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How EW-Scale Objects are Made
At the hard process scale

Hierarchically below the hard process scale...EW parton shower

More beam energy ⇒ more parton lumi

More beam energy ⇒ easier access to extreme event kinematics
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Why Think About EW
Parton Showering?

• No choice
– impacts almost all physics at E > TeV

• New regime to measure couplings of full EW/Higgs theory
– different systematics
– different (smaller?) backgrounds

• New leverage against new physics
– opportunities for new “light” particle states associated with EWPT?



Example: WZ+Jet @ 100 TeV

* using lumi = 1 ab-1

pT(j) > 3300 GeV



Example: WZ+Jet @ 100 TeV
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Electroweak Sudakovs
also Moretti, Nolten, Ross (hep-ph/0606201),

Denner & Pozzorini (hep-ph/0010202,0104127),
many Manohar papers, many other related works
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Figure 6. Weak corrections to di-jet production. δ is calculated by removing all events with a
weak boson emission, δ = −σ(2 → 3)/σ(2 → 2).

fraction of the phase space. The reason obviously is that we have neglected a third diagram

specific to this case, involving the triple-gauge-boson vertex γ∗ → W+W−, which restores

positivity.

The introduction of a complete electroweak gauge boson shower is beyond the scope

of this study. For now we therefore handle cases like this using the same shower couplings

and ME corrections as for the cases with a gluon propagator. To estimate the effect of this

approximation, the 2 → 3 ME for uu → udW− with all electroweak diagrams included, but

not QCD ones, was compared to the prediction from the PS, see Fig. 5. This includes s-

and t-channel exchange of W±, Z and γ, and is dominated by the t-channel contributions

for the studied regions of phase space. The comparison looks reasonable for large p⊥ values,

but for small values the ME rate is about twice as large as the PS one. Such a qualitative

agreement should be good enough, given the dominance of QCD processes at the LHC.

4 Studies of jet phenomena at LHC energies

We now turn to studies of how the introduction of a weak shower changes different ob-

servables at the LHC. Three representative examples have been chosen. Firstly, weak

corrections to the exclusive di-jet production, and some other generic rate measures. Sec-

ondly, how likely it is to find a W/Z decaying hadronically inside a high-p⊥ QCD jet.

Thirdly, whether it is possible to describe the inclusive W/Z + jets cross sections that the

ordinary PS fails to describe. Pythia version 8.181 was used for all the phenomenological

studies. The choice of PDF was CTEQ6L [40], with a NLO running αs.
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Figure 12. Differential distributions with respect to the transverse momentum of the leading jet
kT,1 at the LHC with CM energies 7TeV, 8TeV, and 14TeV. Left: absolute predictions; right:
relative contributions δ.
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Novelties wrt QCD/QED 
Parton Showering

• Perturbative cutoff via SSB
– physically-measurable soft/collinear emissions

• Longitudinals/scalars
• Chirality
• Yukawa showers
• Neutral boson interference

– correct basis is W0/B0, not γ/Z

• Weak isospin self-averaging
– u(x) > d(x)  ➞  uR(x) > QL(x) > dR(x)



Electroweak Splittings

W±,W0,B0

W

W

W



Electroweak Splittings

+ 1→3 splittings



Electroweak Splittings
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Table 1. Helicity-preserving f → VT f splitting functions dP/dz dp
2
T via gauge couplings, in the

massless limit. z (z̄ ≡ 1 − z) labels the energy fraction of the first (second) produced particle.

Repeated expressions in brackets are represented by [...].

...must discuss issue of isospin ambiguity, also neutral current interference effects prac-

tically washed out I think, since “neutral” isn’t even well-defined.

3 Unbroken SU(2)L × U(1)Y

To develop some intuition of the collinear splitting behavior of electroweak “partons,” it

is useful to first consider a conceptual limit with an unbroken SU(2)L × U(1)Y gauge

symmetry with massless gauge bosons and fermions, supplemented by a massless scalar

doublet field φ 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 bosons W
±
and W

0
. We denote the hypercharge

gauge boson by B
0
. For the scalar doublet, we decompose as

H =

�
φ±

1√
2
(h+ iφ0

)

�
.

We denote a generic chiral fermion by fL or fR, and we do not need to specify the explicit

isospin components fL. 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 identification of states in this basis

impossible. They will of course become physical once we turn on the electroweak VEV and

cut off the IR divergences, but the tendency for states to “self-average” in isospin space will

persist. There are also potentially important interference effects that should be accounted

for in a complete treatment. We reserve detailed discussion of these issues to Section 4.

With these caveats in mind, we may use Eq. (2.3) to calculate any massless splitting

function. We list the complete set in Tables 1 through 7. The different 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 λt � 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 effects.
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General shower formulas:
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Unrelated stuff for my job talks:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (2)

2
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Table 2. Helicity-flipping f → (h/φ)f functions dP/dzdp2T via Yukawa couplings, in the massless

limit. z labels the energy fraction of the first produced particle. Note the chirality flips. Yukawa

couplings are labelled by the corresponding right-handed chiral fermion.
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Table 3. Vector boson splitting functions dP/dz dp2T to vector bosons, in the massless limit. z

(z̄ ≡ 1−z) labels the energy fraction of the first (second) produced particle. Nf is a color multiplicity

factor (Nf = 1 for leptons, Nf = 3 for quarks).
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Table 4. Vector boson splitting functions dP/dz dp2T to fermions, in the massless limit. z (z̄ ≡ 1−z)

labels the energy fraction of the first (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 dp2T to scalars, in the massless limit. z (z̄ ≡ 1−z)

labels the energy fraction of the first (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 effects

formally suppressed by O(v/pT ). In fact, it is possible at first approximation to use these

expression as-is, supplemented by appropriate phase space cutoffs 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 at E � 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/dzdp2T 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,φ0,φ±
for the given splitting (e.g., h → B0

Tφ
0
), and H �

represents one of its SU(2)L partners

(e.g., φ+ → W+
T h or W+

T φ0
, exclusive).

fRf̄
(�)
L or f̄Rf

(�)
L

h
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fR
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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 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 ↔ φ±,φ0

, 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 off 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 effects 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 effects 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 off

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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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 effects

formally suppressed by O(v/pT ). In fact, it is possible at first approximation to use these

expression as-is, supplemented by appropriate phase space cutoffs 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 at E � 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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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 ↔ φ±,φ0

, 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 off 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 effects 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 effects 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 off

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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Massive Splitting Functions
General shower formulas:
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Unrelated stuff for my job talks:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (2)

2

* E.g., ISR ⇒ polarized W/Z PDFs: Kane, Repko, Rolnik (1984), Dawson (1985)

W-boson FSR within 10 TeV quark-jet

General shower formulas:
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(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:

dP(a → bc)

dzb d logQ2
a

=
1

16π2

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

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|"pa,b|

|"pa|+ |"pb|
(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
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Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (7)

2

shower shuts off at kT ~ m (“dead cone”)
WT/WL

transverse:

longitudinal:



Light Quark
Total Splitting Rates

I. FORMULAS

Integrated splitting functions, chirality- and flavor-averaged quarks:

P(q → VT q) " (3× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) " 1.7%, P(10 TeV) " 7%

P(q → VLq) " (2× 10−3) log
E

mEW

⇒ P(1 TeV) " 0.5%, P(10 TeV) " 1%

Integrated splitting functions, transverse bosons:

P(VT → VTVT ) " (0.01)

[

log
E

mEW

]2

⇒ P(1 TeV) " 6%, P(10 TeV) " 22%

P(VT → VTVL) " (0.01) log
E

mEW

⇒ P(1 TeV) " 2%, P(10 TeV) " 5%

P(VT → VLVL) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → ff̄) " (0.04) log
E

mEW

⇒ P(1 TeV) " 10%, P(10 TeV) " 20%

P(VT → VLh) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → VTh) " (3× 10−4) ⇒ P(1 TeV) " 0.03%, P(10 TeV) " 0.03%

Integrated splitting functions, longitudinal bosons and Higgs:

P(VL → VTh) " (X × 10−4) ⇒ P(1 TeV) " X%, P(10 TeV) " X%

General shower formulas:

dP(a → bc)

dzb d logQ2
a

=
1

16π2

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

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|"pa,b|

|"pa|+ |"pb|
(1)

1

Averaged over flavors & helicities, 
summed over W & Z



Parton Lumis at
100 TeV Collider

Process P(pT ) P(1 TeV) P(10 TeV)

f → VT f (3 × 10−3)
[

log pT

mEW

]2
1.7% 7%

f → VLf (2 × 10−3) log pT

mEW
0.5% 1%

VT → VT VT (0.01)
[

log pT

mEW

]2
6% 22%

VT → VLVT (0.01) log pT

mEW
2% 5%

VT → f f̄ (0.02) log pT

mEW
5% 10%

VT → VLh (4 × 10−4) log pT

mEW
0.1% 0.2%

VL → VT h (2 × 10−3)
[

log pT

mEW

]2
1% 4%

TABLE I: An illustrative set of approximate total electroweak splitting rates in final-state showers

[11].
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-
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FIG. 1: Partonic luminosities at the 100 TeV SPPC, illustrating the relative contributions from

weak bosons when treated as partons in the PDFs [11].

processes with prompt transverse boson production such as W/Z/γ+jets, and especially on

multiboson production including transverse boson scattering. Generally, it is important to

appreciate that any particle in an event, whether initial-state or final-state, or even itself

produced inside of a parton shower, can act as a potential electroweak radiator. Conse-

quently, the total rate for finding one or more electroweak splittings within a given event

must be compounded, and can sometimes add up to O(1).

Fig 1 summarizes the parton luminosities when electroweak bosons are included in the

3



“Broken” Showering at O(v)

⊗

⊗⊗

⊗⇒ ⇐ ⇐



“Broken” Showering at O(v)

⊗

⊗⊗

⊗⇒ ⇐ ⇐

⇒ constant*

⇒ constant*⇒ constant*

⇒ log(E/m)

(~0.001)

* All beamed into a cone of size ~m/E



Gauging to Manifest
Goldstone Equivalence

• Delete (sometimes) problematic kµ/m part of 
longitudinal polarization
– replaced by on- & off-shell in Feynman rules by Goldstone
– amplitude to create on-shell longitudinal from Aµ ~ m/E

• Keep mixed field basis
• Unlike Rξ, Goldstone field interpolates physical 

longitudinal bosons (amplitude ~ i)
* see also Wulzer (1309.6055), Srivastava & Brodsky (hep-ph/0202141), earlier papers

a remainder polarization �µlong(W ) − kµ(W )/mW ∝ mW /E(W ) with completely different

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 off-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 off-shell

particle content and mass spectrum depends on gauge choices.

The ideal gauge for exploiting diagrammatic collinear factorization would offer 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 different orientations for different

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

φ. (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−(1/2ξ)[n(k)·

A(k)][n(k) · A(−k)] and taking ξ → 0. This effectively 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 affect our present discussion.3

3
Some 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,

– 9 –

General shower formulas:

dP(a → bc)

dzb d logQ2
a

=
1

16π2

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

EbEc

Q2
a

(Q2
a −m2

a)
2
|A(a → bc)|2

za,b ≡
|"pa,b|

|"pa|+ |"pb|
(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)

Lnφ(k) + h.c. =

�
An(k) φ(k)

��
(n(k) · k)2 im(n(k) · k)

−im(n(k) · k) k2

��
An(−k)

φ(−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 φ 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) = �µφ(k)Aφ(k)

�µφ(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 Aφ. It becomes exactly �µlong − kµ/m. The

non-transverse Lagrangian simplifies to

Lnφ(k) + h.c. =
�
Aφ(k) φ(k)

�� |k2| im
�
|k2|

−im
�
|k2| k2

��
Aφ(−k)

φ(−k)

�
(4.4)

Inverting yields a set of propagators

�
AT (k)AT (−k)

�
=

i

k2 −m2

�
Aφ(k)Aφ(−k)

�
=

i

k2 −m2
sign(k2)

�
φ(k)φ(−k)

�
=

i

k2 −m2

�
Aφ(k)φ(−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 �φ 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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General shower formulas:
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(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)

Unrelated stuff for my job talks:

Lint = Aµ (gL t̄Lγ
µtL + gR t̄Rγ

µtR) = Aµ t̄(gV + gAγ
5)γµt (5)

2

(rotating) lightcone gauge condition



⊗

Factorization for Longitudinals
... HARD split ... HARD split⊗

... HARD split ... HARD split

+

+

+



Factorization for Longitudinals
... HARD split... HARD split++

+

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)

Lnφ(k) + h.c. =

�
An(k) φ(k)

��
(n(k) · k)2 im(n(k) · k)

−im(n(k) · k) k2

��
An(−k)

φ(−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 φ 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) = �µφ(k)Aφ(k)

�µφ(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 Aφ. It becomes exactly �µlong − kµ/m. The

non-transverse Lagrangian simplifies to

Lnφ(k) + h.c. =
�
Aφ(k) φ(k)

�� |k2| im
�
|k2|

−im
�
|k2| k2

��
Aφ(−k)

φ(−k)

�
(4.4)

Inverting yields a set of propagators

�
AT (k)AT (−k)

�
=

i

k2 −m2

�
Aφ(k)Aφ(−k)

�
=

i

k2 −m2
sign(k2)

�
φ(k)φ(−k)

�
=

i

k2 −m2

�
Aφ(k)φ(−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 �φ 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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regular (~1/E2)

× ×



Transverse Vector
Total Splitting Rates

I. FORMULAS

Integrated splitting functions, chirality- and flavor-averaged quarks:

P(q → VT q) " (3× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) " 1.7%, P(10 TeV) " 7%

P(q → VLq) " (2× 10−3) log
E

mEW

⇒ P(1 TeV) " 0.5%, P(10 TeV) " 1%

Integrated splitting functions, transverse bosons:

P(VT → VTVT ) " (0.01)

[

log
E

mEW

]2

⇒ P(1 TeV) " 6%, P(10 TeV) " 22%

P(VT → VTVL) " (0.01) log
E

mEW

⇒ P(1 TeV) " 2%, P(10 TeV) " 5%

P(VT → VLVL) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → ff̄) " (0.02) log
E

mEW

⇒ P(1 TeV) " 5%, P(10 TeV) " 10%

P(VT → VLh) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → VTh) " (3× 10−4) ⇒ P(1 TeV) " 0.03%, P(10 TeV) " 0.03%

Integrated splitting functions, longitudinal bosons and Higgs:

P(VL → VTVL) ∼ (2× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

P(VL → VTh) ∼ (2× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

General shower formulas:

1



Longitudinal Vector
Total Splitting Rates

Plus many others.....

I. FORMULAS

Integrated splitting functions, chirality- and flavor-averaged quarks:

P(q → VT q) " (3× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) " 1.7%, P(10 TeV) " 7%

P(q → VLq) " (2× 10−3) log
E

mEW

⇒ P(1 TeV) " 0.5%, P(10 TeV) " 1%

Integrated splitting functions, transverse bosons:

P(VT → VTVT ) " (0.01)

[

log
E

mEW

]2

⇒ P(1 TeV) " 6%, P(10 TeV) " 22%

P(VT → VTVL) " (0.01) log
E

mEW

⇒ P(1 TeV) " 2%, P(10 TeV) " 5%

P(VT → VLVL) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → ff̄) " (0.02) log
E

mEW

⇒ P(1 TeV) " 5%, P(10 TeV) " 10%

P(VT → VLh) " (4× 10−4) log
E

mEW

⇒ P(1 TeV) " 0.1%, P(10 TeV) " 0.2%

P(VT → VTh) " (3× 10−4) ⇒ P(1 TeV) " 0.03%, P(10 TeV) " 0.03%

Integrated splitting functions, longitudinal bosons and Higgs:

P(VL → VTVL) ∼ (2× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

P(VL → VTh) ∼ (2× 10−3)

[

log
E

mEW

]2

⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

General shower formulas:

1



Our Shower Program

• Currently PYTHIA6-like virtuality-ordered
– collinear approximation, no coherence between dipoles

• Polarized splittings
• Massive splitting functions

– amplitudes and phase space

• Reweighting of secondary splittings
• Interleaved with QCD
• Only FSR (so far)
• Built in C++...ideally adapt to run within PYTHIA 8 

framework



WZ+Jet Revisited

MadGraph Pythia8 W/Z+jet + EW-Shower



WZ+Jet Revisited

MadGraph Pythia8 W/Z+jet + EW-Shower

~10% loss from further 
showering



Measurement of 
Weakstrahlung Rate (LHC)

Krauss, Petrov, Schönherr, Spannowsky (1403.4788)

5
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FIG. 1: W candidate mass distribution using method A for pTJ > 500 (left), 750 (center) and 1000 (right) GeV.
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FIG. 2: W candidate mass distribution based on microjets ι2 and ι3 as described in method B for pTJ > 500 (left), 750
(center) and 1000 (right) GeV.

We find that combining methods A and B with jet shape observables, i.e. n-subjettiness τn [7] and ellipticity t̂
(Appendix A), can improve on the W boson identification.

We measure these observables using the constituents of the successfully reconstructed W with methods A and B.
Ellipticity and τ21 = τ2/τ1 achieve the best results when applied on the second hardest boosted subjet of radius
R = 0.5 and mass mBDRS ∈ [74, 90] GeV. In Fig. 4 we show the two distributions t̂ (top row) and τ21 (bottom row).

We find that the total cross section substantially increases with f . This reflects the fact that we only use subjets
that pass selection method A. Just as importantly, the shape of the distributions also changes as f is varied. The
peak region of the distribution of both jet shapes shifts to smaller values.

We construct ellipticity in such a way that, if the bulk of the jet radiation in the transverse plane is along a single line,
the value of the jet shape observable is small. In contrast, a more circular distribution of radiation results in a large t̂.
A symmetric two-body decay of a color singlet resonance, such as W → qq�, gives rise to two clusters of comparable
energies and consecutive QCD emissions in the region between them. This energy profile is one-dimensional, therefore
the hadronic W final state particles will have a small ellipticity. On the other hand, a gluon (the main source of
background) has color connections to other particles and is less likely to form a one-dimensional radiation pattern in
the transverse plane. Therefore, the signal and background ellipticity distributions are shifted with respect to each
other.

The reason behind the shift in τ21 is of similar nature. By definition τn+1 ≤ τn for any distribution of particles.
However, if the radiation forms two well separated clusters τ2 � τ1. If a jet does not have two pronounced clusters,
τ2 � τ1. Thus τ21 tends to be smaller for a W than for a QCD jet.

B. Leptonic Analysis

We assume at this stage that the event has already passed the tagging criteria of a single isolated lepton with
transverse momentum pTl > 25 GeV and |ηl| < 2.5. A leptonically decaying W gives rise to a substantial amount of
missing transverse energy. We therefore require /ET > 50 GeV.

To reconstruct the leptonic W we define its transverse mass as

mT =
�
2ETl

/ET (1− cos θ), (4)

where θ is the angle between the missing energy vector and the isolated lepton. Fig 5 shows a pronounced peak for
mT as defined in Eq. 4 in the mass window [60, 100] GeV. The W candidate is accepted if the transverse mass of



Effect on Top-Tagging
(Any pT > TeV)

Leptonic top-jets:
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FIG. 8: Distributions of ∆Rbµ × (pTt/TeV) for 1 TeV and 2 TeV semileptonic top candidates recon-

structed from LH chiral tt (purple), RH chiral tt (red), PYTHIA QCD (black), HERWIG QCD (grey),

and Wjj (blue).

We list the relative acceptances obtained from our simulations in Tables I and II, placing

the anti-isolation cut

∆Rbµ × (pTt/TeV) < 0.8, (7)

where for pTt we use the pT of the recoiling hadronic top candidate.12 With this cut, we can

eliminate an O(1) fraction of the W -strahlung background while losing only a few percent of

the signal. We also show the effect of combining this cut with the heavy flavor cuts. The two

sets of cuts are fairly uncorrelated.

To get some idea of how anti-isolation fares against more traditional mass-based cuts, we

construct a highly idealized top invariant mass variable, incorporating the exact neutrino 3-

vector. The distributions of this variable are displayed in Fig. 9.13 No energy smearing has been

12 More general classes of events could have additional sources of missing energy, the simplest example being

dileptonic tt. Obtaining a measurement of the full semileptonic top pT may then be difficult or impossible.

The obvious alternative is to instead use the total visible pT of the semileptonic top candidate, namely of

the muon plus the nearby jet. We find that this provides comparable discrimination power. However, it

is important to realize that in cases where the semileptonic top pT is not fully measured, we should also

be worried about discriminating against W -strahlung jets of different total pT . We do not perform such

comparisons here.
13 A small spike at mW is visible for the Wjj sample in the 1 TeV panel. This is from rare events where our

reconstruction mistakes a hard photon radiated off of the muon as the candidate b-jet. (Statistics are not

high enough at 2 TeV to see this as cleanly.) Of course, such a feature would likely not appear with more

realistic reconstruction criteria.
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As a Handle on 
Heavy New Physics

Hook & Katz (1407.2607)
also Rizzo (1403.5465)
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Figure 2. On the LHS we plot the difference between our “guess” about the energy of the

neutrino and the actual neutrino energy. The “guess” for the neutrino energy comes from

assuming that the neutrino is perfectly collinear with the leptonic Z. The reconstructed Z is

required to have |η| < 2.5 and ∆φZ /ET
< 0.5. The reconstructed neutrino allows one to guess

the real missing energy in an event as well as reconstruct the full mass peak of a W � particle

(plot on the RHS). The mass resolution is smeared since the Z is not always collinear with

the neutrino, but there is a very clear peak at the W � mass of 5 TeV.

The additional Z in these events can come from ISR, radiation off of the W � and
FSR from both the lepton and neutrino. The last is of course especially interesting
for us as we are interested in genuine three-body decays where the Z is expected to
be roughly collinear with the neutrino or lepton. To show the effect of the collinear
log enhancement, we plot in Fig. 1 the distribution of ∆R and ∆φ between the recon-
structed Z and the neutrino.5 The collinear enhancement is seen very clearly. The Z
has larger couplings to the neutrino than to the leptons as can also be seen in the plot
as the lepton and neutrino are roughly back to back.

When the ∆R between the neutrino and the Z is small, then the direction of the
Z approximately corresponds to the spatial direction of the neutrino, thus allowing the
full reconstruction of the latter. To establish that the leptonic Z was Sudakov radiated
off of the neutrino rather than the lepton, we put a ∆φZl /ET

< 0.5 cut between the
reconstructed Z and the missing energy. Zs emitted from ISR which happen to point
in the same φ direction as the missing energy can be effectively removed by requiring
that the reconstructed Z boson has |η| < 2.5 (not to be confused with the acceptance
cut that we put on the leptons themselves).

We work at parton level assuming that the leptons and missing energy are measured
perfectly. Madgraph5 [11–13] was used to generate the events. In this very preliminary
analysis, alongside with the standard acceptance criteria, we apply following cuts:

5As usual, we define ∆R ≡
�
∆η2 +∆φ2.

– 7 –

W’

l+

l+
l-

ν
Z

Radiated Z-boson traces neutrino’s 
3-vector direction

(and probes W’ chirality)



Some Other Back-of-the 
Envelope Applications

• WTWT production at O(10 TeV)
– WTWT➞WTWT scattering:  potentially O(1) showering probability
– KK graviton:  corrections up to O(50%)

• WLWL production at O(10 TeV)
– WLWL➞WLWL/hh, Z’➞ZLh, W’➞WLh/WLZL:  O(10%) showering 

probability



“New” Higgs Production Modes

14P.Torrielli, arXiv:1407.1623

Rare associated-production processes
Are they good for something? Reduced systematics? Complementary information?

*slide from
Mangano
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meeting, July)



Example Topologies
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Semi-Boosted Measurement 
of Top Yukawa
Measuring the Top Yukawa Coupling at 100 TeV 12
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Figure 6: Left: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet and a continuum b-tag. Unlike in Fig. 3 we apply an N -subjettiness cut
and use an optimalR version of the BDRS tagger. Right: Double-peak fit assuming perfect continuum
background subtraction. The event numbers are scaled to L = 20 ab−1.

can fix the shape of both distributions by fitting a Crystal Ball function [59] to each of them as
done in the right panel of Fig. 5. For these fits we limit the exponent of the non-Gaussian tails to
50. In addition we fix the peak positions accounting for a shift due to losses in the reconstruction.
Their linear combination allows us to model the background subtracted mass distribution. In the
combined fit we keep all shape parameters fixed and allow only for separate scaling factors of each
peak. From the double Crystal Ball function we finally receive the relative size of the two peak areas
NH/NZ = 2.80 ± 0.03. Using the combined fit therefore allows us to probe the top Yukawa coupling
with a statistical precision of ∼ 0.5%. Given the discussion of Section 2, this precision can be eventually
matched by the theoretical systematics, assuming no new physics affects tt̄Z production beyond the
percent level. It remains to be explored to which extent the future detectors can benefit from the
potential cancellations of experimental systematics in the measurement of the NH/NZ ratio.

5. Outlook

The top Yukawa coupling is one of two key parameter required for the understanding of the Higgs
potential, and it is a crucial ingredient to the measurement of the Higgs self-coupling. At the LHC
its determination will be limited to around ∆yt/yt ≈ 10% because of statistical as well as theoretical
uncertainties [9, 5]. At a 100 TeV hadron collider the increased statistics will significantly improve
this measurement.

We proposed here to measure the top Yukawa coupling using the decay H → bb̄ in the boosted
phase space regime. Our simple analysis strategy [6] relies on a trigger lepton and two fat jets, one from
the hadronic Higgs decay and one from the hadronic top decay. The mbb distribution will show a clear
peak from the Higgs signal as well as a similarly large peak from the Z background. The continuum
side band and the second peak offer two ways to control the backgrounds as well as the translation
of the tt̄ bb̄ rate into a measurement of the Yukawa coupling. We find that a measurement of the
top Yukawa coupling to around 1% should be feasible at 100 TeV collider energy with an integrated
luminosity of 20 ab−1. This is an order of magnitude improvement over the expected LHC reach, with
significantly improved control over the critical uncertainties.

There exist additional, complementary handles on the uncertainties. For example, the H → γγ
decay could allow a direct measurement of the ratio of branching ratios B(H → γγ)/B(H → bb̄).
It would serve as be complementary, although indirect, probe of the tt̄H coupling. Furthermore,
H → 2�2ν could also be interesting, since there is enough rate to explore the regime pT,H � mH ,
which, particularly for the e

±
µ
∓νν̄ final state, could prove particularly clean.

Mangano, et al (1507.08169)

h
t

t

t
t

Z
÷

Δy ~ % with 20 ab-1

PDF uncertainties cancel



Summary
• 100 TeV collider opens up new kinematic regimes for 

interactions of EW-scale particles
– hopefully this at least served as a reminder

• EW splitting processes quickly grow/asymptote in rate
– range from totally negligible to O(1), depending on what you’re 

looking at

• We’re working on a multipurpose EW shower program
– “quick and dirty” way to capture universal collinear physics
– main addition is W➞WW, lots of other Higgs and Goldstone-

equivalent processes

• Opportunities for precision/supplementary coupling 
measurements in/near these kinematic regions

• Sensitivity to new “light” states?



More...



“Shower” Vs “Prompt” Diboson
pT(leading V) pT(subleading V)

HT(jets + V’s)

diboson
VBF

showered V+jet
showered dijet



Multiple Weak Emissions 
Inside One Jet

uL(10 TeV) ➞ dLW+Z

ΔR(Z, rest of jet) pT(W) / pT(j)

* R=1.0 anti-kT jet, W/Z as partons

no W➞WZ

full shower

MadGraph



Isospin Self-Averaged PDFs

W W W

eL eLνL νL


