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WZ+Jet @ 100 TeV

* lumi = 10 ab-1

MadGraph
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Figure 4 : Event population for exclusive WZ + j production in the plane of 2pT (W )/HT

versus ! R(W,Z) with pT (j) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 fixed-

order WZj production generated with MadGraph; (b) 2→ 2 dressed with the PYTHIA weak

shower, which includes only q → V q splittings; (c) 2 → 2 Wj and Zj production dressed

with fixed-order FSR splitting functions; (d) 2→ 2 dressed with the full EW FSR shower,

including all collinear final-state Sudakov e" ects. QCD showering is not incorporated. An

integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regions where we expect splitting

functions to furnish a reliable description.18

18 Physics parameters here and in the MadGraph simulation are evaluated at a Þxed scale of mZ for
simplicity of comparison, using MadGraphÕs defaults. The PDF set is CTEQ6L1, evaluated at a factorization
scale of 3 TeV. The PYTHIA simulation does not track fermion chirality throughout the hard event, and
directly collapses ! /Z states into mass basis instead of providing a gauge-space wave function. We have
explicitly corrected for both of these e ! ects in this comparison and below.
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Figure 4 : Event population for exclusive WZ + j production in the plane of 2pT (W )/HT

versus ! R(W,Z) with pT (j) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 fixed-

order WZj production generated with MadGraph; (b) 2→ 2 dressed with the PYTHIA weak

shower, which includes only q → V q splittings; (c) 2 → 2 Wj and Zj production dressed

with fixed-order FSR splitting functions; (d) 2→ 2 dressed with the full EW FSR shower,

including all collinear final-state Sudakov e" ects. QCD showering is not incorporated. An

integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regions where we expect splitting

functions to furnish a reliable description.18

18 Physics parameters here and in the MadGraph simulation are evaluated at a Þxed scale of mZ for
simplicity of comparison, using MadGraphÕs defaults. The PDF set is CTEQ6L1, evaluated at a factorization
scale of 3 TeV. The PYTHIA simulation does not track fermion chirality throughout the hard event, and
directly collapses ! /Z states into mass basis instead of providing a gauge-space wave function. We have
explicitly corrected for both of these e ! ects in this comparison and below.
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WZ+Jet @ 100 TeV
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approach starts to 

look useful...



Recent LHC measurement:
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Figure 3: Unfolded distribution from background-subtracted data of the angular separation between the muon and
the closest jet in the signal region along with several predictions from theory calculations. The lower panels show
the ratio of the theory predictions to the unfolded data. The error bars in the upper panel and the grey shaded
error bands in the lower ratio panels are the sum of the statistical and systematic uncertainties in the measurement.
The shaded error band on the ALPGEN+PYTHIA6 calculation is statistical uncertainty, the band on the PYTHIA8
calculation is statistical and PDF uncertainties and those on the SHERPA+OpenLoops and the W + � 1 jet Njetti
NNLO calculations are scale uncertainties.
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dijet with a
q! Wq splitting

conventional
back-to-back W+j

* pT(jlead) > 500 GeV



Lots of Work on EW
Showers/Sudakovs

(Here’s an incomplete list)

• Log-enhanced fixed-order corrections noticed for a while
– multijet without W/Z emission: e.g, Moretti, Nolten, Ross (hep-ph/0606201)

– ~10% weak corrections at LHC, multi-TeV partonic energies

• Universal fixed-order NLL Sudakovs (virtual corrections)
– Denner & Pozzorini (hep-ph/0010202, 0104127)

– implementation studied in ALPGEN, using exact LO matrix 
elements to generate real emissions: Chiesa, et al (1305.6837)

• Resummed NLL Sudakovs
– Manohar, et al (0709.2377 + 6 others...)

• Shower MC for f! (W/Z)f
– SHERPA using spin-averaged CDST dipoles: Krauss, Petrov, 

Schönherr, Spannowsky (1403.4788)

– PYTHIA 8 shower: Christiansen & Sjöstrand (1401.5238)



Our Immediate Goals

• Figure out what the complete set of EW collinear 
splitting rules look like to define a shower

• Develop a proof-of-principle shower monte carlo 
that includes all of these effects



What’s the Big Deal?
• Vector bosons and scalars also radiate (sometimes a lot)

– particularly relevant for >TeV new physics involving W/Z/h
– and important if we care about multiple emissions (q! Wq! WWq)
– there is also a Yukawa component to the shower (top/bottom)

• Can’t avoid coherence in neutral vector/Higgs splittings
– e.g., “What is the rate for γ! W+W-?” actually has no answer...         

Z exchange must also contribute
– presence of preferred isospin basis (“bare color” shower) 

independently implies SU(2)L and U(1)Y interfere

• Exiting the shower is nontrivial
– uniquely EWSB showering processes appear (e.g., “violations” of 

Goldstone boson equivalence)
– some showers continuously transition into decays (W/Z !  ff, t !"#$ )



+ 1→3 splittings

W±,W0,B0

W

W

W

f
f(’)

h ± iφ0 
or  φ±

“Massless” SU(2)xU(1) Theory

h ± iφ0 
or  φ±

(already need to break 
down by charge/isospin)



B0
T fL B0

T fR W 0
T fL W±

T f ⇥
L

fL (g⇥Y )2
⇧

1
8�2

�
1+z̄2

z

⇥
1
p2T

⌃
0 g2

4 [...] g2

2 [...]

fR 0 (g⇥Y )2[...] 0 0

Table 1 . Helicity-preserving f ! VT f splitting functions dP/dz dp2T via gauge couplings, in the
massless limit. z (øz " 1 # z) labels the energy fraction of the Þrst (second) produced particle.
Repeated expressions in brackets are represented by [...].

...must discuss issue of isospin ambiguity, also neutral current interference e�ects prac-
tically washed out I think, since ÒneutralÓ isnÕt even well-deÞned.

3 Unbroken SU(2)L $ U(1)Y

To develop some intuition of the collinear splitting behavior of electroweak Òpartons,Ó it
is useful to Þrst consider a conceptual limit with an unbrokenSU (2)L $ U (1)Y gauge
symmetry with massless gauge bosons and fermions, supplemented by a massless scalar
doublet Þeld⇥ without a VEV. This last ingredient is the would-be Higgs doublet.

Anticipating electroweak symmetry breaking, we adopt the usual electric charge basis
in weak isospin space, with corresponding bosonsW± and W 0. We denote the hypercharge
gauge boson byB0. For the scalar doublet, we decompose as

H =

⇤
⇥±

1⇤
2
(h + i⇥0)

⌅
.

We denote a generic chiral fermion byfL or fR, and we do not need to specify the explicit
isospin componentsfL. Gauge boson helicities (purely transverse) are averaged.2

It should be understood that, in a truly massless theory, the ability to freely radiate
arbitrarily soft W± makes the physical preparation and identiÞcation of states in this basis
impossible. They will of course become physical once we turn on the electroweak VEV and
cut o� the IR divergences, but the tendency for states to Òself-averageÓ in isospin space will
persist. There are also potentially important interference e�ects that should be accounted
for in a complete treatment. We reserve detailed discussion of these issues to Section4.

With these caveats in mind, we may use Eq. (2.3) to calculate any massless splitting
function. We list the complete set in Tables1 through 7. The di�erent tables are organized
according to spins, and as such each has a unique core splitting formula. The various entries
within a given table thus vary only by coupling and group theory factors. (Here and below,
Yukawa couplings are normalized such that�t % 1.) Whereas QCD has only three distinct
types of splitting functions, the unbroken EW theory has seven.

2While the averaging is not strictly necessary, especially given that we will later make a distinction

between transverse and longitudinal polarizations, it does simplify our presentation. We also do not incor-

porate azimuthal interference e�ects.
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General shower formulas:

dP(a ! bc)
dzb d logQ2

a
=

1

16π2

zbzcEa(|p⃗a|+ |p⃗b|)

EbEc

Q2
a

(Q2
a " m2

a)
2
|A(a ! bc)|2

za,b #
|p⃗a,b|

|p⃗a|+ |p⃗b|
(1)

dP(a ! bc)
dz dk2

T
=

1

16π2

zbzc

(k2
T + zcm2

b + zbm2
c " zbzcm2

a)
2
|M(a ! bc)|2

dP
dz dlogQ2

$
1

16π2

zbzc

(k2
T + zcm2

b + zbm2
c " zbzcm2

a)
2
|M(a ! bc)|2

Unrelated stuff for my job talks:

Lint = Aµ (gL t̄L γ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (2)

2

(h/⇥0)fR/L ⇥± f !
R/L

fL/R
�2

f R
2

⇧
1

8⇥2

�
z
2

⇥
1
p2

T

⌃
�2
fR

[...]

Table 2 . Helicity-ßipping f ⇧ (h/⇥)f functions dP/dzdp2
T via Yukawa couplings, in the massless

limit. z labels the energy fraction of the Þrst produced particle. Note the chirality ßips. Yukawa
couplings are labelled by the corresponding right-handed chiral fermion.

WTWT

B0
T 0

W 0
T 2g2

⇧
1

8⇥2
(1" zz̄)2

zz̄
1
p2

T

⌃

W ±
T 2g2[...]

Table 3 . Vector boson splitting functions dP/dz dp2
T to vector bosons, in the massless limit. z

(øz ⇤ 1�z) labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity
factor (Nf = 1 for leptons, Nf = 3 for quarks).

fL øf (!)
L fR øfR

B0
T Nf (g!Y )2

⇧
1

8⇥2

⇤
z2+z̄2

2

⌅
1
p2

T

⌃
Nf (g!Y )2[...]

W 0
T Nf

g2

4 [...] 0

W ±
T Nf

g2

2 [...] 0

Table 4 . Vector boson splitting functions dP/dz dp2
T to fermions, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

h⇥0 ⇥+⇥" ⇥± ⇥0 or ⇥± h

B0
T

g02

4

⇧
1

8⇥2 (zøz) 1
p2

T

⌃
g02

4 [...] 0

W 0
T

g2

4 [...] g2

4 [...] 0

W ±
T 0 0 g2

4 [...]

Table 5 . Vector boson splitting functions dP/dz dp2
T to scalars, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

4 Spontaneously Broken SU(2)L ⇥ U(1)Y

The massless expressions derived in the previous section are adequate to describe the dy-
namics of electroweak showering phenomena at asymptotically high energies, up to e! ects
formally suppressed byO(v/pT ). In fact, it is possible at Þrst approximation to use these
expression as-is, supplemented by appropriate phase space cuto! s to account for the phys-
ical masses of the gauge bosons, Higgs boson, and top quark. (Such an approach has
been taken in XXXX.) However, realistic showers atE ⌅ v will scan over the full range
of available splitting scales, passing smoothly through the electroweak scale. For collider
studies that are sensitive to this region, such as those utilizing jet substructure methods
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E

z E

z E ≡ (1-z)E

(h/⇥0)fR/L ⇥±f ⇤
R/L

fL/R
�2
fR
2

!
1

8⇥2

"
z
2

#
1
p2
T

$
�2
fR

[...]

Table 2 . Helicity-ßipping f ⇧ (h/⇥)f functions dP/dzdp2
T via Yukawa couplings, in the massless

limit. z labels the energy fraction of the Þrst produced particle. Note the chirality ßips. Yukawa
couplings are labelled by the corresponding right-handed chiral fermion.

WTWT

B0
T 0

W 0
T 2g2

!
1

8⇥2
(1�zz̄)2

zz̄
1
p2
T

$

W±
T 2g2[...]

Table 3 . Vector boson splitting functions dP/dz dp2
T to vector bosons, in the massless limit. z

(øz ⇤ 1�z) labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity
factor (Nf = 1 for leptons, Nf = 3 for quarks).

fL øf (⇤)
L fR øfR

B0
T Nf (g⇤Y )2

!
1

8⇥2

%
z2+z̄2

2

&
1
p2
T

$
Nf (g⇤Y )2[...]

W 0
T Nf

g2

4 [...] 0

W±
T Nf

g2

2 [...] 0

Table 4 . Vector boson splitting functions dP/dz dp2
T to fermions, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

h⇥0 ⇥+⇥� ⇥±⇥0 or ⇥±h

B0
T

g02

4

!
1

8⇥2 (zøz) 1
p2
T

$
g02

4 [...] 0

W 0
T

g2

4 [...] g2

4 [...] 0

W±
T 0 0 g2

4 [...]

Table 5 . Vector boson splitting functions dP/dz dp2
T to scalars, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

4 Spontaneously Broken SU(2)L ⇥ U(1)Y

The massless expressions derived in the previous section are adequate to describe the dy-
namics of electroweak showering phenomena at asymptotically high energies, up to e�ects
formally suppressed byO(v/pT ). In fact, it is possible at Þrst approximation to use these
expression as-is, supplemented by appropriate phase space cuto�s to account for the phys-
ical masses of the gauge bosons, Higgs boson, and top quark. (Such an approach has
been taken in XXXX.) However, realistic showers atE ⌅ v will scan over the full range
of available splitting scales, passing smoothly through the electroweak scale. For collider
studies that are sensitive to this region, such as those utilizing jet substructure methods
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B0
TH W 0

TH W ±
T H ⇥

h g!2

4

!
1

8! 2

"
2z̄
z

#
1

p2T

$
g2

4 [...] g2

2 [...]

! 0 g!2

4 [...] g2

4 [...] g2

2 [...]

! ± g!2

4 [...] g2

4 [...] g2

4 [...]

Table 6 . Scalar splitting functions dP/dzdp2T via gauge couplings, in the massless limit.z labels
the energy fraction of the Þrst produced particle. The symbolH represents any appropriate state
h, ! 0, ! ± for the given splitting (e.g., h ! B0

T ! 0), and H 0 represents one of itsSU (2)L partners
(e.g., ! + ! W+

T h or W+
T ! 0, exclusive).

fR øf (⇥)
L or øfRf

(⇥)
L

h
" 2

f R
2

!
1

8! 2

"
1
2

#
1

p2T

$

! 0 " 2
f R
2 [...]

! ± " 2
f R

[...]

Table 7 . Scalar splitting functions dP/dzdp2T via Yukawa couplings, in the massless limit. Yukawa
couplings are labelled by the corresponding right-handed chiral fermion..

or non-isolated leptons, proper modeling could be rather important. Moreover, at the en-
ergy scales available to current and planned colliders, the hierarchy of scales is still not
particularly large in a logarithmic sense, and emissions atpT " v can contribute an O(1)
fraction of the total showering rate. The detailed structure of the shower of a sponta-
neously broken gauge theory near its phase transition is also something of a theoretical
novelty, which, unlike QCD, should admit a controlled perturbative description that can
be validated experimentally.

The major subtleties involve the interplay between Goldstone bosons and the longi-
tudinal gauge states into which they are absorbed. It is tempting to simply make an
identiÞcation W ±

long, Z
0
long # ! ± , ! 0, and assign to the heavy gauge states the splitting

rules for Goldstone bosons. A famous counter-example to this approach is the collinear
emission of longitudinal bosons o! of massless fermions with vanishing Yukawas, which
accounts for anO(1) fraction of gauge boson emissions atpT Õs near the electroweak scale.
Analogous Òpurely brokenÓ showering e! ects appear in the splittings of electroweak gauge
bosons into one another, and in a variety of mixed gauge/scalar splittings.

There is an intuitive expectation that such novel showering e! ects might still factorize
from the hard process, at least when the emissions are collinear to a given hard parton
line. However, there is a potential for confusion here due to gauge artifacts. In particular,
for the fL ! WlongfL splitting with massless f , it is inappropriate to simply compute the
1 ! 2 diagram using the canonical longitudinal gauge polarization vector. The energy
scaling, $ E(W )/mW , is clearly unphysical, and there is large interference between a
naively collinear-enhanced diagram and other diagrams in a full process. For emissions o!
of a massless fermion, a Ward indentity ensures that the component of the polarization
vector proportional to kµ(W ) cancels out. For the longitudinal emission, this leaves over
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(h/ ! 0)f R/L ! ±f !
R/L

f L/R
! 2
fR
2

!
1

8" 2

" z
2

# 1
p2
T

$
" 2

f R
[...]

Table 2 . Helicity-ßipping f ⇧ (h/ ! )f functions dP/dzdp2
T via Yukawa couplings, in the massless

limit. z labels the energy fraction of the Þrst produced particle. Note the chirality ßips. Yukawa
couplings are labelled by the corresponding right-handed chiral fermion.

WT WT

B 0
T 0

W 0
T 2g2

!
1

8" 2
(1" zøz)2

zøz
1

p2
T

$

W±
T 2g2[...]

Table 3 . Vector boson splitting functions dP/dz dp2
T to vector bosons, in the massless limit. z

(øz ⇤ 1�z) labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity
factor (Nf = 1 for leptons, Nf = 3 for quarks).

f L øf (!)
L f R øf R

B 0
T Nf (g!Y )2

!
1

8" 2

%
z2+øz2

2

&
1

p2
T

$
Nf (g!Y )2[...]

W 0
T Nf

g2

4 [...] 0

W±
T Nf

g2

2 [...] 0

Table 4 . Vector boson splitting functions dP/dz dp2
T to fermions, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

h! 0 ! + ! " ! ±! 0 or ! ±h

B 0
T

g02

4

!
1

8" 2 (zøz) 1
p2
T

$
g02

4 [...] 0

W 0
T

g2

4 [...] g2

4 [...] 0

W±
T 0 0 g2

4 [...]

Table 5 . Vector boson splitting functions dP/dz dp2
T to scalars, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

4 Spontaneously Broken SU(2)L ⇥ U(1)Y

The massless expressions derived in the previous section are adequate to describe the dy-
namics of electroweak showering phenomena at asymptotically high energies, up to e�ects
formally suppressed byO(v/p T ). In fact, it is possible at Þrst approximation to use these
expression as-is, supplemented by appropriate phase space cuto�s to account for the phys-
ical masses of the gauge bosons, Higgs boson, and top quark. (Such an approach has
been taken in XXXX.) However, realistic showers atE ⌅ v will scan over the full range
of available splitting scales, passing smoothly through the electroweak scale. For collider
studies that are sensitive to this region, such as those utilizing jet substructure methods
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(h/ ⇥0)f R/L ⇥±f ⇤
R/L

f L/R
�2

f R
2

!
1

8⇥2

"
z
2

#
1
p2T

$
�2
fR

[...]

Table 2. Helicity-ßipping f ⇧ (h/ ⇥)f functions dP/dzdp2
T via Yukawa couplings, in the massless

limit. z labels the energy fraction of the Þrst produced particle. Note the chirality ßips. Yukawa
couplings are labelled by the corresponding right-handed chiral fermion.

WTWT

B 0
T 0

W 0
T 2g2

!
1

8⇥2
(1�zz̄)2

zz̄
1
p2T

$

W±
T 2g2[...]

Table 3. Vector boson splitting functions dP/dz dp2
T to vector bosons, in the massless limit. z

(øz ⇤ 1�z) labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity
factor (Nf = 1 for leptons, Nf = 3 for quarks).

f L øf (⇤)
L f R øf R

B 0
T Nf (g⇤Y)2

!
1

8⇥2

%
z2+z̄2

2

&
1
p2T

$
Nf (g⇤Y)2[...]

W 0
T Nf

g2

4 [...] 0

W±
T Nf

g2

2 [...] 0

Table 4. Vector boson splitting functions dP/dz dp2
T to fermions, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).
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Table 5. Vector boson splitting functions dP/dz dp2
T to scalars, in the massless limit.z (øz ⇤ 1�z)

labels the energy fraction of the Þrst (second) produced particle.Nf is a color multiplicity factor
(Nf = 1 for leptons, Nf = 3 for quarks).

4 Spontaneously Broken SU(2)L ⇥ U(1)Y

The massless expressions derived in the previous section are adequate to describe the dy-
namics of electroweak showering phenomena at asymptotically high energies, up to e! ects
formally suppressed byO(v/p T ). In fact, it is possible at Þrst approximation to use these
expression as-is, supplemented by appropriate phase space cuto! s to account for the phys-
ical masses of the gauge bosons, Higgs boson, and top quark. (Such an approach has
been taken in XXXX.) However, realistic showers atE ⌅ v will scan over the full range
of available splitting scales, passing smoothly through the electroweak scale. For collider
studies that are sensitive to this region, such as those utilizing jet substructure methods
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Table 6. Scalar splitting functions dP/dzdp2
T via gauge couplings, in the massless limit. z labels

the energy fraction of the first produced particle. The symbol H represents any appropriate state
h, ⇥0,⇥± for the given splitting (e.g., h ⇥ B 0

T ⇥
0), and H ! represents one of its SU(2)L partners

(e.g., ⇥+ ⇥ W+
T h or W+

T ⇥0, exclusive).
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1
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⌅
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fR
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fR
[...]

Table 7. Scalar splitting functions dP/dzdp2
T via Yukawa couplings, in the massless limit. Yukawa

couplings are labelled by the corresponding right-handed chiral fermion..

or non-isolated leptons, proper modeling could be rather important. Moreover, at the en-

ergy scales available to current and planned colliders, the hierarchy of scales is still not

particularly large in a logarithmic sense, and emissions at pT � v can contribute an O(1)

fraction of the total showering rate. The detailed structure of the shower of a sponta-

neously broken gauge theory near its phase transition is also something of a theoretical

novelty, which, unlike QCD, should admit a controlled perturbative description that can

be validated experimentally.

The major subtleties involve the interplay between Goldstone bosons and the longi-

tudinal gauge states into which they are absorbed. It is tempting to simply make an

identification W±
long, Z 0

long ⇤ ⇥±,⇥0, and assign to the heavy gauge states the splitting

rules for Goldstone bosons. A famous counter-example to this approach is the collinear

emission of longitudinal bosons o� of massless fermions with vanishing Yukawas, which

accounts for an O(1) fraction of gauge boson emissions at pT ’s near the electroweak scale.

Analogous “purely broken” showering e�ects appear in the splittings of electroweak gauge

bosons into one another, and in a variety of mixed gauge/scalar splittings.

There is an intuitive expectation that such novel showering e�ects might still factorize

from the hard process, at least when the emissions are collinear to a given hard parton

line. However, there is a potential for confusion here due to gauge artifacts. In particular,

for the f L ⇥ Wlongf L splitting with massless f , it is inappropriate to simply compute the

1 ⇥ 2 diagram using the canonical longitudinal gauge polarization vector. The energy

scaling, ⌅ E (W )/m W , is clearly unphysical, and there is large interference between a

naively collinear-enhanced diagram and other diagrams in a full process. For emissions o�

of a massless fermion, a Ward indentity ensures that the component of the polarization

vector proportional to kµ(W ) cancels out. For the longitudinal emission, this leaves over
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1 # z) labeling the energy fraction of the Þrst (second) producedparticle. The fermion
helicity is labelled by s. Double-arrows in Feynman diagrams indicate example fermion
helicity ßows. Prime indicates isospin partner (u′s = ds, etc, independent ofs). Yukawa
couplings are labelled by the participating RH-helicity fermion. The state H0∗ is the Òanti-
H0Ó, produced when the RH fermion is down-type and in the initial-state, or up-type in
the Þnal-state. Processes withB0 and W 0 implicitly represent the respective diagonal
terms in the neutral gauge bosonÕs density matrix, whereas [BW ]0 indicates either of the
off-diagonal terms (see text). Anti-fermion splittings are obtained by CP conjugation. The
conventions for the couplings are given inB.1.
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Table 2: Transverse vector boson splitting functions dP/dz dk2T in the massless limit,
where allowed by electric charge ßow.Nf is a color multiplicity factor ( Nf = 1 for leptons,
Nf = 3 for quarks). Other conventions as in Table 1.
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Table 3: Scalar splitting functions dP/dz dk2T in the massless limit via gauge couplings
and Yukawa couplings. The symbolH in the column headings represents the appropriate
state φ+, H0 for the given splitting, and H ′ represents theSU (2)L isospin partner (e.g.,
H0′ = φ+). Anti-particle splittings are obtained by CP conjugation . Other conventions as
in Tables 1 and 2.
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¥ Fig. 13b: W±
T ! W±

L ZT , representative calculation for Table 5;

¥ Fig. 13c: ZL ! W+
L W−

L , representative calculation for Table 6;

¥ Fig. 13d: h ! W+
L W−

L , representative calculation for Table 6.

C Coherent Showering

Showering involving superpositions of different particle species can be described using den-

sity matrix formalism. The initial value of the density matrix is proportional to the outer

product of production amplitudes

ρij " M (prod)∗
i M (prod)

j ,

tracing out over other details of the rest of the event. Here, the indices run over the

species. We nominally assign the state its smallest possible kinematic mass (zero for γ/Z,

mZ for h/ZL ), and subsequently reweight/veto the splitting probability and adjust the

global kinematics as necessary (see Section 2.3.1). This prescription specifically becomes

relevant when evolving near kinematic thresholds.

The probability for an initial mixed quantum state to subsequently split into a specific

exclusive final state, e.g. γ/Z ! e−L e
+
R or νL ν̄R , must be computed by generalizing the

splitting functions to Hermitian splitting matrices dPij . The exclusive splitting rates are

then computed by tracing against the normalized density matrix:

dP =
ρij dPji

tr[ρ]
. (C.1)

If a boson is not split, the Sudakov evolution of ρ proceeds analogous to mixed-state

radioactive decay:

dρij = #
1

2

!

channels

(ρik dPkj + dPik ρkj ). (C.2)

As usual, this just represents the wave-function running, now applied to multi-component

states. The splitting matrices for an initial mixed quantum state are computed from outer

products of splitting amplitudes, convolved with the mixed propagators. Representing

the propagator matrix as Dij , and the amputated splitting amplitudes as M (split)
i , the

generalization from single-state evolution is

dP "
1

q4
|M (split)|2 ! dPij " M (split)∗

k D∗
ki Djl M (split)

l . (C.3)

Using the relativistic approximation q2 $ (k2T + z̄m2
B + zm2

C )/zz̄ for final-state splitting,

this modifies Eq. (2.5) to the more complicated form
"
dPA→B+C

dz dk2T

#

ij

$
1

16π2
1

zz̄
M (split)∗

k D∗
ki Djl M (split)

l . (C.4)

In the massless limit with unmixed propagators, Dij = iδij /q2, the form of the splitting

matrix reduces to dPij " M (split)∗
i M (split)

j /q4.
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The probability for an initial mixed quantum state to subsequently split into a speciÞc
exclusive Þnal state,e.g. γ/Z → e−Le

+
R or νLøνR, must be computed by generalizing the

splitting functions to Hermitian splitting matrices dPij . The exclusive splitting rates are
then computed by tracing against the normalized density matrix:

dP =
ρij dPji

tr[ ρ]
. (C.1)

If a boson is not split, the Sudakov evolution of ρ proceeds analogous to mixed-state
radioactive decay:

dρij = −
1
2

∑

channels

(ρikdPkj + dPikρkj). (C.2)

As usual, this just represents the wave-function running, now applied to multi-component
states. The splitting matrices for an initial mixed quantum state are computed from outer
products of splitting amplitudes, convolved with the mixed propagators. Representing
the propagator matrix as Dij , and the amputated splitting amplitudes as M (split)

i , the
generalization from single-state evolution is

dP ∝
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q4

|M (split)|2 → dPij ∝ M (split)∗
k D∗

kiDjlM
(split)
l . (C.3)

Using the relativistic approximation q2 ≃ (k2T + øzm2
B + zm2

C)/zøz for Þnal-state splitting,
this modiÞes Eq. (2.5) to the more complicated form
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dz dk2T
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l . (C.4)

In the massless limit with unmixed propagators, Dij = iδij/q2, the form of the splitting
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i M (split)

j /q4.
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massless

particle state, propagator, splitting function
all become matrices

mixed hypercharge/T3 
contribution

In more complete generality, a mixed state can split into another mixed state, leading
to an enlarged set of indices for the splitting matrices. However, in most cases, the Þnal-
state density matrices are fully determined by the initial-state density matrices, such that
in practice a single pair of indices suffices.

While the formalism is basis-independent, we default to some standard bases in our
EW shower approach. Within the unbroken phase (Section3), we present neutral gauge
and scalar splitting functions in the interaction basis (B0,W 0), (H0, H0∗). In the broken
phase (Section4), we present them in the mass basis (! , Z), (h, ZL). The corresponding
propagator matrices in the unbroken-phase basis, including the effects of EWSB, are29

DB0B0 =
i cos2 "W

q2
+

i sin2 "W
q2 ! m2

Z

, DW 0W 0 =
i sin2 "W

q2
+

i cos2 "W
q2 ! m2

Z

,

DB0W 0 = DW 0B0 =
i cos"W sin"W (! m2

Z)
q2(q2 ! m2

Z)
(C.5)

for the gauge bosons ("W is the weak mixing angle), and

DH0H0! = DH0! H0 =
i/2

q2 ! m2
h

+
i/2

q2 ! m2
Z

,

DH0H0 = DH0! H0! =
i/2

q2 ! m2
h

!
i/2

q2 ! m2
Z

, (C.6)

for the neutral scalars. In the mass basis, the matrices are diagonal and have entries
corresponding to the usual poles:

Dγγ =
i

q2
, DZZ =

i

q2 ! m2
Z

, DγZ = DZγ = 0 (C.7)

Dhh =
i

q2 ! m2
h

, DZL ZL =
i

q2 ! m2
Z

, DhZL = DZL h = 0 . (C.8)

Similar considerations apply in the application and generation of PDFs [43]. The ! /Z
and (in principle) h/ZL PDFs should each properly be treated as 2" 2 matrices, and hard
process cross sections sourced by these PDFs computed by tracing against the hard matrix
elements. The PDF evolution equations involve matrix-valued splitting functions. In the
high-kT /high-virtuality limit, these follow straightforwardly f rom the splitting functions
presented in the Section3. However, unless working well above the TeV-scale, mass effects
can still be important. The above propagator modiÞcations must then be applied at the
(spacelike) virtual leg emerging from a splitting.

29The shower formalism automatically accounts for logarithmic running effects in the wavefunction factors

for these propagators. We do not attempt to account for mass renormalization effects, as the masses are

anyway of power-suppressed importance at very high virtualities. Additional perturbative corrections near

the weak scale are also neglected.
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In more complete generality, a mixed state can split into another mixed state, leading

to an enlarged set of indices for the splitting matrices. However, in most cases, the final-

state density matrices are fully determined by the initial-state density matrices, such that

in practice a single pair of indices suffices.

While the formalism is basis-independent, we default to some standard bases in our

EW shower approach. Within the unbroken phase (Section 3), we present neutral gauge

and scalar splitting functions in the interaction basis (B 0, W 0), (H 0, H 0∗). In the broken

phase (Section 4), we present them in the mass basis (γ, Z ), (h, ZL ). The corresponding

propagator matrices in the unbroken-phase basis, including the effects of EWSB, are29

DB 0B 0 =
i cos2 θW

q2 +
i sin2 θW

q2 −m2
Z

, DW 0W 0 =
i sin2 θW

q2 +
i cos2 θW

q2 −m2
Z

,

DB 0W 0 = DW 0B 0 =
i cos θW sin θW (−m2

Z )

q2(q2 −m2
Z )

(C.5)

for the gauge bosons (θW is the weak mixing angle), and

DH 0H 0∗ = DH 0∗H 0 =
i/ 2

q2 −m2
h
+

i/ 2
q2 −m2

Z
,

DH 0H 0 = DH 0∗H 0∗ =
i/ 2

q2 −m2
h
−

i/ 2
q2 −m2

Z
, (C.6)

for the neutral scalars. In the mass basis, the matrices are diagonal and have entries

corresponding to the usual poles:

Dγγ =
i

q2 , DZZ =
i

q2 −m2
Z

, DγZ = DZ γ = 0 (C.7)

Dhh =
i

q2 −m2
h

, DZLZL
=

i
q2 −m2

Z
, DhZ L

= DZLh = 0. (C.8)

Similar considerations apply in the application and generation of PDFs [43]. The γ/Z
and (in principle) h/Z L PDFs should each properly be treated as 2× 2 matrices, and hard

process cross sections sourced by these PDFs computed by tracing against the hard matrix

elements. The PDF evolution equations involve matrix-valued splitting functions. In the

high-kT /high-virtuality limit, these follow straightforwardly from the splitting functions

presented in the Section 3. However, unless working well above the TeV-scale, mass effects

can still be important. The above propagator modifications must then be applied at the

(spacelike) virtual leg emerging from a splitting.

29The shower formalism automatically accounts for logarithmic running effects in the wavefunction factors

for these propagators. We do not attempt to account for mass renormalization effects, as the masses are

anyway of power-suppressed importance at very high virtualities. Additional perturbative corrections near

the weak scale are also neglected.
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massive, interaction basis
massive, mass basis

(must rotate gauge couplings as usual)

cf, Ciafaloni & Comelli, hep-ph/0505047

• From hard process, need density matrix
• Mass eigenstates projected out “after” 

parton shower (practically at ~mZ) 
• Similar story for Higgs (complex rotation)



Remaining EWSB Effects:
Exiting the Shower

• Splitting functions acquire mass terms
–  
– leads to dead cones at kT ~ m, or ! ~ m/E

• Sometimes get a pole instead of a dead cone
– solution: halt shower at m + (a few)*!  and implement Breit-

Wigner decay routine (+ projections for mixed states)
– shower and decay predictions indeed overlap here

• Dead cones also become populated by showering 
effects unavailable to conventional collinear shower
– “ultra-collinear” shower
– directly analogous to massive fermion helicity violations in 

QCD, QED showers

|k⃗A|). Our specific implementation in Section 5 uses the three-momentum fraction

z !
|k⃗B |

|k⃗B | + |k⃗C |
, (2.4)

which makes phase space suppression in the non-relativistic limit more transparent. How-

ever, in the relativistic regime, where the collinear factorization is strictly valid, all of these

definitions are equivalent, and we do not presently make a further distinction.1

In the simplest cases, generalizing the collinear splitting function calculations to ac-

count for masses is straightforward. Up to the non-universal and convention-dependent

factors that come into play in the non-relativistic limit, the splitting functions can be

expressed as

dPA→B+C

dz dk2T
"

1

16π2
zz̄ |M (split)|2

(k2T + z̄m2
B + zm2

C # zz̄m2
A)

2
. (2.5)

Here, M (split) is the A $ B + C splitting matrix-element, which can be computed from

the corresponding amputated 1 $ 2 Feynman diagrams with on-shell polarization vectors

(modulo gauge ambiguities, which we discuss later). This may or may not be spin-averaged,

depending on how much information is to be kept in the shower. Depending upon the

kinematics, the mass-dependent factors in the denominator act to either effectively cut

off collinear divergences at small kT or, in final-state showers, to possibly transition the

system into a resonance region. In cases where interference between different mass eigen-

states can be important, this basic framework must be further generalized. Resonance and

interference effects are introduced in Section 2.3.

On dimensional grounds, |M (split)|2 goes like either k2T or some combination of the

various m2’s. Conventional splitting functions typically scale like dk2T /k
2
T , which is exhib-

ited by all of the gauge and Yukawa splittings of the massless unbroken electroweak theory,

as to be shown in Section 3. There can also be mass-dependent splitting matrix elements

that lead to m2dk2T /k
4
T type scaling. These splittings are highly suppressed for kT %> m.

However, they are much more strongly power-enhanced at low kT , a behavior which we

call ultra-collinear. Upon integration over kT , the total rate for an ultra-collinear splitting

comes out proportional to dimensionless combinations of couplings and masses, with the

vast majority of the rate concentrated near kT %m. Such processes exist in familiar con-

texts like QED and QCD with massive fermions, for example the helicity-flipping splittings

eL $ γeR and g $ bLb̄L. They are usually not treated as distinct collinear physics with

their own universal splitting functions, though they are crucial for systematically modeling

shower thresholds. We choose to treat them on independent footing, since the thresh-

old behaviors of the electroweak shower are highly nontrivial, including processes that are

qualitatively different from the massless limit.

1There is unavoidably some frame-dependence to this setup, as there is in all parton showers that are

defined strictly using collinear approximations. A more complete treatment would exhibit manifest Lorentz-

invariance and control of the low-momentum region, at the expense of more complicated book-keeping of

the global event structure, by using superpositions of different 2 → 3 dipole splittings. Extending our

treatment in this manner is in principle straightforward, but beyond the scope of the present work.
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Goldstone Equivalence “Violation”

⊗

φ0, φ±
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Figure 2 : Fixed-order di! erential emission rate for W± bosons o! a massless fermion
at Ef = 10 TeV: (a) kT distribution at z = 0 .2, (b) z distribution at kT = mW / 2. The
di! erent curves correspond to massless transversely-polarized W±

T (dotted curves), massive
transversely-polarizedW±

T (solid curves), and massive longitudinally-polarizedW±
L (dashed

curves).

gauge bosons a mass is a common trick for regulating QCD and QED calculations. In the
electroweak theory, such regulated splitting functions become physically meaningful.

Figure 2 also shows a contribution from longitudinal gauge boson radiation o! of a
massless fermion (dashed curves). This is a good example of an Òultra-collinearÓ pro-
cess which emerges after EWSB at leading power inv/E . In this case it has a splitting
probability of the form

dP ∼
m2

W

k2
T

dk2T
k2
T

. (4.1)

The rate is seen to be signiÞcant in the regionkT ∼ mW , and it can be larger than
the conventional transverse emissions in the ultra-collinear region kT ∼< mW as seen in
Fig. 2(a). We further show in Fig. 2(b) the z distribution at kT = mW / 2, where we
can see the dominance of the longitudinal polarization (dashed curve) over the transverse
polarization (solid curve) for all values of z at weak-scale values ofkT . Here we have
deÞnedz as three-momentum fraction, employed a strict kinematic cut-o! z > k T /E , and
multiplied the splitting rate by the W velocity to account for non-relativistic phase space
suppression.

Considering emissions from light initial-state fermions, the ultra-collinear origins of
these longitudinal weak bosons leads to quite distinctive PDFs [19Ð21]. Due to the existence
of an explicit mass scalemW ∼ gv, the resulting PDFs exhibit Bjorken scaling [66]. In
other words, they do not run logarithmically and do not exhibit the usual scaling violations
of conventional PDFs in massless gauge theories. Consequently, the ISR jets associated

rates for splitting angles !< 1 when the splitting is deÞned in the hard scatter frame.

Ð 18 Ð

ZL, WL±
...or...

GE-violating part of shower is strictly ultra-
collinear, kT ~ mW

(dominates that region, otherwise accounts 
for ~14% of integrated emissions)

WT,L emission from 10 TeV LH 
massless fermion

* Very well-known effect: Kane, Repko, Rolnik (1984), Dawson (1985), Chanowitz & Gaillard (1985)

General shower formulas:

dP(a → bc)

dzb d logQ2
a

=
1

16π2

zbzcEa(|p⃗a|+ |p⃗b|)

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|p⃗a,b|

|p⃗a|+ |p⃗b|
(1)

dP(a → bc)

dz dk2
T

≃
1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

dP

dz d logQ2
∝

1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

n(k) · A(k) = 0 (2)

〈

AT (k)AT (−k)
〉

=
i

k2 −m2
(3)

long. polarization ϵµφ(k) ≡

√

|k2|

n(k) · k
nµ(k) (4)

dPT ∝
dz

z

dθ

θ
⇒ PT ∝ log2

(

E

mW

)

(5)

dPL ∝
m2

W

E2

dz

z3
dθ

θ3
⇒ PL ∝ log

(

E

mW

)

(6)

Unrelated stuff for my job talks:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (7)

2

General shower formulas:
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dzb d logQ2
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=
1

16! 2

zbzcEa(|"pa|+ |"pb|)
EbEc

Q2
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(Q2
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2
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|"pa|+ |"pb|
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T
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∝
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E
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2

vs conventional gauge splitting:



Preview of PDFs (Parton Lumis)

Sets the stage for 10’s of TeV VBF, spontaneous quark PDF polarization, etc
(Work in progress)
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Figure 3 : Representative parton luminosities in pp collisions at (a)
!

S = 14 TeV,

(b)
!

S = 100 TeV, and (c) the ratio of luminosities between the two beam energies

as a function of partonic CM energy
!

s.

for W (Z ) events. A second clear concentration of events occurs at ! R(W, Z ) " π and near-

maximal relative HT indicating W q production with a secondary q # Zq splitting. A third,

more subtle concentration is visible at ! R(W, Z ) " π and low relative HT , representing

Zq production with a secondary q # W q′ splitting.

We can show how portions of this distribution arise within an available showering

framework by generating V j events within PYTHIA8, and applying its native weak parton

shower [47]. This shower currently includes only q # V qsplittings, and does not model the

V # V V splittings responsible for the dominant rate near ! R(W, Z ) " 0. The resulting

incomplete distribution is shown in Fig. 4(b).

As a step toward gaining a more complete picture, we show in Fig. 4(c) the same

distribution with hard V j events supplied by PYTHIA8 but dressed with our own EW FSR

treatment (Appendix D), for the moment using fixed-order splitting functions and without

Sudakov evolution e" ects. Now including V # V V as well as V # V q, the agreement
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forW (Z) events. A second clear concentration of events occurs at∆R(W,Z) ≃ π and near-

maximal relativeHT indicatingWq production with a secondary q → Zq splitting. A third,

more subtle concentration is visible at ∆R(W,Z) ≃ π and low relative HT , representing

Zq production with a secondary q →Wq′ splitting.

We can show how portions of this distribution arise within an available showering

framework by generating V j events within PYTHIA8, and applying its native weak parton

shower [47]. This shower currently includes only q → V q splittings, and does not model the

V → V V splittings responsible for the dominant rate near ∆R(W,Z) ≃ 0. The resulting

incomplete distribution is shown in Fig. 4(b).

As a step toward gaining a more complete picture, we show in Fig. 4(c) the same

distribution with hard V j events supplied by PYTHIA8 but dressed with our own EW FSR

treatment (Appendix D), for the moment using fixed-order splitting functions and without

Sudakov evolution effects. Now including V → V V as well as V → V q, the agreement
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for W (Z ) events. A second clear concentration of events occurs at ! R(W, Z ) ≃ π and near-

maximal relative HT indicating W q production with a secondary q → Zq splitting. A third,

more subtle concentration is visible at ! R(W, Z ) ≃ π and low relative HT , representing

Zq production with a secondary q → W q! splitting.

We can show how portions of this distribution arise within an available showering

framework by generating V j events within PYTHIA8, and applying its native weak parton

shower [47]. This shower currently includes only q → V qsplittings, and does not model the

V → V V splittings responsible for the dominant rate near ! R(W, Z ) ≃ 0. The resulting

incomplete distribution is shown in Fig. 4(b).

As a step toward gaining a more complete picture, we show in Fig. 4(c) the same

distribution with hard V j events supplied by PYTHIA8but dressed with our own EW FSR

treatment (Appendix D), for the moment using fixed-order splitting functions and without

Sudakov evolution e" ects. Now including V → V V as well as V → V q, the agreement
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General Ultra-Collinears
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Figure 13 : Representative ultra-collinear splittings with multiple contributing diagrams.

The e! ects of the VEV are indicated schematically by the symbol ⊗.
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E.g.

Unbroken theory 1! 3 
process with Higgs

Broken theory 1! 2 
process ~ VEV

• Computation greatly facilitated by working in “physical” gauges
– Goldstone fields propagate and interpolate external particles
– the would-be longitudinal gauge boson field interpolates the 
same particle, via a remainder longitudinal polarization vector   
(" Lµ - kµ/m) ~ m/E,  instead of the usual problematic E/m

* appears in vertex and 
wavefunction factors



All EWSB Ultra-Collinears

! !

φ/VL

! !

h

! "

1

16π2

v2

k̃4T

(

1

z

)

1

16π2

v2

k̃4T

1

16π2

v2

k̃4T

→ VL f (!)
s (V ̸=γ) h fs VT f (!)

-s

fs=L

(

IVf (y2f z̄ − y2
f(′))z −QV

fL
g2V z̄

)2 1
4y

4
fz(1 + z̄)2 g2V z

(

QV
fR

yf z̄ −QV
fL
yf(′)

)2

fs=R

(

IVf yfyf(′)z2 −QV
fR

g2V z̄
)2 1

4y
4
fz(1 + z̄)2 g2V z

(

QV
fL
yf z̄ −QV

fR
yf(′)

)2

Table 4: Ultra-collinear fermion splitting functions dP/dz dk2T in the broken phase. Wavy

lines represent transverse gauge bosons, while the longitudinals/Goldstones and Higgs

bosons are represented by dashed lines. The k̃4T symbol is defined in Eq. (4.6). The

IVf symbol is a shorthand for the “charge” of a fermion in its Yukawa coupling to the eaten

Goldstone boson, or equivalently the fermion’s axial charge under the vector V . These

are normalized to approximately follow the weak isospin couplings, but are defined inde-

pendently of the fermion’s helicity: IZu = 1/2, IZd/e = −1/2, IW±

u = IW
±

d/e = 1/
√
2. Other

conventions are given in Appendix B.

the mass basis γ/ZT and h/ZL. The former requires the usual rotation by θW in gauge

space. The latter is accomplished by a U(2) rotation into the standard CP-eigenstates. The

showering must still be performed coherently in order to capture nontrivial effects such as

the flow of weak isospin and Higgs number. The full treatment is detailed in Appendix C.

One residual complication is that the off-diagonal terms in the splitting function matrices

are proportional to products of different propagator factors. E.g., for a γ/ZT state, the

appropriate modification factor for dPγZ would use instead

k̃4T → (k2T + z̄m2
B + zm2

C)(k
2
T + z̄m2

B + zm2
C − zz̄m2

Z) . (4.7)

We also note that our convention here is to align the phases of external ZL states with

those of the eaten scalar φ0. Consequently, terms like dPhZL
are pure imaginary.

The above modifications do not explicitly address possible running effects in the masses.

Indeed, the numerical impact of the mass terms in the shower is anyway highly suppressed

except at splitting scales ofO(v). Still, some cases, such as kinematics with kT ∼ v butQ≫
v, might require special care in the inclusion of higher-order radiative corrections. Similar

considerations apply to the purely ultra-collinear splitting processes discussed below.

4.2.2 Ultra-collinear broken-phase splitting functions

The remaining task is to compute all of the ultra-collinear splitting functions, proportional

to the EWSB scale like in Eq. (4.1). Generalizing the standard massless-fermion f →WLf ′

calculation [19–21], we include the splittings involving arbitrary particles in the SM. The

electroweak VEV (v), to which all of these splitting functions are proportionate, has been

explicitly extracted, as well as universal numerical factors, the kinematic factor k̃4T as

in Eq. (4.6) or Eq. (4.7), and the leading soft singularity structure (1/z, 1/z̄, or 1/zz̄).
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T
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L W+
T
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T e2g22 z̄
3 1

4c
2
W g42 z̄

(

(1 + z̄) + t2W z
)2 1

4g
4
2 z̄(1 + z̄)2 0

γT 0 0 0 e2g22 z̄

ZT 0 0 0 1
4c

2
W g42 z̄

(

(1 + z̄)− t2W z
)2

[γZ]T 0 0 0 1
2cW eg32 z̄

(

(1 + z̄)− t2W z
)

h ⇒

⇒

1

16π2

v2

k̃4T

1

16π2

v2

k̃4T

→ h VT (V ̸=γ) fs f̄
(′)
s

VT
1
4zz̄g

4
V

1
2g

2
V

(

QV
fs
yf(′)z +QV

f-s
yf z̄
)2

[γZ]T 0 1
2egZy

2
fQ

γ
f

(

QZ
fs
z +QZ

f-s
z̄
)

Table 5: Ultra-collinear transverse vector splitting functions dP/dz dk2T in the broken

phase. For the off-diagonal incoming [γZ]T , the k̃4T symbol is defined in Eq. (4.7). Other

conventions are as in Table 4 and in Appendix B.

phase. This is particularly important for the generation of the mixed γ/ZT PDF.

5 Shower Implementation and Related New Phenomena

We are now in a position to implement the splitting formalism and to present some initial

physics results. Our studies here involving PDFs have been generated using simple numer-

ical integration techniques. Our studies involving final-state radiation, which provide much

more exclusive event information, have been generated using a dedicated virtuality-ordered

weak showering code. Some technical aspects of this code can be found in Appendix D.

We do not presently study the more technically-involved exclusive structure of weak ISR

radiation. More detailed investigations of specific physics applications will appear in future

work [67].

We first show some representative integrated splitting rates for an illustrative set of

electroweak splitting processes in Table 7, at incoming energies of 1 and 10 TeV, as well as

the leading-log asymptotic behavior. We have mainly focused on examples from Sections 3

and 4 that exhibit single- or double-logarithmic scaling with energy. Unless otherwise
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Table 6: Ultra-collinear longitudinal vector boson and Higgs boson splitting functions

dP/dz dk2
T . The Higgs quartic coupling λh is normalized such that m2

h = λhv2/2. For the

o! -diagonal incoming [hZL ], the k̃4
T symbol stands for (k2

T + z̄m2
B + zm2

C − zz̄m2
h) · (k

2
T +

z̄m2
B + zm2

C − zz̄m2
Z ). Other conventions are as in Tables 4, 5 and in Appendix B.
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Our Shower MC

• Currently PYTHIA6-like virtuality-ordered
– easier to match onto resonances
– collinear approximation, no coherence between dipoles

• Polarizations kept explicit (helicity basis)
• Massive splitting functions and ultra-collinears
• Kinematic reweighting of secondary splittings/decays

– especially useful for neutral bosons, mass unknown a priori!

• Interleaved with QCD, automatic transition to QED
• Only FSR (so far)
• Built in C++...ideally later adapt to run within existing 

shower frameworks
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Figure 4: Event population for exclusive WZ + j production in the plane of 2pT (W )/HT

versus ∆R(W,Z) with pT (j) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 Þxed-
order WZj production generated with MadGraph; (b) 2 → 2 dressed with thePYTHIAweak
shower, which includes onlyq → V q splittings; (c) 2 → 2 Wj and Zj production dressed
with Þxed-order FSR splitting functions; (d) 2 → 2 dressed with the full EW FSR shower,
including all collinear Þnal-state Sudakov effects. QCD showering is not incorporated. An
integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regionswhere we expect splitting
functions to furnish a reliable description.18

18Physics parameters here and in the MadGraphsimulation are evaluated at a fixed scale of mZ for

simplicity of comparison, using MadGraph’s defaults. The PDF set is CTEQ6L1, evaluated at a factorization

scale of 3 TeV. The PYTHIAsimulation does not track fermion chirality throughout the hard event, and

directly collapses γ/Z states into mass basis instead of providing a gauge-space wave function. We have

explicitly corrected for both of these effects in this comparison and below.
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Figure 4 : Event population for exclusive W Z + j production in the plane of 2pT (W )/H T

versus ∆R(W, Z ) with pT (j ) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 fixed-

order W Zj production generated with MadGraph; (b) 2→ 2 dressed with the PYTHIA weak

shower, which includes only q→ V q splittings; (c) 2 → 2 W j and Zj production dressed

with fixed-order FSR splitting functions; (d) 2→ 2 dressed with the full EW FSR shower,

including all collinear final-state Sudakov effects. QCD showering is not incorporated. An

integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regions where we expect splitting

functions to furnish a reliable description.18

18Physics parameters here and in the MadGraph simulation are evaluated at a fixed scale of mZ for

simplicity of comparison, using MadGraph’s defaults. The PDF set is CTEQ6L1, evaluated at a factorization

scale of 3 TeV. The PYTHIA simulation does not track fermion chirality throughout the hard event, and

directly collapses γ/Z states into mass basis instead of providing a gauge-space wave function. We have

explicitly corrected for both of these effects in this comparison and below.

– 31 –

R(W,Z)∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
(W

) /
 H

T
2p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

500

1000

1500

2000

2500

3000

3→Fixed-order 2

(a)
R(W,Z)∆

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
(W

) /
 H

T
2p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

500

1000

1500

2000

2500

3000

2 + PYTHIA weak FSR shower→2

(b)

R(W,Z)∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
(W

) /
 H

T
2p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

500

1000

1500

2000

2500

3000

2 + fixed-order EW FSR→2

(c)
R(W,Z)∆

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

T
(W

) /
 H

T
2p

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

500

1000

1500

2000

2500

3000

2 + full EW FSR shower→2

(d)

Figure 4 : Event population for exclusive WZ + j production in the plane of 2pT (W )/HT

versus ∆R(W,Z) with pT (j) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 Þxed-
order WZj production generated with MadGraph; (b) 2 → 2 dressed with thePYTHIA weak
shower, which includes onlyq → V q splittings; (c) 2 → 2 Wj and Zj production dressed
with Þxed-order FSR splitting functions; (d) 2 → 2 dressed with the full EW FSR shower,
including all collinear Þnal-state Sudakov effects. QCD showering is not incorporated. An
integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regionswhere we expect splitting
functions to furnish a reliable description.18

18Physics parameters here and in the MadGraphsimulation are evaluated at a fixed scale of mZ for

simplicity of comparison, using MadGraph’s defaults. The PDF set is CTEQ6L1, evaluated at a factorization

scale of 3 TeV. The PYTHIAsimulation does not track fermion chirality throughout the hard event, and

directly collapses ! /Z states into mass basis instead of providing a gauge-space wave function. We have

explicitly corrected for both of these e! ects in this comparison and below.
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Figure 4: Event population for exclusive WZ + j production in the plane of 2pT (W )/HT

versus ∆R(W,Z) with pT (j) ≥ 3 TeV at a 100 TeV proton collider. (a) 2 → 3 fixed-

order WZj production generated with MadGraph; (b) 2→ 2 dressed with the PYTHIA weak

shower, which includes only q → V q splittings; (c) 2 → 2 Wj and Zj production dressed

with fixed-order FSR splitting functions; (d) 2→ 2 dressed with the full EW FSR shower,

including all collinear final-state Sudakov effects. QCD showering is not incorporated. An

integrated luminosity of 10 ab−1 is used for illustration.

becomes quite good in all of the collinear-enhanced regions where we expect splitting

functions to furnish a reliable description.18

18Physics parameters here and in the MadGraph simulation are evaluated at a fixed scale of mZ for

simplicity of comparison, using MadGraph’s defaults. The PDF set is CTEQ6L1, evaluated at a factorization

scale of 3 TeV. The PYTHIA simulation does not track fermion chirality throughout the hard event, and

directly collapses γ/Z states into mass basis instead of providing a gauge-space wave function. We have

explicitly corrected for both of these effects in this comparison and below.
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MadGraph PYTHIA 8 EW shower

PYTHIA 8 + Our shower
* Fixed-order EW splits

PYTHIA 8 + Our shower
* Full EW Sudakov evolution

W Z

* O(10%) corrections
beyond fixed-order
...should really be 

talking about      
“weak jets”



A Look at Multiple Emissions
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Figure 5: Normalized rates versus the number of multiple Þnal-stateW/Z emissions with
a 10 TeV initial state particle, (a) dL -initiated showers for q ! V q and V ! V V splittings
with full EW FSR (solid histogram), q ! V q splitting only (long-dashed), and q ! V q

without back-reaction correction (short-dashed). Output from PYTHIAq ! V q weak shower
is also included for comparison (dotted histogram). (b) WT -initiated showers for fully
constrained FSR (solid histogram), compared with various stages of approximations as
labeled.

Besides the simpler generation of high-multiplicity Þnal-states in collinear regions, the
advantage of the parton shower is the ability to automatically fold in Sudakov corrections,
going beyond Þxed-order predictions. We show the result of running the full parton shower
evolution Fig. 4(d), including as well important contributions such as V ! f øf . Exclusive
W±Z(q/g) events are selected as including exactly one each of Òon-shellÓW and Z, deÞned
as lying within 10Γ of their pole mass, and we allow for multiple photon emissions. While
the distribution looks similar to that at Þxed-order, the ov erall rates in the collinear regions
are reduced by several tens of percent due to the Sudakov corrections.

While formally any secondary parton splittings involve rate penalties ofO(! W ), they
become progressively more log-enhanced at high energies. This is again in close analogy to
QCD. However, unlike in QCD, individual weak splittings in a rbitrarily soft/collinear limits
are in principle both observable and subject to perturbative modeling. Figure5 shows the
predicted number of W/Z generated from showering off a highly energetic particle with
E = 10 TeV. In this calculation, we keep the weak bosons stable and include only the
splittings f ! V f and V ! V V . QCD showering is also turned off. We construct Òweak
jetsÓ by clustering particles with the anti-kT algorithm [90] with R = " /2, and count the
contained W/Z bosons. In Fig. 5(a), we show the results for a left-handed chiral fermion
(dL ). Roughly speaking, we see that the emission of each additional gauge boson comes
with an O(10%) suppression factor, which can be compared to the naive(not log-enhanced)
O(1%) suppression typical of adding gauge bosons to lower-energy processes. The solid
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Figure 5 : Normalized rates versus the number of multiple Þnal-stateW/Z emissions with
a 10 TeV initial state particle, (a) dL-initiated showers for q ! V q and V ! V V splittings
with full EW FSR (solid histogram), q ! V q splitting only (long-dashed), and q ! V q
without back-reaction correction (short-dashed). Output from PYTHIAq ! V qweak shower
is also included for comparison (dotted histogram). (b) WT -initiated showers for fully
constrained FSR (solid histogram), compared with various stages of approximations as
labeled.

Besides the simpler generation of high-multiplicity Þnal-states in collinear regions, the
advantage of the parton shower is the ability to automatically fold in Sudakov corrections,
going beyond Þxed-order predictions. We show the result of running the full parton shower
evolution Fig. 4(d), including as well important contributions such as V ! f øf . Exclusive
W ± Z (q/g) events are selected as including exactly one each of Òon-shellÓW and Z , deÞned
as lying within 10! of their pole mass, and we allow for multiple photon emissions. While
the distribution looks similar to that at Þxed-order, the ov erall rates in the collinear regions
are reduced by several tens of percent due to the Sudakov corrections.

While formally any secondary parton splittings involve rate penalties ofO(! W ), they
become progressively more log-enhanced at high energies. This is again in close analogy to
QCD. However, unlike in QCD, individual weak splittings in a rbitrarily soft/collinear limits
are in principle both observable and subject to perturbative modeling. Figure5 shows the
predicted number of W/Z generated from showering o" a highly energetic particle with
E = 10 TeV. In this calculation, we keep the weak bosons stable and include only the
splittings f ! V f and V ! V V. QCD showering is also turned o" . We construct Òweak
jetsÓ by clustering particles with the anti-kT algorithm [90] with R = " / 2, and count the
contained W/Z bosons. In Fig. 5(a), we show the results for a left-handed chiral fermion
(dL). Roughly speaking, we see that the emission of each additional gauge boson comes
with an O(10%) suppression factor, which can be compared to the naive(not log-enhanced)
O(1%) suppression typical of adding gauge bosons to lower-energy processes. The solid
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Agree with PYTHIA 8 at 
first emission. Beyond 
that, need V! VV and 

back-reaction corrections.

Pure “weak jets”
(not showing hard γs)



Coherence Examples
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Figure 7 : Invariant mass distributions for W+W ! produced in the EW splitting of a 2.5
TeV ! /Z neutral boson, initiated from (a) eL current with full coherent EW FSR (solid
curve), Þxed-order FSR (dashed curve), and the hypothetical incoherent ! or Z splittings
(lower curves); (b) eR current with full coherent EW FSR (solid curve) and the hypot hetical
incoherent ! or Z splittings (upper curve).

In considering determination of the top-quark Yukawa coupling in the processestøth/t øtZ
at high energies [100], the qualitative features shown here should be informative.

5.4 EW Showers initiated by neutral bosons

The neutral bosons ! , ZT , h, and ZL contain rich physics at high energies, but their
showering requires special treatment due to the presence ofsizable interference e! ects.

5.4.1 ! /Z T coherence

For the ! /Z T system, these interference e! ects have two aspects: the mass basis is mis-
aligned with the gauge interaction basis, and even when viewed within the B 0/W 0 interac-
tion basis, the existence of a preferred physical isospin basis for asymptotic states leads to
observable coherence betweenB 0 and W 0 exchanges. A rigorous Þnal-state shower must
address both of these aspects simultaneously by using Sudakov evolution based on density
matrices, as outlined in Section2.3.2. More speciÞc details can be found in AppendixC.

As a simple example of the basis alignment issue, consider high energy showering
of neutral bosons ! /Z ! W+W ! . A naive treatment would shower the photon and Z
including the triple-vector processes! ! W+W ! and Z ! W+W ! .20 However, depending
on the gauge charges of the initial sources, the interference between these two mass-basis
splitting channels can beO(1). In particular, for an energetic ! /Z emitted from a right-
handed chiral electron line, the SU(2)L content of the produced neutral gauge bosons is
practically zero, suggesting a near absence of collinearW+W ! splittings in the Þnal state.

20 Such a simpliÞcation has been made in [51] for neutral bosons produced in dark matter annihilation.
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Figure 7 : Invariant mass distributions for W + W ! produced in the EW splitting of a 2.5
TeV ! /Z neutral boson, initiated from (a) eL current with full coherent EW FSR (solid
curve), Þxed-order FSR (dashed curve), and the hypothetical incoherent ! or Z splittings
(lower curves); (b) eR current with full coherent EW FSR (solid curve) and the hypot hetical
incoherent ! or Z splittings (upper curve).

In considering determination of the top-quark Yukawa coupling in the processestøth/t øtZ
at high energies [100], the qualitative features shown here should be informative.

5.4 EW Showers initiated by neutral bosons

The neutral bosons ! , ZT , h, and ZL contain rich physics at high energies, but their
showering requires special treatment due to the presence ofsizable interference effects.

5.4.1 ! /Z T coherence

For the ! /Z T system, these interference effects have two aspects: the mass basis is mis-
aligned with the gauge interaction basis, and even when viewed within the B 0/W 0 interac-
tion basis, the existence of a preferred physical isospin basis for asymptotic states leads to
observable coherence betweenB 0 and W 0 exchanges. A rigorous Þnal-state shower must
address both of these aspects simultaneously by using Sudakov evolution based on density
matrices, as outlined in Section2.3.2. More speciÞc details can be found in AppendixC.

As a simple example of the basis alignment issue, consider high energy showering
of neutral bosons ! /Z → W + W ! . A naive treatment would shower the photon and Z
including the triple-vector processes! →W + W ! and Z →W + W ! .20 However, depending
on the gauge charges of the initial sources, the interference between these two mass-basis
splitting channels can beO(1). In particular, for an energetic ! /Z emitted from a right-
handed chiral electron line, the SU(2)L content of the produced neutral gauge bosons is
practically zero, suggesting a near absence of collinearW + W ! splittings in the Þnal state.

20Such a simplification has been made in [51] for neutral bosons produced in dark matter annihilation.
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Figure 8: Invariant mass distributions for fermion pairs produced in the EW splitting of a

2.5 TeV γ/Z neutral boson, sourced by an eL current, for exclusive final states (a) νLν̄R, (b)

ℓ−Lℓ
+
R, and (c) ℓ−Rℓ

+
L . Three treatments of the showering neutral bosons are: hypothetical

incoherent B0/W 0 (dotted), incoherent γ/Z (dashed), and the full coherent EW evolution

(solid).

that flows through the shower. As a simple illustration, consider high energy production

of W+
T → (h/ZL)W

+
L . The coherently mixed h/ZL carries Higgs number of −1, and cor-

responds to the “anti-Higgs” state H0∗. This state preferentially splits into W+
T W−

L (or,

equivalently, W+
T φ

−), as shown in the top curve of Fig. 9(a), labeled by the W helicities and

charges as T+L−. The charge conjugate state W+
L W−

T (labeled L+T−) carries the opposite

Higgs number and thus is highly suppressed. It arises only at low virtuality, mainly due

to the Higgs-Z mass difference. An incoherently-showered admixture of h and ZL would

instead distribute probability equally between these two different polarization channels, as

shown in the figure with the middle curve. (A similar charge-polarization correlation also

occurs in splittings to top quark pairs.)
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Figure 9 : (a) W + W ! invariant mass distributions from the EW splitting of a 10 TeV

h/ZL (H0" ) → W + W ! , labeled by the helicities and charges as T + L! , L+ T ! , T + T ! ,

and L+ L! . The “incoherent T + L! or L+ T ! ” curve shows the corresponding result from

showering h and ZL states independently. (b) Kinematic ∆R separation between the final

state Higgs boson pair for the ultra-collinear splitting process h→ hh from a 1 TeV Higgs

boson.

The contributions from the other sub-leading ultra-collinear polarization channels are

shown by curves labeled L+ L! and T + T ! . Though not obvious from the virtuality dis-

tributions, we note that coherence effects also significantly influence these channels. In

particular, the ultra-collinear splitting H0" → W +
L W !

L inherits the soft divergence from

the regular gauge splitting H0" →W +
T W !

L , but only in the limit as the W +
L becomes soft.

Similarly for the CP-conjugate process. The individual h and ZL incoherent showers, on

the other hand, exhibit parts of the soft-singular behaviors of each of their H0 and H0"

components. See Table 6.

As a final novel example of neutral boson showering, we consider the purely ultra-

collinear splitting h → hh. This proceeds through the Higgs cubic interaction that arises

after EWSB, and it is the unique 1→ 2 splitting process in the SM that is strictly propor-

tional to Higgs boson self-interaction λh. Isolating the h component of a general energetic

h/ZL state, the total splitting rate comes out to about 0.14% for E ≫ mh. We illustrate in

Fig. 9(b) the kinematic distribution ∆R(h, h), for an example initial Higgs energy of 1 TeV.

The distribution peaks at roughly 2mh/E, which in this example is close to 0.25. Gener-

ally, the majority of the phase space for high-energy production hhX for any X becomes

dominated by such collinear configuration. While this ultra-collinear splitting process lacks

any log-enhancements, integrating the splitting phase space yields a total rate relative to

hX that scales like λh/16π2, whereas the non-collinear regions contribute a relative rate of

order λ2
h/16π

2×v2/E2. Therefore the “collinear enhancement” here is E2/λhv2 ∼ E2/m2
h,

rather than a conventional logarithm. Though the splitting rate is still quite small, for a
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Shower+Decay Example:
Polarized 10 TeV Top
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Figure 12: Invariant mass distributions for EW decay/splitting of a 1 0 TeV polarized
top quark for (a) conventional-collinear tL → W+

T bL and ultra-collinear tL → W+
L bL, and

(b) conventional-collinear tR →W+
L bL and ultra-collinear tR →W+

T bL. Decay and shower
are matched at 187 GeV (vertical dashed line). The conventional-collinear contributions
correspond to the upper histograms, while the ultra-collinear contributions correspond to
the lower histograms.

Of course, given the small value ofyb, this process ends up becoming highly suppressed in
practice. The results in Eqs. (B.20) and (B.22) lead to some of the formulas in Table4.

When combined with conventional collinear top quark splitt ings, the ultra-collinear
splittings become important for modeling the approach to the top resonance peak. This
includes as well the processtR → W+

T bL. We show these individual shower contribu-
tions and their continuity with a simple Breit-Wigner model of top decay (weighted by
Γt(M (Wb))/Γt(mt)) in Fig. 12. Here we have taken 10 TeV top quarks of either helic-
ity, zooming into near the top quark pole, and set a decay/shower matching threshold
of 187 GeV. All polarizations are measured in Òlab frameÓ (asopposed to the topÕs rest
frame). QCD and other electroweak showering effects are not incorporated.

We have seen above how GEG allows us to organize the amplitudeÕs dependence
on EWSB by explicitly decomposing it into individual mass-insertion terms, or equiva-
lently VEV-insertion terms. External-state fermion mass insertions are found by Taylor-
expanding the fermion Dirac spinors, and external-state gauge boson mass insertions are
found via the remainder polarization ϵn. For more general processes, there may also be
three-point interactions that function as VEV-insertions , such as interactions between the
scalars or thehV µVµ vertices (listed in Sec.B.3). Generally, we may rather straightfor-
wardly construct any ultra-collinear amplitude at O(v) by adding together diagrams with
exactly one mass-insertion or EWSB interaction. Besides helping to organize a calculation,
this approach serves as a convenient tool for visualizing where different EWSB contribu-
tions arise in a given amplitude. Figures13 provide several examples, including

• Fig. 13a: tL →W+
L bL, representative calculation for Table 4;
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Figure 12 : Invariant mass distributions for EW decay/splitting of a 1 0 TeV polarized
top quark for (a) conventional-collinear tL ! W+

T bL and ultra-collinear tL ! W+
L bL, and

(b) conventional-collinear tR ! W+
L bL and ultra-collinear tR ! W+

T bL. Decay and shower
are matched at 187 GeV (vertical dashed line). The conventional-collinear contributions
correspond to the upper histograms, while the ultra-collinear contributions correspond to
the lower histograms.

Of course, given the small value ofyb, this process ends up becoming highly suppressed in
practice. The results in Eqs. (B.20) and (B.22) lead to some of the formulas in Table4.

When combined with conventional collinear top quark splitt ings, the ultra-collinear
splittings become important for modeling the approach to the top resonance peak. This
includes as well the processtR ! W+

T bL. We show these individual shower contribu-
tions and their continuity with a simple Breit-Wigner model of top decay (weighted by
Γt(M (W b)) / Γt(mt)) in Fig. 12. Here we have taken 10 TeV top quarks of either helic-
ity, zooming into near the top quark pole, and set a decay/shower matching threshold
of 187 GeV. All polarizations are measured in Òlab frameÓ (asopposed to the topÕs rest
frame). QCD and other electroweak showering effects are not incorporated.

We have seen above how GEG allows us to organize the amplitudeÕs dependence
on EWSB by explicitly decomposing it into individual mass-insertion terms, or equiva-
lently VEV-insertion terms. External-state fermion mass insertions are found by Taylor-
expanding the fermion Dirac spinors, and external-state gauge boson mass insertions are
found via the remainder polarization ϵn. For more general processes, there may also be
three-point interactions that function as VEV-insertions , such as interactions between the
scalars or thehV µVµ vertices (listed in Sec.B.3). Generally, we may rather straightfor-
wardly construct any ultra-collinear amplitude at O(v) by adding together diagrams with
exactly one mass-insertion or EWSB interaction. Besides helping to organize a calculation,
this approach serves as a convenient tool for visualizing where different EWSB contribu-
tions arise in a given amplitude. Figures13 provide several examples, including

• Fig. 13a: tL ! W+
L bL, representative calculation for Table 4;
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Figure 6: Invariant mass distributions for EW splittings initiated by a 10 TeV polar-

ized top quark (a) for tL → Wb (top curve), tR → Wb (middle curve) and a fixed-

width Breit-Wigner for unpolarized top decay without shower (lower curve); (b) for

tR → htL/ZLtL, ZT tR (upper curves) and to htR, ZLtR (lower curves), respectively.

smaller rate (middle curve). Ultra-collinear emissions are necessary for properly modeling

the shower/decay transition, as shown in more detail in Appendix B (see Fig. 12). We also

show the unpolarized top decay with a fixed-width Breit-Wigner without shower (lower

curve in Fig. 6(a)). The events are understandably much more constrained to the region

M(Wb) ≃ mt. It is very important to appreciate the difference, for example since one must

properly model the properties of off-shell top quarks in searching for new physics [93–98]

associated with the top quark as well as the Higgs sector.

Top quarks may also radiate Higgs bosons and, analogously, longitudinal Z bosons.

Both of these Yukawa-showering processes occur with similar rates off of left-handed and

right-handed tops, and grow single-logarithmically with energy. In Fig. 6(b), we present a

10 TeV right-handed top quark splitting via the EW shower. The rates for tR → htL and

to ZLtL are governed by the Yukawa coupling and essentially the same, due to the GET.

The channel tR → ZT tR, shown for reference, is via the gauge coupling of nearly pure B0,

which is rather small. The other two channels tR → htR, ZLtR are helicity-conserving

scalar emissions and are of the ultra-collinear nature. The integrated splitting rates for

all the above channels are of similar size: P(tR → htL) ≃ P(tR → ZLtL) ≈ 7.2 × 10−3,

P(tR → htR) and P(tR → ZT tR) ≈ 4.5× 10−3, and P(tR → ZLtR) ≈ 2.3× 10−3. Notably,

the rates for the ultra-collinear processes are concentrated toward smaller virtualities (and

correspondingly smaller kT s). Though the total splitting rate represented in Fig. 6(b) is

only a few percent, the fact that top quarks are produced through strong interactions can

lead to significant numbers of showered events at a hadron collider. On the other hand,

the splitting rates to a Higgs boson are in sharp contrast to the much smaller rate for an

on-shell top quark decay to a Higgs boson in the Standard Model [99], of the order 10−9.
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Simple NP Pheno Examples:
20 TeV LH W’
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Figure 10: Showered events from 20 TeV W ′+ decays. (a) W ′+ → νLℓ
+
R cluster transverse

mass distributions, running the full EW shower and breaking down the signal by inclusive

lepton multiplicity (solid curves), as well as the uncorrected two-body decay result (dotted

curve). (b) W ′+ → tLb̄R quark-pair invariant mass distributions, running the full EW

shower, and (c) combining EW and QCD showering.

to the Bloch-Nordsieck violation effect discussed above for PDFs, the distinction between

tL- and bL-jets therefore becomes somewhat blurred at high energy [62]. This effect, which

is double-log enhanced at fixed order, is automatically resummed in the parton shower.

Consider again, as a simplified example, a narrow 20 TeV W ′+ resonance, this time decay-

ing to tLb̄R of 10 TeV each in energy. The final flavor content of two heavy quarks should

gradually average out. We show in Fig. 10 the mass spectrum of the two-quark system

resulting from the decay plus EW parton shower, individually in tb̄, bb̄, tt̄, and bt̄ channels.
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Figure 10 : Showered events from 20 TeVW ′+ decays. (a)W ′+ → νLℓ
+
R cluster transverse

mass distributions, running the full EW shower and breaking down the signal by inclusive
lepton multiplicity (solid curves), as well as the uncorrected two-body decay result (dotted
curve). (b) W ′+ → tLøbR quark-pair invariant mass distributions, running the full EW
shower, and (c) combining EW and QCD showering.

to the Bloch-Nordsieck violation effect discussed above forPDFs, the distinction between
tL- and bL-jets therefore becomes somewhat blurred at high energy [62]. This effect, which
is double-log enhanced at Þxed order, is automatically resummed in the parton shower.
Consider again, as a simpliÞed example, a narrow 20 TeVW ′+ resonance, this time decay-
ing to tLøbR of 10 TeV each in energy. The Þnal ßavor content of two heavy quarks should
gradually average out. We show in Fig.10 the mass spectrum of the two-quark system
resulting from the decay plus EW parton shower, individually in tøb, bøb, tøt, and bøt channels.
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Figure 10: Showered events from 20 TeV W ′+ decays. (a) W ′+ → νLℓ
+
R cluster transverse

mass distributions, running the full EW shower and breaking down the signal by inclusive

lepton multiplicity (solid curves), as well as the uncorrected two-body decay result (dotted

curve). (b) W ′+ → tLb̄R quark-pair invariant mass distributions, running the full EW

shower, and (c) combining EW and QCD showering.

to the Bloch-Nordsieck violation effect discussed above for PDFs, the distinction between

tL- and bL-jets therefore becomes somewhat blurred at high energy [62]. This effect, which

is double-log enhanced at fixed order, is automatically resummed in the parton shower.

Consider again, as a simplified example, a narrow 20 TeV W ′+ resonance, this time decay-

ing to tLb̄R of 10 TeV each in energy. The final flavor content of two heavy quarks should

gradually average out. We show in Fig. 10 the mass spectrum of the two-quark system

resulting from the decay plus EW parton shower, individually in tb̄, bb̄, tt̄, and bt̄ channels.
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Conclusions
• EW showers become important in >TeV processes

– universal effects up to 10’s of %...emergence of “weak jets”

• “Massless” shower captures the dominant log behavior, 
but isn’t a simple generalization of QCD x EM
– scalars participate
– need density matrix Sudakov evolution, anticipating EWSB

• EWSB effects also appear at kT ~ mW (even if E >> mW)
– generalizes classic “effective WL” observation from 1980s
– despite lower integrated rate, can dominate differential rate

• Implemented a complete EW shower as a working 
standalone monte carlo, tested in various contexts
– eager to move beyond the “standalone” part
– ideally allow for matching options, quantum spin state (relevant 

for W/Z/t decay distributions), other minor bells and whistles
– more physics studies underway



More...



Yukawa Showering
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Figure 6: Invariant mass distributions for EW splittings initiated by a 10 TeV polar-

ized top quark (a) for tL → Wb (top curve), tR → Wb (middle curve) and a fixed-

width Breit-Wigner for unpolarized top decay without shower (lower curve); (b) for

tR → htL/ZLtL, ZT tR (upper curves) and to htR, ZLtR (lower curves), respectively.

smaller rate (middle curve). Ultra-collinear emissions are necessary for properly modeling

the shower/decay transition, as shown in more detail in Appendix B (see Fig. 12). We also

show the unpolarized top decay with a fixed-width Breit-Wigner without shower (lower

curve in Fig. 6(a)). The events are understandably much more constrained to the region

M(Wb) ≃ mt. It is very important to appreciate the difference, for example since one must

properly model the properties of off-shell top quarks in searching for new physics [93–98]

associated with the top quark as well as the Higgs sector.

Top quarks may also radiate Higgs bosons and, analogously, longitudinal Z bosons.

Both of these Yukawa-showering processes occur with similar rates off of left-handed and

right-handed tops, and grow single-logarithmically with energy. In Fig. 6(b), we present a

10 TeV right-handed top quark splitting via the EW shower. The rates for tR → htL and

to ZLtL are governed by the Yukawa coupling and essentially the same, due to the GET.

The channel tR → ZT tR, shown for reference, is via the gauge coupling of nearly pure B0,

which is rather small. The other two channels tR → htR, ZLtR are helicity-conserving

scalar emissions and are of the ultra-collinear nature. The integrated splitting rates for

all the above channels are of similar size: P(tR → htL) ≃ P(tR → ZLtL) ≈ 7.2 × 10−3,

P(tR → htR) and P(tR → ZT tR) ≈ 4.5× 10−3, and P(tR → ZLtR) ≈ 2.3× 10−3. Notably,

the rates for the ultra-collinear processes are concentrated toward smaller virtualities (and

correspondingly smaller kT s). Though the total splitting rate represented in Fig. 6(b) is

only a few percent, the fact that top quarks are produced through strong interactions can

lead to significant numbers of showered events at a hadron collider. On the other hand,

the splitting rates to a Higgs boson are in sharp contrast to the much smaller rate for an

on-shell top quark decay to a Higgs boson in the Standard Model [99], of the order 10−9.
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Ultra-collinear t! ht (without helicity flip) 
happens to be relatively large



Goldstone Equivalence Gauge

• Delete problematic kµ/m part of longitudinal polarization
– fully replaced in Feynman rules by Goldstone field
– amplitude to create on-shell longitudinal from Aµ ~ m/E

• Keep mixed basis: Two fields, one particle
– unlike Rξ, Goldstone field interpolates physical longitudinal 

bosons (amplitude ~ i)

• Similar story in other “physical” gauges
– Kunszt & Soper (1987), Beenakker & Werthenbach (hep-ph/0112030)

a remainder polarization �µlong(W ) � kµ(W )/mW ⇧ mW /E(W ) with completely di�erent

scaling behavior. The appropriate prescription in more general processes involving multiple

electroweak bosons, Higgs bosons, and/or heavy quarks is not always obvious. E.g., physical

scaling might instead be restored by contracting the canonical longitudinal polarization

into a vertex containing positive powers of mW , such as hWW . The treatment of o�-shell

gauge bosons as intermediate states in a shower can be even more subtle, since the gauge

propagator’s tensor structure and even the gauge/Goldstone sector’s apparent o�-shell

particle content and mass spectrum depends on gauge choices.

The ideal gauge for exploiting diagrammatic collinear factorization would o�er a man-

ifest power counting in factors of the VEV, such that interferences from non-collinear

diagrams are under control. It would also give a meaningful picture of “almost on-shell”

longitudinal gauge and Goldstone degrees of freedom, in analogy to what we have for trans-

verse bosons. We introduce here a way to do this at tree level. The high-energy behavior

at zeroth-order in the VEV is captured by the Feynman diagrams of the unbroken theory,

and corrections away from that limit are organized in a controlled diagrammatic power

expansion in v/E. We call this gauge choice Goldstone equivalence gauge.

BAT[Move the long discussion below into an appendix.]

The gauge is defined as a simple variation on lightcone gauge, in some respects similar

to the factorization gauge of XXX. Some of our observations are also closely related to

those of the lightcone-quantized EW theory in [XXX Brodsky]. (See as well [XXX Dams

and Kleiss] for other related ideas using axial gauge.) Instead of choosing a fixed lightlike

reference vector, we allow the reference vector to take di�erent orientations for di�erent

wavemodes: nµ ⌅ nµ(k). Specifically, we choose a basis

n0(k) ⇤ 1 , ⇣n(k) ⇤ � k0

|k0|
⇣k

|⇣k|
. (4.1)

We take for illustration a broken U(1) vector theory with gauge field Aµ and Goldstone

⇤. (Since Aµ is a real vector field, we have chosen the above definition such that nµ(k)� =

nµ(�k).) We gauge-fix by adding to the momentum-space Lagrangian a term�(1/2⇥)[n(k)·
A(k)][n(k) · A(�k)] and taking ⇥ ⌅ 0. This e�ectively introduces an infinite mass term

for the component of A aligned with the complementary lightcone direction n̄ ⇤ (n0,�⇣n),

reducing the naive number of dynamical gauge degrees from four to three. Unlike the usual

lightcone gauge, this definition maintains covariance under three-dimensional rotations.

It is also locally covariant under longitudinal boosts along each individual wave vector.

However, it is not covariant under transverse boosts (regardless lost as soon as we identify

a prefered helicity basis below), and there are spurious gauge discontinuities at k0 = 0

and ⇣k = ⇣0. There will also be a spurious multi-valued gauge pole at kµ = 0, although

we will see that it is restricted only to mixed gauge-Goldstone propagators. None of these

subtleties will a�ect our present discussion.3

3Some of the useful properties of Goldstone equivalence gauge are also shared by a more general class

of gauges that includes temporal gauge and a generalized axial gauge where the axis rotates with the

wavemode. However, these tend to produce spurious gauge poles in less well-contained regions of k-space,
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General shower formulas:

dP(a → bc)

dzb d logQ2
a

=
1

16π2

zbzcEa(|p⃗a|+ |p⃗b|)

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|p⃗a,b|

|p⃗a|+ |p⃗b|
(1)

dP(a → bc)

dz dk2
T

≃
1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

dP

dz d logQ2
∝

1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

n(k) · A(k) = 0 (2)

Unrelated stuff for my job talks:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (3)

2

We can decompose the remaining gauge degrees of freedom as the component An

aligned with n and the two ±1 helicity (or “x, y”) transverse modes, collectively AT . Ac-

counting for the gauge-Goldstone mixing term, the quadratic Lagrangian can be expressed

as

LT (k) + h.c. = AT (k)
�
k2 �m2

⇥
AT (�k)

Ln⇥(k) + h.c. =
 
An(k) ⇥(k)

⌦⇧ (n(k) · k)2 im(n(k) · k)
�im(n(k) · k) k2

⌃⌥
An(�k)

⇥(�k)

�
(4.2)

The transverse modes develop the usual propagator, i/(k2 � m2), with the poles corre-

sponding to physical quanta. The propagators for An and ⇥ appear to be much more

complicated. To facilitate the inversion of the kinetic operator, we can use a rescaled basis

for nµ and An:

nµ(k)An(k) = �µ⇥(k)A⇥(k)

�µ⇥(k) ⌅
↵
|k2|

n(k) · kn
µ(k) . (4.3)

The above polarization basis vector is Lorentz-covariant under longitudinal boosts, and is

in direct correspondence with the tree-level creation/annihilation amplitudes of on-shell

longitudinal gauge bosons via the operator A⇥. It becomes exactly �µlong � kµ/m. The

non-transverse Lagrangian simplifies to

Ln⇥(k) + h.c. =
 
A⇥(k) ⇥(k)

⌦⇧ |k2| im
↵
|k2|

�im
↵
|k2| k2

⌃⌥
A⇥(�k)

⇥(�k)

�
(4.4)

Inverting yields a set of propagators

⇤
AT (k)AT (�k)

⌅
=

i

k2 �m2

⇤
A⇥(k)A⇥(�k)

⌅
=

i

k2 �m2
sign(k2)

⇤
⇥(k)⇥(�k)

⌅
=

i

k2 �m2

⇤
A⇥(k)⇥(�k)

⌅
=

i

k2 �m2

�im↵
|k2|

. (4.5)

The expressions are compact and naively Lorentz-invariant, and have the correct physical

pole at m, but also have some peculiar-looking features. The apparent spurious k2 = 0

pole in the mixed propagator is always accompanied by an �⇥ factor in a complete diagram,

and is therefore never realized. However, as mentioned above, it does develop a spurious

multivalued pole at kµ = 0. The sign(k2) factor in the gauge propagator is familiar from

Lorenz-Landau gauge, where the same sign-flip occurs for the longitudinal gauge degree

such as respectively k0 = 0 or ⇥k = ⇥0. The latter can be troublesome for computing the low-momentum

behavior of massive splitting functions. Temporal gauge is better-behaved in the kinematic regions of

interest to us, but requires some additional Lorentz-violating awkwardness in the form of the propagators.
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rotating lightlike
reference vector

dP(a → bc)

dzb d logQ2
a

=
1

16π2

zbzcEa(|p⃗a|+ |p⃗b|)

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|p⃗a,b|

|p⃗a|+ |p⃗b|
(1)

dP(a → bc)

dz dk2
T

≃
1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

dP

dz d logQ2
∝

1

16π2

zbzc
(k2

T + zcm2
b + zbm2

c − zbzcm2
a)

2
|M(a → bc)|2

n(k) · A(k) = 0 (2)

〈

AT (k)AT (−k)
〉

=
i

k2 −m2
(3)

long. polarization ϵµφ(k) ≡

√

|k2|

n(k) · k
nµ(k) (4)

= ϵµL(k)− kµ/m (5)

dPT ∝
dz

z

dθ

θ
⇒ PT ∝ log2

(

E

mW

)

(6)

dPL ∝
m2

W

E2

dz

z3
dθ

θ3
⇒ PL ∝ log

(

E

mW

)

(7)

Unrelated stuff:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (8)

2

propagators break down 
by polarization


