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A Multiboson Factory
Exploration of EW interactions at high energy via

Multi-gauge boson production

WW                      σ=770 pb

WWW                  σ=2 pb

WWZ                    σ=1.6 pb

WWWW              σ=15 fb

WWWZ                σ=20 fb

....

Tasks: 
o determine experimental accept/eff’s: how high can we go in multiplicity?
o what can we learn on EW interactions at high energy from these studies?
o which variables/correlations to consider?
o can we use dijet decays at high pt(W) ?

 (no BR included)

At 100 TeV:

Mangano
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Figure 11: In ssWW events, mjjll for fT1/Λ4 = 0.001 corresponding to a 4σ signifi-
cance for the case of a

√
s = 100 TeV pp machine with 263 pileup, without the UV

cut-off applied, at 3000 fb−1 is shown.

100 TeV machines at 3000 fb−1 for zero pileup. At 14 TeV, by accumulating 3000
fb−1 compared to 300 fb−1, the sensitivity to fT1/Λ4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coefficent fT1/Λ4 for a 5σ discovery value.

Parameter
√
s Luminosity pileup 5σ 95% CL

[TeV] [fb−1] [TeV−4] [TeV−4]
fT1/Λ4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/Λ4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/Λ4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/Λ4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/Λ4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/Λ4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp → W±W± + 2j → �ν�ν + 2j processes, 5σ-significance discovery
values and 95% CL limits are shown for coefficients of the higher-dimension operator,
fT1/Λ4, for different machine scenarios without the UV cut and with the UV cut in
parentheses. Pileup refers to the number of pp interactions per crossing.
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Figure 11: In ssWW events, mjjll for fT1/Λ4 = 0.001 corresponding to a 4σ signifi-
cance for the case of a

√
s = 100 TeV pp machine with 263 pileup, without the UV

cut-off applied, at 3000 fb−1 is shown.

100 TeV machines at 3000 fb−1 for zero pileup. At 14 TeV, by accumulating 3000
fb−1 compared to 300 fb−1, the sensitivity to fT1/Λ4 is improved by a factor of two.
Comparing a 14 TeV machine to a 100 TeV machine, we obtain at least a factor of
100 gain in sensitivity to the operator coefficent fT1/Λ4 for a 5σ discovery value.

Parameter
√
s Luminosity pileup 5σ 95% CL

[TeV] [fb−1] [TeV−4] [TeV−4]
fT1/Λ4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/Λ4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/Λ4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/Λ4 100 1000 40 0.001 (0.001) 0.0004 (0.0004)
fT1/Λ4 100 3000 263 0.001 (0.001) 0.0008 (0.0008)
fT1/Λ4 100 3000 0 0.001 (0.001) 0.0008 (0.0008)

Table 4: In pp → W±W± + 2j → �ν�ν + 2j processes, 5σ-significance discovery
values and 95% CL limits are shown for coefficients of the higher-dimension operator,
fT1/Λ4, for different machine scenarios without the UV cut and with the UV cut in
parentheses. Pileup refers to the number of pp interactions per crossing.
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How Weak Bosons are Made
At the hard process scale

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



Electroweak Sudakovs

also Moretti, Nolten, Ross (hep-ph/0606201),
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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Dittmaier, Huss, Speckner (1210.0438) Christiansen & Sjöstrand (1401.5238)

Virtual weak corrections to 
exclusive dijets at LHC14

LO rate minus real W/Z 
emission events



Example: WZ+Jet @ 100 TeV

* assumed lumi = 1 ab-1

pT(j) > 3.3 TeVpT(j) > 100 GeV



Example: WZ+Jet @ 100 TeV

W Z

W
Z

W
Z



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

HT(jets + V’s)

diboson
VBF

showered V+jet
showered dijet



Electroweak Splittings

* Including splittings with photons
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Electroweak Splittings

* Including splittings with photons

h

h
h

t
t

Etc...

a

t

t

a

a

a

a

... With many hidden Goldstone equivalencies 
with longitudinal bosons

t

t
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Integrated Quark 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

* Massless fermions here...massive (top/bottom) 
will also have “equivalent Goldstone” contributions

*

Averaged over flavors & helicities, 
summed over W & Z



Work So Far with q➞Vq

Krauss, Petrov, Schönherr, 
Spannowsky (1403.4788)
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Figure 15. Weak virtual correction to di-jet production at a 100 TeV pp collider, cf. Fig. 6.
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Figure 16. Probability (a) for multiple emissions of weak bosons and (b) for the number of QCD
emissions preceding the weak emission. The center of mass energy was set to 100 TeV and the hard
process p⊥ was above 10 TeV. The standard competition was used.

additional weak boson in ∼10 % of the events (under the conditions of Fig. 16).

It is also interesting to note that the larger available phase space means that more

QCD emissions can precede that of a weak boson, Fig. 16. To again obtain a one percent

accuracy the simulations now need to include up to 11 QCD emissions before the weak

one, which is beyond current ME capability. A matching to a shower that can cover at

least the softer W/Z emissions, relative to the large scales of the hard process, there offers

obvious advantages.
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Christiansen & Sjöstrand (1401.5238)

PYTHIA8 SHERPA
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FIG. 1: W candidate mass distribution using method A for pTJ > 500 (left), 750 (center) and 1000 (right) GeV.

f = 2.0

f = 1.1

f = 1.0

f = 0.0pTJ > 500GeV

m23 [GeV]

dσ
/d

m
23
[p
b/
2
G
eV

]

1009080706050

3.4

3.2

3

2.8

2.6

2.4

2.2

2

1.8

1.6

1.4

f = 2.0

f = 1.1

f = 1.0

f = 0.0pTJ > 750GeV

m23 [GeV]

dσ
/d

m
23
[p
b/
2
G
eV

]

1009080706050

0.36

0.34

0.32

0.3

0.28

0.26

0.24

0.22

0.2

f = 2.0

f = 1.1

f = 1.0

f = 0.0pTJ > 1000GeV

m23 [GeV]
dσ

/d
m

23
[p
b/
2
G
eV

]

1009080706050

0.06

0.055

0.05

0.045

0.04

0.035

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

* Both use dipole-like qq➞qqV splittings



... And with Leptons/Neutrinos 

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

Use radiated Z-boson to determine 
full neutrino 3-vector direction

(and test for W’ chirality)



Integrated Transverse Vector 
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



Integrated Longitudinal Vector 
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 → VTVL) ∼ (2× 10−3) ⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

P(VL → VTh) ∼ (2× 10−3) ⇒ P(1 TeV) ∼ 1%, P(10 TeV) ∼ 4%

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

Plus others.....



Our Shower Program

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

• Polarized splittings
• Massive splitting functions

– amplitudes and phase space

• Secondary splittings reweighted to account for virtual 
mother’s production rate
– e.g., q ➞ W(on-shell) q   ≠  q ➞ W(off-shell) q

• Only FSR (so far)

I. FORMULAS
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]2
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WZ+Jet Revisited

MadGraph Pythia8 W/Z+jet + EW-Shower



Diboson 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



Back-of-the Envelope 
Applications

• WTWT production at O(10 TeV)
– WTWT➞WTWT scattering:  potentially O(1) showering probability
– KK graviton:  corrections up to “many 10’s of %”

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

probability

• SM V+jets and diboson
– there are still events up at pT ~ 10 TeV, with O(10’s of %) splitting rates
– a laboratory for studying weak splittings (analog of QCD c1980)
– splittings to Higgs would be particularly fun (though rare)

• Insert your favorite multi-TeV model...



What’s Next?

• ISR
• Top/bottom
• W/Z splittings to fermions
• Complete longitudinal splittings
• γ/Z interference
• Vector decays
• Interleave with QCD (already available)
• As a plug-in to an existing program such 

as PYTHIA...matching??
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• We are in the process of constructing a complete EW 
parton shower
– the standard “quick and dirty” way to capture leading-log effects 
– V➞VV splittings for the first time, plus various Higgs and 

“Goldstone equivalent” processes
– very new, and full implications still being worked out
– initial benchmark tests against MadGraph look reasonable

• A new regime to study multiboson physics!

Summary


