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Towards automating LIV/NC predictions:
Helicity-polarized parton scattering in

MadGraph5_aMC@NLO1

Richard Ruiz

Institute of Nuclear Physics – Polish Academy of Science (IFJ PAN)

29 May 2023

1Based on work w/ Buarque Franzosi, Mattelaer, and Shil [1912.01725]; + work in progress
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Outline

Something New: scattering with helicity-polarized partons has been
implemented in the event generator MadGraph5_aMC@NLO

Who? What? Why? How? When?

Something Cool: a few case studies
(polarized) vector boson scattering at the LHC (TH perspective)
(polarized) vector boson scattering at the LHC (EX perspective)
(polarized) vector boson scattering at muon colliders

Something Disclaimer: lots of references here omitted for space :(
(please complain if reference is missing in the paper!)
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In a Nutshell
MG5aMC is the 5th (or 6th) iteration of the Monte Carlo (MC) event
generator MadisonGraph (or MadGraph) by Stelzer and Long at Wisconsin

[hep-ph/9401258]

For a given scattering process, generates Feynman graphs and helicity
amplitudes (HELAS routines) for fast numerical evaluation

Phase space integration is done via MC sampling (MadEvent)

- ME also writes phase space points (external momenta!) to file with
integration (probability) weight, i.e., MG+ME is a MC event generator

Doing this efficienctly and robustly is difficult but doable. Maltoni, Stelzer [hep-ph/0208156]

+ arbitrary color structures, + spin correlated decays of resonances
(MadSpin), + amplitude support for arbitrary Feynman Rule (ALOHA), +jet
matching/merging, + loop-induced processes (MadLoop)

Merger with MC@NLO for NLO in QCD [1405.0301] and NLO in EW [1804.10017]
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Then and Now (Publicity Plots)

(L) Early practioners of MadGraph (R) MadGraph5_aMC@NLO today
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What is “new”?

parton scattering with fixed external helicity polarizations2

2w/ Buarque Franzosi, Mattelaer, and Shil [1912.01725]; + work in progress
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To get pp scattering rates, mg5amc uses the Collinear Factorization Thm
Collins, Soper, Sterman (’85,’88,’89); Collins, Foundations of pQCD (2011)

dσ(pp →W γ +X) = ∑i ,j f i ⊗ f j ⊗∆ij ⊗ d σ̂(ij →W γ) +O (Λp
NP/Q

p+2)

hadron-level scattering probabilities are the product (convolution) of
parton-dist. (PDFs), -emission (Sudakov), and -scattering probs. (∣M∣2)

}

σ̂(ab → B)

σ(pp → B +X) process (ŝ)

Hadronic

fa/p

fb/p

⌊

⌈

Partonic

process (Q2)

Hard

⌋

⌉

⌊

⌋

⌈

⌉

process (s)

The partonic scattering rate is given by the usual (textbook) expression:

d σ̂(ij →W γ) = 1
2Q2

°
hard scale

∣M(ij →W γ)∣2
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
dof avg./summed.
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Scattering rates for unpolarized external partons is given by the
dof-averaged3 (initial states) and dof-summed (final state) ME:

∣M(ij →W γ)∣2 = 1
SiSj
°

spin dof

1
N i

cN j
c

±
color dof

∑dof,{λ} ∣M(iλjλ′ →Wλ̃γλ̃′)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

ME in helicity basis

∣2

For polarized scattering, truncate the spin averaging/summing

∣M(iλjλ′ →Wλ̃γλ̃′)∣2 =
1

N i
cN j

c
±

color dof

∑dof ∣M(iλjλ′ →Wλ̃γλ̃′)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

ME in helicity basis

∣2

The two are related by reintroducing spin averaging/summing

∣M(ij →W γ)∣2 = 1
SiSj
°

spin dof

∑λ,λ′,λ̃λ̃′ ∣M(iλjλ′ →Wλ̃γλ̃′)∣2

3degrees of freedom = all discrete quantum numbers, e.g., color, spin, electric charge
R. Ruiz - IFJ PAN Polarization in MG5aMC – Spacetime@LHC 9 / 37
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Parton Scattering with Polarized External States (3/3)
Helicity-polarized parton scattering in LHC collisions is given by

dσ(pp →Wλ̃γλ̃′ +X)∣iλ,jλ′ = f iλ ⊗ f iλ′ ⊗∆iλjλ′ ⊗ d σ̂(iλjλ′ →Wλγλ̃′)

f iλ is the PDF for parton i with helicity λ in unpolarized proton p
∆iλjλ′ is the parton shower / evolution for i , j with helicities λ,λ′

Again, unpolarized scattering is recovered by spin averaging/summing

dσ(pp →W γ +X) = ∑iλ,jλ′
´¹¹¹¹¸¹¹¹¹¶
partons

1
SiSj
°

spin dof

∑λ,λ′,λ̃λ̃′

´¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
helicities

dσ(pp →Wλ̃γλ̃′ +X)∣iλ,jλ′

Hence, for unpolarized initial states and polarized final states:

dσ(pp →Wλ̃γλ̃′ +X) = ∑iλ,jλ′
1
SiSj
°

spin dof

∑λ,λ′ dσ(pp →Wλ̃γλ̃′ +X)∣iλ,jλ′

R. Ruiz - IFJ PAN Polarization in MG5aMC – Spacetime@LHC 10 / 37
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f iλ is the PDF for parton i with helicity λ in unpolarized proton p
∆iλjλ′ is the parton shower / evolution for i , j with helicities λ,λ′

Again, unpolarized scattering is recovered by spin averaging/summing

dσ(pp →W γ +X) = ∑iλ,jλ′
´¹¹¹¹¸¹¹¹¹¶
partons

1
SiSj
°

spin dof

∑λ,λ′,λ̃λ̃′

´¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
helicities

dσ(pp →Wλ̃γλ̃′ +X)∣iλ,jλ′

Hence, for unpolarized initial states and polarized final states:

dσ(pp →Wλ̃γλ̃′ +X) = ∑iλ,jλ′
1
SiSj
°

spin dof

∑λ,λ′ dσ(pp →Wλ̃γλ̃′ +X)∣iλ,jλ′
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Practical Considerations:
Request by multiboson and VBF/VBS groups in ATLAS and CMS
Polarization is excellent test of V ±A (chiral) structure in (B)SM
Polarization is excellent test of gauge+unitarity structure in (B)SM
Polarization is *not* a Lorentz-invariant quantity ,

Future Proofing:
W0/Z0 and WT /ZT PDFs (needed at

√
s ≳ 50 TeV) couple differently

to bosons and massles fermions
Note that rationale studies for

√
s = 27 − 100 TeV are being done today!

(N)NLO QCD + NLO EW PDFs will eventually be needed to match
precision of (N)NLO QCD + NLO EW predictions
DGLAP evolution for LH/RH quarks is asymmetric Ô⇒ polarized PDFs

Important: While formally clear, technical implementation is difficult due
to relaxing of Lorentz invariance / reference frame independence
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Simulating helicity-polarized events at lowest order with mg5amc is
as difficult as unpolarized computations, e.g., qq′ →W ±

0 ZT

z{T} denotes LH and RH transverse Z bosons
ww{0} denotes longitudinal W ± bosons
Just be careful to know in which frame the helicities are defined
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Active effort to make user friendly see appendices of [1912.01725]
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The MC Analysis Chain for Collider Experiments

Observation
of some

Idea or L

Encode Feynman Rules

phenomenon
L

Matrix Element Generator

+ Phase Space
(FeynRules UFO)

Integration

Parton Shower
+Hadronization Model

Det.

Sim.Jet Clustering

Observable Distributions

Experiment

symmetry

Major efforts to support favorite phys. models in your favorite generator
Universal FeynRules Object (UFO) libs. encode Feynman rules
(.py) that work with popular event generators, e.g., MG5, Whizard

Alloul, Christensen, Duhr, Degrande, and Fuks feynrules.irmp.ucl.ac.be
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case study: polarization in vector boson scattering at the LHC

(theory perspective)
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big idea: studying VBS = studying Higgs / EWSB sector

W+

W+

W+

W+

Zγ h
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Cut, rotate, glue, etc. sub-graphs Ô⇒ W +W + →W +W + scattering
(why make W+W− pairs when you can scatter them?)

W+

W+

W+

W+

Zγ h

Higgs (’13)

−iM(W +W + →W +W +) ∼ ( E
MW
)

4
× (−M2

W
E2 ) × g2

W (s2
θ + c2

θ ) ∼
−g2

W E2

M2
W

−iM(W +W + hÐ→W +W +) ∼ ( E
MW
)

4
× ( 1

E2 ) × (gW MW )2 ∼
+g2

W E2

M2
W

Delicate (structural) cancellations when all particles are included!
Lee, Quigg, and Thacker (’77x2); Chanowitz and Gaillard (’84,’85)

Ô⇒ modified h −V −V couplings can partially disrupt cancellations
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Too many contributions?
It is possible that Higgs with mh = 125 GeV is one of several in nature

add’l scalars appears in Two Higgs Doublet Models, Supersymmetry, scalar-singlet dark matter, composite Higgs

∣hSM⟩
²

interaction eigenstate

= cosψ ∣h125 GeV⟩
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

mass eigenstate

+ sinψ ∣Hseveral TeV⟩
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

mass eigenstate

W+

W+

W+

W+

Zγ h/H

−iM(W +W + h/H
ÐÐ→W +W +) ∼ g2

W E2

M2
W

cos2ψ
´¹¹¹¹¸¹¹¹¹¶
O(1)

+ g2
W E4

M2
W m2

H
sin2ψ
²
≪1

Ô⇒ M grows with scattering energy for E (∼ 1 TeV) ≪ mH (several TeV)!
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The W ±
λ ,Zλ bosons are

massive, spin-1 objects

– 2 transverse polarizations (L,R)
– 1 longitudinal polarization (0)

W+

W
−

d

u

W
+

λ

W
−

λ

u

u

dP
{ νℓ

νℓ

ℓ
−

ℓ+

d

u

u

P
{

polarizations also imprint on
kinematics of decay products!

Plotted: angle of outgoing ℓ− in
pp →W +W −

λ jj →W +e−νe jj via VBS

Buarque Franzosi, Mattelaer, RR, Shil [1912.01725]
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The W ±
λ ,Zλ bosons are

massive, spin-1 objects

– 2 transverse polarizations (L,R)
– 1 longitudinal polarization (0)

W+

W
−

d

u

W
+

λ

W
−

λ

u

u

dP
{ νℓ

νℓ

ℓ
−

ℓ+

d

u

u

P
{

polarizations also imprint on
kinematics of decay products!

Plotted: pT of outgoing ℓ− in
pp →W +W −

λ jj →W +e−νe jj via VBS
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The W ±
λ ,Zλ bosons are

massive, spin-1 objects

– 2 transverse polarizations (L,R)
– 1 longitudinal polarization (0)

W+
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d

u

W
+

λ

W
−

λ

u

u

dP
{ νℓ

νℓ

ℓ
−

ℓ+

d

u

u

P
{

polarizations also imprint on
kinematics of decay products!

Plotted: Mℓℓ of outgoing ℓ−ℓ′+ in
pp →W +W −

λ jj → µ+νµe−νe jj via VBS
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case study: polarization in vector boson scattering at the LHC

(experimental perspective)
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Motivation: measuring rare processes, e.g., vector boson scattering
(VBS), is part of the Large Hadron Collider’s long-term program

See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics (’22) [arXiv:2106.01393]

W−

W−

d

d

u

u

u
u

u

u

p

{

p

{

W−

λ

W−

λ

VBS probes spin & charge configurations inaccessible with quarks/gluons

Ô⇒ VBS is uniquely sensitive to Standard Model and new physics!
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The W ±
λ ,Zλ bosons are

massive, spin-1 objects

– 2 transverse polarizations (L,R)
– 1 longitudinal polarization (0)

W+

W
−

d

u

W
+

λ

W
−

λ

u

u

dP
{ νℓ

νℓ

ℓ
−

ℓ+

d

u

u

P
{

polarizations also imprint on
kinematics of decay products!

CMS [CMS-PAS-FTR-21-001] Ð→

First measurement of polarization
in W ±W ± scattering CMS (PLB’20)

uncertainties sizable but will improve with time

2000 4000 6000
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Phase-2 Projection

3-parameter fit measurements

 WW rest-frame

 pp rest-frame
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The W ±
λ ,Zλ bosons are

massive, spin-1 objects

– 2 transverse polarizations (L,R)
– 1 longitudinal polarization (0)

W+

Z

d

d

W
+

λ

Zλ

u

u

dP
{ νℓ

ℓ
+

ℓ
−

ℓ+

d

u

u

P
{

polarizations also imprint on
kinematics of decay products!

First measurement of polarization
fractions (fλ) in W ±Z scattering

ATLAS (’22) [2211.09435]
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Case Study: helicity-polarized EW PDFs at muon colliders4

µ−

V ′
λB

ℓ

µ+

ℓ

VλA

F

4Surge of motivation/interest, e.g., Al Ali, et al. [2103.14043]; R&D progress as reported in the European Strategy Update

(Delahaye, et al) [1901.06150], muoncollider.web.cern.ch; Snowmass + US activities

next several slides from work w/ Costantini, Maltoni, & Mattelaer [2111.02442]
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Idea: one can write the following scattering formula5

σ(µ+µ− → F + anything) = fi/µ+ ⊗ fj/µ− ⊗ σ̂ij + uncertainties

= ∑VλA ,V
′
λB
∫

1
τ0

dξ1 ∫
1
τ0/ξ1

dξ2 ∫ dPSF
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

sum over all configurations / phase space integral

×

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

fVλA /µ
+(ξ1, µf ) fV ′

λB/µ−
(ξ2, µf )

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
W +

λ
/W −

λ
/Zλ/γλ PDFs

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

×
dσ̂(VλA V ′λB

→F)
dPSn

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
“hard scattering” at LO

+ O (
M2

Vk
M2

VV ′
) +O (

p2
T,Vk

M2
VV ′
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
perturbative power−law corrections

← (appear from expanding µλ → Vλ l matrix elements)

+ O (log µ2
f

M2
V
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
log corrections

← (µf is only an UV regulator here at LO)

We studied the red terms w/ Costantini, Maltoni, Mattelaer [2111.02442]

5Dawson(’84); Kane, et al (’84); Kunszt and Soper (’88)
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Idea: one can write the following scattering formula5

σ(µ+µ− → F + anything) = fi/µ+ ⊗ fj/µ− ⊗ σ̂ij + uncertainties

= ∑VλA ,V
′
λB
∫

1
τ0

dξ1 ∫
1
τ0/ξ1

dξ2 ∫ dPSF
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

sum over all configurations / phase space integral

×

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

fVλA /µ
+(ξ1, µf ) fV ′

λB/µ−
(ξ2, µf )

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
W +

λ
/W −

λ
/Zλ/γλ PDFs

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

×
dσ̂(VλA V ′λB

→F)
dPSn

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
“hard scattering” at LO

+ O (
M2

Vk
M2

VV ′
) +O (

p2
T,Vk

M2
VV ′
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
perturbative power−law corrections

← (appear from expanding µλ → Vλ l matrix elements)

+ O (log µ2
f

M2
V
)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
log corrections

← (µf is only an UV regulator here at LO)

We studied the red terms w/ Costantini, Maltoni, Mattelaer [2111.02442]

5Dawson(’84); Kane, et al (’84); Kunszt and Soper (’88)
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... what exactly did we do?
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Implementing EW boson PDFs in MadGraph5

NEW: (Polarized) Effective Vector Boson Approx. (EVA)
▸ Bare (LO) PDFs for helicity-polarized Wλ,Zλ, γλ from ℓ±λ
▸ Automatically support PDFs for unpolarized W /Z (EWA) from ℓ±λ

KEPT: Improved Weizsäcker-Williams approximation (iWWA)
▸ Unpolairzed γ PDF + power corrections from ℓ± (Frixione, et al [hep-ph/9310350])

Technicalities:
▸ MW ,MZ always nonzero in PDFs and matrix elements!
▸ static and dyamic µf
▸ n-point µf variation
▸ Choice of pT and q as evolution variable (this gives extra log(1 − ξ) terms in PDFs!)

▸ Also enabled EVA+DIS collider configuration

Technical appendix rederiving Wλ,Zλ PDFs to provide standard
reference and mapping between different approaches in the literature

▸ Released in v3.3.0 (Major milestone for lepton colliders; see Frixione, et al [2108.10261])
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PDFs for e±, µ± → Wλ/Zλ/γλ+ ℓ depend on helicities (λ)
Subtle but important differences if evolving by q2 of V vs p2

T of ℓ
(easy to make changes!)
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some results on VλV ′λ′ → X in µ+µ− collisions6

6w/ A. Costantini, F. Maltoni, L. Mantani, O. Mattelaer [2111.02442]
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Higgs production in EVA
We had fun looking into *many* processes

(L) ∑λA,λB VλAVλB → HX (R) VT V0 → HX

R. Ruiz - IFJ PAN Polarization in MG5aMC – Spacetime@LHC 33 / 37



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Top production in EVA
... *many* processes

(L) ∑λA,λB VλAVλB → ttX (R) V0V0 → ttX
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Diboson production in EVA
(4 polarization plots + 1 table) × each class of processes
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Summary and Conclusion

Exploring VBS/VBF is part of LHC’s long-term program
See review by Buarque (ed.), Gallinaro (ed.), RR (ed.), et al, Rev. Physics (’22) [arXiv:2106.01393]

Helicity-polarized simulations available with MadGraph5aMC@NLO
up to LO+LL(PS) [1912.01725]; NLO is under dev.; see also Poncelet, et al [2102.13583], + others

Wλ/Zλ/γλ PDFs in ℓ+ℓ− collisions also available with MG5aMC@NLO
EWA@LO [2111.02442] and plans underway to merge parallel Snowmass efforts

R. Ruiz - IFJ PAN Polarization in MG5aMC – Spacetime@LHC 36 / 37

https://arxiv.org/abs/2106.01393
https://arxiv.org/abs/1912.01725
https://arxiv.org/abs/2102.13583
https://arxiv.org/abs/2111.02442


.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Thank you!
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