙+

𝑙+

𝑢
𝑢
ҧ𝑑

ҧ𝑑

𝑙+

𝑙+

‘PosPol’:

All partons are spin aligned 

at low scale!



‘POSPOL’ SPIN CORRELATIONS
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Boosts configuration giving same 

hemisphere leptons.

Opposite hemisphere 

recovers, as for mixpol

Leads to a negative 

asymmetry:

Could (partially) 

compensate positive 

asymmetry from 

other sources?



CONSTRAINTS FROM LATTICE
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Can compute 

moments of DPDs on 

lattice. 

Indicates 

longitudinal spin 

correlations are small 

for high 𝑥 partons

Unpolarised

Longitudinally polarised

Potential to use constraint on 

moments to constrain possible spin 

effect on 𝒜, and indicate if there 

will be a measureable 𝒜 ≠ 0 effect 

at the LHC

JRG + J. Amirante, work in progress

න𝑑𝑥1𝑑𝑥2𝐹 𝑥1, 𝑥2, 𝑦 = න𝑑𝑝 ∙ 𝑦 𝐴 𝑝 ∙ 𝑦, 𝑦2

Bali, Diehl, Gläßle, Schäfer, Zimmermann, JHEP 09 (2021) 106

−𝒜

Preliminary



SUMMARY
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• DPS is an important contribution to same-sign WW production, and 

studying it can reveal information on correlations between partons in 

the proton.

• The lepton pseudorapidity asymmetry 𝒜 is an observable that 

probes such correlations. 𝒜 ≠ 0 implies correlations!

• Several correlations that are known to impact 𝒜:

• Momentum and number sum rule correlations

• Perturbative QCD splitting

• Spin correlations

• Each yields a few per cent impact on 𝒜. First two effects give 𝒜 > 0, 

whilst spin correlations can give a positive or a negative contribution 

to 𝒜. Potential to use lattice data to constrain spin contribution to 𝒜.



COLOUR CORRELATIONS

Can also have contributions to DPS associated with colour correlations

Colour correlations strongly (Sudakov) suppressed for large 𝑦 ≫ 1/𝑄

Detailed study of size of colour correlations in Diehl, Fabry, Plößl, JHEP 02 (2024) 229 

(see also Blok, Mehl, Int.J.Mod.Phys.A 39 (2024) 29, 2450111)
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DPS luminosity for a 

parton channel 

contributing to 

𝑊+𝑊+

Dominated by large 

𝑦, colour correlated 

contribution 

negligible

Dominated by smaller 

𝑦, colour correlated 

contribution more 

relevant

Dominated by even smaller 

𝑦, colour correlated 

contribution as relevant as 

colour singlet! 

BUT: can compute in PT



CORRELATIONS & DPS EXTRACTIONS
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Parton correlations can affect extractions of DPS, if correlation-

sensitive variables are used in extraction & DPS template contains 

wrong correlations 

Example study: Generate ‘mixpol’ DPS signal + background 

pseudodata, extract using ~pocket formula + BG templates. Using 

only 𝜂1𝜂2 to perform extraction.

True DPS cross section 0.51 fb, 

extracted cross section 0.59 fb

Cotogno, Kasemets, Myska, JHEP 10 (2020) 214


