
VBS @ Future Hadron Colliders (HE-LHC, FCC-hh) 

Patrizia Azzi - INFN Padova 
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Pushing the energy frontier

• A very large circular hadron collider seems the only approach to 
reach 100 TeV c.m. collision energy in coming decades 

• It allows access to direct production of new particles  in the few TeV 
to 30 TeV mass range, far beyond LHC reach. 

• Much-increased rates for phenomena in the sub-TeV mass range. 
This means an increased precision w.r.t. LHC and possibly ILC (on 
some statistically limited processes) 

• The name of the game of a hadron collider is energy reach 

• Comparing with the LHC: FCC-hh provides a factor ~4 in radius, 
factor ~2 in field, factor O(10) in Ecms

2

𝐸 ∝ 𝐵𝑑𝑖𝑝𝑜𝑙𝑒 × 𝜌𝑏𝑒𝑛𝑑𝑖𝑛𝑔
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FCC Project Study 

• International FCC collaboration 
(CERN as host lab) to study:  

• pp-collider (FCC-hh): current  main 
emphasis, defining infrastructure 
requirements  

• 80-100 km tunnel infrastructure in 
Geneva area 

• e+e- collider (FCC-ee) as first step 
• p-e (FCC-he) option  
• Considering also the option of a 

HE-LHC with FCC-hh technology

3

~16 T ⇒ 100 TeV pp in 100 km
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CEPC-SPPC study (similar parameters, aggressive timeline) 

4

Qinhuangdao (秦皇岛）

easy access 
300 km east  
from Beijing 
3 h by car 
1 h by train 

Yifang Wang

CepC, SppC

“Chinese Toscana”

100 km 
50 km 
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Accelerator parameters comparison

5

LHC	
	/	HL-LHC

HE-LHC	
(tentative)

FCC-hh	
Initial					Ultimate

Cms	energy	[TeV] 14 27 100 100

Luminosity	[1034cm-2s-1] 1	/	5 28 5 20-30

Machine	circumference 27 27 97.75 97.75

Arc	dipole	field	[T] 8 16 16 16

Bunch	charge 1.15	/	2.2 2.2 1 1

Bunch	distance	[ns] 25 25 25 25

Background	events/bx 27	/	135 800 170 <1020

Bunch	length	[cm] 7.5 7.5 8 8
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FCC-hh reference Detector Cavern

6

Distance of 50m for 
civil engineering 
stray field reduction 
Radiation shielding 
(10-15m would be 
sufficient) 

Service CavernDetector 
Cavern



FCC-hh	Reference	Detector
• 4T,	10m	solenoid,	unshielded	
• Forward	solenoids,	unshielded	
• Silicon	tracker	
• Barrel	ECAL	LAr	
• Barrel	HCAL	Fe/Sci	
• Endcap	HCAL/ECAL	LAr	
• Forward	HCAL/ECAL	LAr

50m	length,	20m	diameter	
similar	to	size	of	ATLAS



Comparison	to	ATLAS	&	CMS
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Pileup 

• Average distance between vertices at z=0: 
• 1mm for HL-LHC (140 pileup) 
• 125um for FCC-hh (1000 pileup) 

• As for HL-LHC, timing can help for vertex identification 
• Effective pileup:  Number of vertices that a track of a given pT is compatible with at 95% CL. 

• For a time resolution of 25ps, CMS can get to an effective pileup of 1 for 1 GeV/c tracks at η = 4.  
• For an FCC detector the time resolution has to be at a level of 5ps to get to similar numbers. 

• The impact of pileup on a given physics analysis depends very much on the specific channels. 
9
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Remarks

• Higher statistics shifts the balance between systematic and statistical uncertainties.  
• It can be exploited to define different signal regions, with better S/B, better 

systematics, pushing the potential for better measurements beyond the 
« systematics wall » of Low-stat measurements.  

• We often talk about « precise » Higgs measurements.  
• What we actually aim at is « sensitive » tests of the Higgs propertie, where 

sensitive refers to the ability to reveal a BSM behaviour 
• Sensitivity may not require extreme precision. Going after « sensitivity » rather than 

just precision opens itself new opportunities…

10

Precision vs. sensitivity

 19

• Higher statistics shifts the balance between systematic and statistical 
uncertainties. It can be exploited to define different signal regions, with better S/B, 
better systematics, lower impact of pile-up,  pushing the potential for better 
measurements beyond the “systematics wall” of low-stat measurements.

• We often talk about “precise” Higgs measurements. What we actually aim at is 
“sensitive” tests of the Higgs properties, where sensitive refers to the ability to reveal 
BSM behaviours. 

• Sensitivity may not require extreme precision. Going after “sensitivity”, rather than 
just precision, opens itself new opportunities .

• For example, in the context of dim. 6 operators in EFT, some operators grow with 
energy:

�O ⇠
⇣

v

⇤

⌘2
⇠ 6%

✓
TeV
⇤

◆2

⇒ precision probes large Λ
e.g. δO=1% ⇒ Λ ~ 2.5 TeV

�O ⇠
✓

Q

⇤

◆2

⇒ kinematic reach probes large Λ

e.g. δO=15% at Q=1 TeV ⇒ Λ~2.5 TeV

BR measurement:

σ(pT > X):
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Why proposing HE-LHC? 

11

100 TeV pp : Qualitative Cost Dependencies

Vladimir SHILTSEV | HE-LHC Accel Phys4
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Why not stick with FCC-hh ?

3/16/2018

HE-LHC
27 TeV

FCC-hh
100TeV
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HE-LHC design goals and basic choices

12

physics goals:
• 2x LHC collision energy with FCC-hh magnet technology

• c.m. energy = 27 TeV ~ 14 TeV x 16 T/8.33T 

• ƚĂƌŐĞƚ�ůƵŵŝŶŽƐŝƚǇ�ш�ϰ�ǆ�,>-LHC (cross section 1ן/E2)

key technologies:
• FCC-hh magnets (curved!) & FCC-hh vacuum system 

• HL-LHC crab cavities & electron lenses

beam:
• HL-LHC/LIU parameters (25 ns baseline, also 5 ns option)

HE-LHC design goals and basic choices

3/16/2018 Vladimir SHILTSEV | HE-LHC Accel Phys5
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The scale of FCC-hh  - Cross sections for SM particles

13

final state Nev/10ab–1

W 1013

t tbar 3×1011

H 1010

HH 106

jets 
(pT>5 TeV) 106

jets 
(pT>10 TeV) 104

16
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Di-jet production at large mass

14
18

Example: dijet production at large mass

• 1 pb–1 to recover sensitivity of HL-LHC ⇒< 1 day @ 1032

• 50pb–1 to 2x the sensitivity of HL-LHC ⇒< 1 month @ 1032

• 1fb–1 to 3x the sensitivity of HL-LHC ⇒< 1 year @ 2x1032
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W and Z production at FCC-hh

• Production of W and Z bosons is an extremely important probe of 
EW and QCD dynamics 

• The production rate of W±(Z0) bosons at 100 TeV is about 1.3(0.4)μb. 
This corresponds to O(1011) leptonic decays per ab-1.

15

To investigate the impact of realistic acceptance cuts, we have used MCFM v7.0.1 to compute the
NLO cross-sections (using NNLO PDFs) including the decays of the gauge bosons. We have considered
three different cases for the final-state cuts:

– No cuts
– LHC cuts: pl

T � 20 GeV, |⌘l|  2.5

– FCC cuts: pl
T � 20 GeV, |⌘l|  5

In addition, jets are reconstructed with the anti-kt algorithm with R = 0.4, but no cuts are imposed on
the kinematics of this jet. The results are summarized in Table 8, where we show the production cross-
sections and the corresponding percentage PDF uncertainties for weak gauge bosons at 14 TeV and 100
TeV with different kinematical cuts on the final state particles. The calculation has been performed at
NLO with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set. We observe that PDF uncertainties are
reduced if the rapidity of the final-state leptons is restricted to the central region, indicating that the
increase of PDF errors from 14 to 100 TeV arises from the forward region, sensitive to the poorly-known
small-x PDFs.

NNPDF3.0 NNLO
�(pp ! V ! l1l2) [nb] (±�pdf�) 14 TeV 100 TeV

No cuts LHC cuts No cuts LHC cuts FCC cuts
W+ 12.2 (2.2%) 6.5 (2.2%) 77.3 (13.1%) 28.3 (3.3%) 54.3 (6.5%)
W� 9.2 (2.3%) 4.9 (2.3%) 64.3 (8.9%) 27.2 (3.3%) 45.5 (4.0%)
Z 2.1 (2.1%) 1.5 (2.1%) 14.5 (7.7%) 8.3 (3.3%) 12.8 (5.0%)

Table 8: The production cross-sections for weak gauge bosons at 14 TeV and 100 TeV, including the leptonic
decays, with different kinematical cuts on the final state particles, see text for more details. We provide both the
total cross-section and the corresponding percentage PDF uncertainty. The calculation has been performed at NLO
with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set.

Fig. 31: Left: rapidity acceptance for leptons from inclusive W production and decay, for pT thresholds
of 20 and 100 GeV. Right: inclusive lepton pT spectrum.

At 100 TeV, gauge bosons will have a rather broad rapidity distribution and, as shown in the left
plot of Fig. 31, more than 50% of the leptons with pT > 20 GeV will be produced at |⌘| > 2.5 (w.r.t.
⇠ 30% at 14 TeV). Even leptons with pT > 100 GeV will have a large forward rate, with about 40% of
them at |⌘| > 2.5 (⇠ 10% at 14 TeV). Their pT spectrum will also extend to large values, as shown in

48

large rapidity 
distribution!

large pT



P
at

ri
zi

a 
A

zz
i -

 V
B

SS
ca

n
 J

an
 2

8 
20

21

High pt dilepton comparison with HE-LHC 

16

474 Page 40 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 3.3 Integrated lepton transverse (dilepton) mass distribution in pp → W∗ → !ν (pp → Z∗/γ∗ → !+!−), at 100 and 27 TeV. One lepton
family is included, with |η!| < 2.5

Table 3.3 Gauge boson pair production cross sections. σgg refers to the
gg → VV process, which, while formally of NNLO, appears at the one-
loop level. The NNLO systematics reflects the scale dependence of the

total cross sections, obtained by varying renormalisation and factorisa-
tion scales (µR,F ), independently, over µR,F/µ0 = 0.5, 1 2 and 1/2 <
µR/µF < 2, with µ0 = mT,V1 + mT,V2 (mT,V = √

(m2
V + p2

T,V ))

σLO (pb) σNLO (pb) σNLO + σgg(pb) σNNLO (pb)

100 TeV

ZZ → e+e−µ+µ− 0.29 0.37 0.43 0.460 (+4.0%)
(−3.3%)

WW → eνµν 10.0 13.4 14.4 15.8 (+3.6%)
(−3.0%)

WZ → eνµ+µ− 1.1 2.2 – 2.38 ± 2.3%

27 TeV

ZZ → e+e−µ+µ− 0.058 0.080 0.090 0.0952 (+2.9%)
(−2.4%)

WW → eνµν 2.1 3.0 3.2 3.46 (+2.8%)
(−2.4%)

WZ → eνµ+µ− 0.23 0.42 – 0.483 ± 2.1%

precision, as shown in Sect. 5.3. In particular, Fig. 5.14 shows a projected precision for the qq̄ luminosity at the 5 per mille
level. This could lead to the process Z → !+!− becoming a luminometer with a (sub-)percent precision.

In Table 3.2 the rates for HE-LHC are also shown: they are a factor of 2 larger than at 14 TeV, and their PDF uncertainty,
based on today’s PDF fits, is smaller than at 100 TeV, due to the larger values of x that are being probed.

The extended kinematic reach for DY final states is shown in Fig. 3.3, where the integrated spectra of the W boson transverse
mass (M2

T = 2pT,! pT,ν(1 − cos θ!ν)) and of the γ/Z dilepton mass are plotted. Notice the accidental similarity of those
spectra: while leptonic rates for W’s are typically O(10) larger than for Z’s, a given value of MT corresponds to events with a
larger dilepton invariant mass, thus reducing the respective rate. Further applications of these high-mass DY measurements at
100 TeV, to probe BSM effects induced by the existence of new weakly interacting particles or of higher-dimension operators,
are presented later in Sect. 8.

3.3.2 Gauge boson pair production

Pair production is the most direct and sensitive probe of triple gauge-boson interactions (TGCs). Early measurements at LEP2
have confirmed the gauge nature of the couplings and set strong constraints on deviations. By violating gauge invariance
and its delicate cancellations among amplitudes, anomalous TGCs typically give rise to deviations from the SM that grow
quadratically with the gauge bosons energy. As in the case of far-off-shell DY production (discussed in Sect. 8.3), high-mass
gauge boson pairs can therefore provide powerful BSM constraints [49]. The total SM production rates are shown in Table 3.3,
up to the NNLO QCD order [50]. More details on the various aspects of the inclusive production are given in Ref. [25], where
a thorough discussion of diphoton production, at large Mγ γ and at large pγ γT for Mγ γ ∼ mH , can also be found.

123

NOTE different x-axis 
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Production of gauge boson by « radiation » 

• New phenomenon!  
• Most likely mechanism to 

produce gauge boson in 
final states with multi-TeV 
jets is NOT LO QCD 
process of V recoiling 
against the jet:  

• It is a higher order process 
where another jet recoiling 
radiates off a V  

• Emission probability can 
be enhanced by 10%!

qg → qV

qq → qqV

17

Fig. 37: Emission probability for additional W bosons in dijet events at large pT .

Fig. 38: Kinematical correlations, at LO, in high-pT jet events with W radiation, for values of the leading
jet pT > 1 and 10 TeV.

The process considered above is just one manifestation of the general fact that, in hard electroweak
interactions at multi-TeV energies, the soft/collinear structure of almost any multi-TeV process can be-
come significantly altered, as the logarithmic enhancements familiar from QED and QCD will become
active for electroweak emissions (see, e.g., [215–219]). Obtaining correct descriptions of the complete
event structure when

p
Ŝ � mW can be then greatly facilitated by incorporating factorization and re-

summation, such as that provided by parton showering and parton distribution functions. In effect, we
will begin to see weak bosons (including the Higgs boson) behaving as nearly-massless partons, in stark
contrast to the conventional perspective in which they are viewed as “heavy” particles. Jets, whether
initiated by QCD processes, electroweak process, or new physics processes, will be found to contain
electroweak splittings with probabilities at the O(10%) level. Similarly, weak bosons can usefully be
thought of as collinear components of the protons, at the same level as gluons and photons.

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)⇥U(1) gauge symmetry with massless gauge
bosons and fermions, supplemented by a massless scalar doublet field � without a VEV (the would-be

53
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Gauge Boson pair production

• Pair production is the most direct and sensitive probe of triple gauge-
bosons interactions (TGCs).  

• TGCs strongly constrained by LEP measurements 
• Anomalous TGCs violate gauge invariance and its delicate cancellations and 

give rise to deviation that grow with quadratically with the bosons energy.  
• High mass boson pair provide strong constraints on BSM: 

18

Eur. Phys. J. C (2019) 79 :474 Page 41 of 161 474

Fig. 3.4 Integrated invariant mass spectrum for the production of gauge boson pairs in the central kinematic range |y| < 1.5, at 100 and 27 TeV.
No branching ratios included

Next the integrated invariant mass distributions of gauge boson pairs are shown in Fig. 3.4. A central rapidity cut is imposed
to suppress the t-channel contributions to WW and WZ production, which reduce the role of the TGC vertex. Notice that
the rate for WW at large mass is larger than for dileptons, suggesting that diboson measurements may have a comparable
reach in Q2. Of course the full exploitation of these final states benefits from the possibility of using gauge boson hadronic
decays, challenging the detector performance in terms of jet tagging through the substructure analysis (see Sect. 15.3.1 for
examples in the case of high-mass Z′ → VV decays). The exploration of these high-mass diboson processes to constrain
higher-dimension operators has just started. A first study of the WZ (fully leptonic) final states was presented in Ref. [49].
The longitudinal component of the amplitude, A(uLdL → W+

L ZL) (and its charge conjugate) may receive contributions
from dimension-6 operators, growing with energy and parameterised [49] as δA = a(3)/(2

√
2)E2 sin θ , where E, θ are

the W energy and scattering angle in the CM frame. The sin θ behaviour allows the isolation of this contribution from
the production of transverse gauge bosons, further justifying the focus on central production, where sin θ is maximum. A
systematic uncertainty for the extraction of the signal of ∼ 1% allows constraints to be set at the level of a(3)<∼1/(20 TeV)2.
These studies are complementary to analyses that could be done with the q′q → WH process, which, by gauge invariance,
would be modified by the a(3) correction in the same way as WZ. For a further discussion of these studies see Sect. 8.

3.3.3 Gauge boson(s) production via vector boson scattering and fusion

Vector boson fusion (VBF) and vector boson scattering (VBS) processes provide crucial signatures to probe the mechanism
of EW symmetry breaking. The rates at FCC-hh, subject to various sets of cuts aimed at reducing the QCD backgrounds, are
given in Table 3.4. They account for off-shell and non-resonant contributions. The details of the generation (scales, PDF, etc)
are given in Ref. [25], where several additional kinematic distributions are collected. The sets of cuts considered here are as
follows:

(A) M#+#− > 66 GeV, p jet
T > 50 GeV (3.6)

(B) y j1 × y j2 < 0, m j j > 2000 GeV, $y j j > 5 (3.7)

(C) p#T > 20 GeV, |y#| < 5, $R j#, ytagj,min < y# < ytagj,max . (3.8)

As shown in Table 3.4, the available statistics range between tens of thousands and hundred million events, depending on the
final state. The use of hadronic decays could increase these rates even more. Examples of analyses to constrain EFT operators,
and their impact on BSM models, are discussed in Sect. 8.

The discussion of longitudinal vector boson scattering, of relevance to the study of Higgs couplings, is presented in
Sect. 4.3.1.

123

Rate at high mass 
larger than DY:  
Comparable reach?  
Use of hadronic 
decays with boosted 
topologies



P
at

ri
zi

a 
A

zz
i -

 F
u

tu
re

 C
ol

lid
er

s 
P

h
D

 C
ou

rs
e 

20
20

VBS and VBF production of EWK bosons

19

• VBF and VBS processes is a key measruement to probe the 
mechanism of EWK symmetry breaking and test effect of BSM models  

• The VLVL->VLVL scattering is unitarized by the interference with the H 
exchange 

•

• VBS VV->VV scattering 
• Key measurements to fully 

explore EWSB and probe for BSM 
models 
• VLVL->VLVL scattering unitarized 

by the interference with 
amplitudes involving Higgs bosons 
• Window for new physics 

• Anomalous triple and quartic gauge 
boson couplings

Vector boson scattering
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explore EWSB and probe for BSM 
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by the interference with 
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• Anomalous triple and quartic gauge 
boson couplings
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VBS and VBF production of EWK bosons

20

• At hadron collider this happens with (anti)quarks scattering with the 
exchange of a weak gauge boson in t-channel and then emission of 2 
gauge bosons:  
• The 2 jets are typically in the forward region 
• Little QCD activity in the central region 
• useful to reduce the big QCD background

pp → VVjj

• VBS VV->VV scattering 
• Key measurements to fully 

explore EWSB and probe for BSM 
models 
• VLVL->VLVL scattering unitarized 

by the interference with 
amplitudes involving Higgs bosons 
• Window for new physics 

• Anomalous triple and quartic gauge 
boson couplings

Vector boson scattering

207/02/20
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for 100TeV 
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1607.01831
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VBS @100TeV - Leptonic final state study

• Analysis for leptonic final states of WW, WZ and ZZ 
• Study considers EFT Dim-8 operators only affect Quartic Gauge 

Boson coupling and arise only in VBS processes  
• Takes care of unitarity constraint as well 

21
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√
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pp → νee+νµµ+jj
W+W+jj: σ [fb]

102

10

1

Figure 1: Energy dependence of the EW-induced (red line) and QCD-induced (blue line)
contributions to the inclusive cross section for pp → νee+νµµ+jj, without any selection
cuts. The lower panel shows the ratio of the EW to the QCD contribution.

first sight, if one naively assumes the size of the respective EW and QCD cross sections
to be determined by the relevant orders of the strong and electromagnetic couplings that
themselves differ by roughly one order of magnitude. Upon closer inspection it becomes
clear that the inclusive cross section for the QCD-induced νee+νµµ+jj final state indeed
exceeds the EW one by about a factor of 1.7. However, the very distinct kinematic prop-
erties of the VBS production mode allow the efficient suppression of the QCD background
contributions with a dedicated set of selection cuts that diminish the rate of signal events
only marginally, resulting in the large S/B ratio reported above. At higher collider en-
ergies, the production rate for the EW signal process increases slightly faster than the
production rate for the QCD background, as depicted in Fig. 1. We will see below that
an approach similar to the strategy applied at the 7 TeV LHC can be used for higher
center-of-mass energies yielding even better S/B ratios at a 100 TeV collider.

To illustrate the capability of selection cuts in the environment of an FCC, focusing
on a fully inclusive setup (i.e. not imposing any selection cuts) in Fig. 2 we present two
distributions that exhibit particularly distinctive shapes in VBS-induced processes: the
invariant mass Mjj of the tagging jets’ system and the rapidity separation of the two
tagging jets, ∆yjj. While in QCD-induced W+W+jj processes the two jets are mostly
produced with a small invariant mass and close to each other in rapidity, the color-singlet
nature of the weak-boson exchange, which is characteristic for VBS processes, gives rise
to a dijet system of large invariant mass with a substantial separation in rapidity. This
feature can be exploited for the design of powerful selection cuts. It can be easily seen
from Fig. 2 that the ∆yjj distribution (right panel) peaks around zero values for the
QCD background, while the VBS contribution exhibits a dip there, and peaks around

8

QCD
EW

pp → νee+νµµ+jj
W+W+jj:
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[

fb
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]
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543210

102

10

1
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pp → νee+νµµ+jj
W+W+jj:

inclusive setup

dσ
d∆yjj

[fb]

∆yjj

14121086420

25

20

15

10

5

0

Figure 2: Invariant mass (l.h.s.) and rapidity separation of the two tagging jets (r.h.s)
for the EW-induced (red lines) and QCD-induced (blue lines) contributions to pp →
νee+νµµ+jj, without any selection cuts.

∆yjj = 5. On the other hand, a steep rise of the invariant mass distribution towards
small values of Mjj can be observed in case of the QCD induced W+W+jj production
process, where the VBS contribution is no longer dominant. Suitable cuts on Mjj and
∆yjj diminish the signal cross section only marginally, at the same time removing a large
fraction of the QCD-induced background contribution. Indeed, by imposing the following
process-specific selection cuts,

Mjj > 500 GeV , ∆yjj = |yj1 − yj2| > 1.5 , (24)

in addition to the generic cuts of Eqs. (11)–(14) we obtain cross sections of σS = 49.34 fb
for the signal process and σB = 1.68 fb for the background process, resulting in the S/B
ratio of about 30, similar to what was reported in [33] for the case of the LHC operating
at 7 TeV. Figure 3 shows the invariant mass and rapidity separation of the tagging jet
system within the selection cuts of Eqs. (11)–(14) and Eq. (24).

New physics in the weak sector is expected to affect not only the shape of distributions
related to the weak bosons in V V jj processes, but also differential distributions of the
tagging jets that are the tell-tale signature of VBS reactions at hadron colliders. In
particular the tails of invariant-mass and transverse-momentum distributions of final-
state leptons and tagging jets are sensitive to physics beyond the SM (BSM). At the
FCC, such observables are accessible up to much higher scales than at the LHC. Our
study in [15] revealed, for instance, that even at scales far above 1 TeV, several signal
events are to be expected for an integrated luminosity of 30 fb−1. In the W+W+jj
channel, after VBS-specific selection cuts are applied the QCD background contributions
amount to only about 3% of the EW signal and thus have little impact on the relevant
distributions, as we demonstrate explicitly for selected observables: Figure 4 shows the
transverse-momentum and the rapidity distributions of the hardest tagging jet, while
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∆yjj = 5. On the other hand, a steep rise of the invariant mass distribution towards
small values of Mjj can be observed in case of the QCD induced W+W+jj production
process, where the VBS contribution is no longer dominant. Suitable cuts on Mjj and
∆yjj diminish the signal cross section only marginally, at the same time removing a large
fraction of the QCD-induced background contribution. Indeed, by imposing the following
process-specific selection cuts,

Mjj > 500 GeV , ∆yjj = |yj1 − yj2| > 1.5 , (24)

in addition to the generic cuts of Eqs. (11)–(14) we obtain cross sections of σS = 49.34 fb
for the signal process and σB = 1.68 fb for the background process, resulting in the S/B
ratio of about 30, similar to what was reported in [33] for the case of the LHC operating
at 7 TeV. Figure 3 shows the invariant mass and rapidity separation of the tagging jet
system within the selection cuts of Eqs. (11)–(14) and Eq. (24).

New physics in the weak sector is expected to affect not only the shape of distributions
related to the weak bosons in V V jj processes, but also differential distributions of the
tagging jets that are the tell-tale signature of VBS reactions at hadron colliders. In
particular the tails of invariant-mass and transverse-momentum distributions of final-
state leptons and tagging jets are sensitive to physics beyond the SM (BSM). At the
FCC, such observables are accessible up to much higher scales than at the LHC. Our
study in [15] revealed, for instance, that even at scales far above 1 TeV, several signal
events are to be expected for an integrated luminosity of 30 fb−1. In the W+W+jj
channel, after VBS-specific selection cuts are applied the QCD background contributions
amount to only about 3% of the EW signal and thus have little impact on the relevant
distributions, as we demonstrate explicitly for selected observables: Figure 4 shows the
transverse-momentum and the rapidity distributions of the hardest tagging jet, while
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Fig. 94: Invariant-mass distribution of the WZ system reconstructed from the lepton momenta (l.h.s.)
and total number of events produced with MWZ > Mmin

WZ (r.h.s) for the EW-induced (blue line) and
QCD-induced (red line) contributions to pp ! ⌫ee+µ�µ+jj, within the selection cuts of Eqs. (42)–(46)
and Eq. (50). An integrated luminosity of 30 ab�1 is assumed.
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Fig. 95: Invariant-mass distribution of the four-lepton system for two different ranges of the EW-induced
(blue line) and QCD-induced (red line) contributions to pp ! e�e+µ�µ+jj, within the selection cuts
of Eqs. (42)–(46) and Eq. (51). An integrated luminosity of 30 ab�1 is assumed.

With these cuts, we find a LO cross section of �EW
= 2.1506(7) fb and �QCD

= 0.2533(2) fb for EW-
and QCD-induced ZZjj production, respectively, resulting in an S/B ratio of 8.49.

The invariant mass of the ZZ system can be fully reconstructed from the momenta of the final-state
charged leptons. Figure 95 shows the four-lepton invariant-mass distribution in two different ranges. At
low values of MZZ , an interesting structure can be observed that is due to the Z peak around 91 GeV and,
for the EW production mode, the Higgs resonance at 125 GeV. Both channels exhibit a broad continuum
contribution above the Z-pair production threshold with the QCD contribution decreasing slightly faster
than the EW contribution. In Fig. 96 we show the number of events above a specific value of the tagging
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• Sensitive to scalar resonances, background to VBF H production
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Figure 12: Invariant-mass distribution of the ZZ system reconstructed from the lepton
momenta in two different plot ranges for the process pp → e−e+µ−µ+jj in the framework
of the SM (red and blue lines) and including the impact of the dimension-eight operator
OT,0 (green line) with the form factor of Eq. (23). The selection cuts of Eqs. (11)–(15)
and Eq. (29) are imposed.

section in the context of the SM and the respective EFT result within the ZZjj-specific
selection cuts of Eqs. (11)–(15) and Eq. (29), we find results that are rather similar to
each other, σSM = 2.18 fb and σEFT = 2.30 fb. As becomes obvious from an inspection
of the invariant mass distribution in the TeV range, shown in the right panel of Fig. 12,
differences between the SM and the EFT prediction are most pronounced at high scales.
Indeed, by applying an additional selection cut of

MZZ > 2 TeV , (30)

the relative difference between the VBS cross section in the context of the SM and the
respective EFT result can be significantly enhanced, yielding σcut

SM = 0.11 fb and σcut
EFT =

0.22 fb, i.e. even anomalous couplings substantially smaller than 0.1 TeV−4 can be seen
in this channel with 3000 fb−1. Note that in the high-invariant mass region most sensitive
to the EFT operator the impact of the QCD-induced background is negligible.

4.4 W+W−jj

The W+W−jj mode exhibits the largest cross section of all VBS channels. Nonetheless,
extracting the VBS signal from the background is particularly challenging in this mode,
because in addition to the QCD-induced W+W−jj contribution very large background
rates arise from top-quark pair production processes. First, in reactions of the type pp →
tt̄, almost all top quarks decay into W bosons and bottom quarks. The bottom quarks
may be misidentified experimentally as light-flavor tagging jets. Together with the decay
products of the W bosons, such bottom-jets may give rise to signatures very similar to the

18



P
at

ri
zi

a 
A

zz
i -

 F
u

tu
re

 C
ol

lid
er

s 
P

h
D

 C
ou

rs
e 

20
20

WLWL scattering (relevant for VVH coupling) & detector req.

25

Eur. Phys. J. C (2019) 79 :474 Page 55 of 161 474

0.9 0.95 1 1.05 1.1
Wκ

1

2

3

4

5

SMσ
 / σ

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

FCC-hh Simulation (Delphes)

L
± WL

±VBS - W

Fig. 4.9 Left: precision in the determination of the scattering of same-
sign longitudinal W bosons, as function of luminosity, for various
kinematic cuts. Right: sensitivity of the longitudinal boson scattering
cross section w.r.t. deviations of the WWH coupling from its SM value

(κW = 1), for various selection cuts on the final-state dilepton invariant
mass. The vertical bars represent the precision of the measurement, for
30 ab−1

Table 4.5 Constraints on the HWW coupling modifier κW at 68% CL, obtained for various cuts on the di-lepton pair invariant mass in the
WLWL → HH process

ml+l+ cut > 50 GeV > 200 GeV > 500 GeV > 1000 GeV

κW ∈ [0.98, 1.05] [0.99, 1.04] [0.99, 1.03] [0.98, 1.02]

4.5.1 SM Higgs decays

The study of SM Higgs decays, summarised in [90], has been performed in two steps. First, detailed simulations and analyses
were made of the dominant H → bb̄ [91–94] and of the challenging H → cc̄ [94,95] channels. Signals and backgrounds
were generated by Madgraph5/Madevent, with the fragmentation and hadronisation in PYTHIA followed by a Delphi-based
simulation of the baseline ep detector. Both cut-based and boosted decision tree (BDT) analyses were performed in independent
evaluations.

Second, an analysis of NC and CC events was established for the seven most frequent decay channels listed in Table 4.6.
Acceptances and backgrounds were estimated with Madgraph, and efficiencies for the leptonic and hadronic decay channels of
W, Z and τ were taken from prospective studies of Higgs coupling measurements at the LHC [96]. This provided a systematic
scale factor f , which comprised the signal-to-background ratio, the product of acceptance, A, and reconstruction efficiency
ε, as f 2 = (1 + B/S)/(Aε). The error on the signal strength µi for each of the Higgs decay channels i is determined
as δµi/µi = fi/

√
Ni . Here, Ni are the event numbers listed in Table 4.6. This second estimate could be successfully

benchmarked with the detailed simulations for charm and beauty decays described above.
The results of the signal strength determinations are illustrated in Fig. 4.11, for the FCC-eh and, for comparison for the

two lower energy ep collider configurations, the LHeC, in which the electron ERL is coupled with the HL-LHC, and its high
energy version, the HE-LHC. The electron beam energy has been kept constant at 60 GeV while the proton energy of the
LHC-based colliders is 7 or 14 TeV, respectively. One finds that the FCC-eh prospects for the experimental uncertainties on
the signal strength vary between below 0.5% for the most abundant channel and up to 5% for the γγ decay. The FCC-eh
results presented in Fig. 4.11 are input to a joint pp-ep-ee FCC Higgs coupling analysis as is presented elsewhere in this paper.
They can also be used for an independent and complete coupling strength analysis in ep alone.
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Vector Boson Scattering

• Sets constraints on detector acceptance (fwd jets at η≈4)

• Study W+/-W+/- (same-sign) channel 

• Large WZ background at FCC-hh 

• 3-4% precision on WLWL scattering xsec. achievable with full dataset

• Indirect measurement of HWW coupling possible, δκW /κW ≈ 2% [1002.1011]

A. Sznajder, MS

3% at 30ab-1
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Studies for the HE-LHC 

• Studies performed for the YR of the HL/HE-LHC, 1902.04070

26

• Studies of same-sign WW, WZ, and ZZ processes at HL-LHC and HE-LHC
• CERN-LPCC-2018-03
• Access to longitudinal scattering

HL-LHC and HE-LHC

607/02/20

ZLZL

WLWL WLWL

Table 14: Significance and measurement uncertainty for the VBS ZLZL fraction for different acceptance
configurations at HL-LHC. In the quoted ⌘ coverages, the first number corresponds to electrons while
the number in parentheses corresponds to muons.

⌘ coverage significance VBS ZLZL fraction uncertainty (%)
|⌘| < 2.5 (2.4) 1.22� 88
|⌘| < 3.0 (2.8) 1.38� 78
|⌘| < 4.0 (2.8) 1.43� 75

tion to the level of ⇠ 5� (⇠ 20%).

Table 15: Expected significance and measurement uncertainty for the VBS ZLZL fraction at HL-LHC
and HE-LHC with and without systematic uncertainties included.

significance precision (%)
w/ syst. uncert. w/o syst. uncert. w/ syst. uncert. w/o syst. uncert.)

HL-LHC 1.4� 1.4� 75% 75%
HE-LHC 5.2� 5.7� 20% 19%

4.2.6 The production of WW / WZ via vector boson scattering with semi-leptonic final states
The existing Run-2 VBS measurements and the above analyses have focused on channels involving the
fully leptonic boson decays, or decay modes involving photons. The semileptonic channels can however
offer some interesting advantages: the V ! qq̄ branching fractions are much larger than the leptonic
ones and the use of jet substructure techniques with large-radius jet reconstruction allows to reconstruct
and identify the V -boson produced in the high-pT region, which is the most sensitive to new physics
effects. This section presents the sensitivity of the ATLAS experiment to VBS in the V (qq)W (`⌫) final
state, assuming an integrated luminosity of 300 or 3000 fb�1 of pp collisions at

p
s= 14 TeV.

This analyses uses generator-level samples of the main signal and background processes, com-
bined with the parameterisations of the detector performance (muon and jet reconstruction and selection
efficiencies and momentum resolutions) expected at the HL-LHC from fully simulated samples. The
parametrized detector resolutions are used to smear the generator-level particle transverse momenta,
while the parametrized efficiencies are used to reweigh the selected events. All generated samples were
produced at

p
s= 14 TeV and normalized to luminosities of 300 or 3000 fb�1 when the results are

presented.
The electroweak (EW) V V jj production is modeled using MADGRAPH5_AMC@NLO v2.3.3 [12],

plus PYTHIA8 [292] for fragmentation. The main background sources are W bosons produced in as-
sociation with jets (W+jets), with significant contributions from top-quark production (both tt̄ pair and
single-top), non-resonant vector-boson pair production (ZZ, WZ and WW ) and Z bosons produced
in association with jets (Z+jets). Background originating from multi-jet processes are expected to be
negligible due to the event selection requirements. Details about the samples generation can be found in
Ref. [407].

To increase the purity of considered events, several requirements are placed on the constituents
of an event. Events are required to have exactly one lepton. Generator-level electrons or muons are
required to be isolated and pass the tight identification criteria [405] and to have pT > 27 GeV. Events
are required to contain a hadronically-decaying W/Z candidate, reconstructed either from two small-R

59

FULLY LEPTONIC FINAL STATE 
Simple scaling for HE-LHC from 

 the HL-LHC results  
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Semileptonic VBS at HE-LHC 

• Study with Delphes for the HE-LHC focused on the effect of PU 
reduction
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Fig. 32: Leading large-R jet mass (left) after applying the PUPPI algorithm at an integrated luminosity
of 1 ab�1 at

p
s = 27 TeV with five different pile-up overlay conditions of µpileup = 0, 100, 200, 400

and 800. The right plots shows the same distribution but after additionally requiring that the jets are
trimmed with the conditions described in the text.

boson tagging. The VBS signal events are produced with the overlay of minimum-bias pp interactions
generated using PYTHIA 8. The minimum-bias interactions are overlaid onto hard scattering event
using Poisson probability distribution with the mean number of interactions (µpileup) varied from 0 to
100, 200, 400 and 800. Furthermore, the minimum-bias interactions are distributed randomly in z and
timing using Gaussian profiles of �z = 5.3 cm and �t = 160 ps, respectively (z=0 at the detector centre
and t=0 for hard scattering event). The overlaid VBS signal events are processed through DELPHES
with two pile-up mitigation techniques: the Pile-up Per Particle Identification (PUPPI) algorithm [362]
used in CMS and the trimming procedure used in ATLAS. The trimming parameters of the pT fraction
cut and the sub-jet reclustering radius are chosen to be the same as those used in ATLAS. For the PUPPI
algorithm the standard DELPHES implementation is used.

Figure 32 shows the leading large-R jet mass (mJ ) for the PUPPI-only jets and the PUPPI+trimmed
jets, both required to have pT > 200 GeV. The mJ distribution get shifted towards lower values with
the trimming applied, enhancing the peak around mW . The residual pile-up effect is still visible as a
shift towards larger values with increasing µpileup, but the overall signal yield after the mass-window and
D2 requirements (e.g, D2 < 1.5) is largely stable. This indicates that an impact to the W /Z-boson tag-
ging performance from expected pile-up collisions at the HE-LHC can be mitigated to the level where
the tagging performance is similar to what is expected at Run-2 or the HL-LHC. Therefore, the study
presented in the rest of this note is based on the W /Z-boson tagging performance at Run-2.

The sensitivity to the VBS signal at 27 TeV is extracted in the same manner as the HL-LHC anal-
ysis. The event selection is similar and a BDT is built using the same variables both in the resolved and
boosted channel. For more details about the BDT and the setup used please refer to citation. Figure 33
shows the expected cross section uncertainty as function of integrated luminosity at 27 TeV compared
to the one obtained at 14 TeV. The results are very consistent and show that given the same luminosity
the same uncertainty can be reached at 27 TeV. Prospects are also presented for the extraction of the
longitudinal component of the WW scattering. For the extraction of the longitudinal component in
VBS processes, the electroweak WWjj samples are generated with the DECAY program to identify
the polarization state of the produced V bosons. The generated events are then classified according to
the polarization state: both V bosons are longitudinally (LL) or transversely (TT) polarized, or in the
mixed state (LT). Each event is showered using PYTHIA and then processed through the DELPHES
simulation.
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VBS semileptonic @HE-LHC - Significance of EWK signal
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Fig. 33: The expected cross section uncertainty as function of integrated luminosity at 27 TeV compared
to the one obtained at 14 TeV (left). Right: Observed significance as a function of the luminosity and
expected uncertainty for the EW WLWL signal assuming a 10% fraction predicted by MADGRAPH
(right). One line shows the results obtained by fitting a single variable, the total invariant mass of
the system and the other one shows the expected significance using the BDT. The third line shows
the expected significance assuming the combination of all three semi-leptonic channels with the same
sensitivity.

In this case a BDT is built training the signal samples (WW LL) against the sum of the back-
grounds which include the TT and LT component of the electroweak WWjj samples. The observed
significance expected with this simple setup is shown in the right figure of Fig. 33. One line shows
the results obtained by fitting a single variable, the total invariant mass of the system and the other one
shows the expected significance using the BDT. The third line shows the expected significance assuming
the combination of all three semi-leptonic channels with the same sensitivity. It is expected to reach 5�
sensitivities with 3000 fb�1 combining all the semileptonic channels.

4.3 Tri-boson production
The production of multiple heavy gauge bosons V (= W±, Z) opens up a multitude of potential de-
cay channels categorised according to the number of charged leptons in the final state. The sen-
sitivity prospect studies have been performed related to the production of W±W±W⌥, W±W⌥Z
or W±ZZ followed by the fully leptonic or semi-hadronic13 decays: W±W±W⌥

! `±⌫`±⌫`⌥⌫,
W±W±W⌥

! `±⌫`±⌫jj, W±W⌥Z ! `±⌫`±⌫`+`�, W±W⌥Z ! `±⌫jj`+`�, W±ZZ !

`±⌫`+`�`+`�, W±ZZ ! `±⌫`+`�⌫⌫, W±ZZ ! jj`+`�`+`� and W±ZZ ! `±⌫`+`�jj, with
` = e or µ. Prospect studies have been performed, using a cut-based analysis, corresponding to an in-
tegrated luminosity of 3000 fb�1 and 4000 fb�1 of proton–proton collisions at a centre-of-mass energy
of

p
s = 14 TeV, expected to be collected by the ATLAS detector at the HL-LHC [301]. In this section

we summarize only results that are expected to provide the best sensitivity according to the full prospect
studies documented in [416].

Monte Carlo (MC) simulated event samples are used to predict the background from SM pro-
cesses and to model the multi-boson signal production. The effects of an upgraded ATLAS detector are
taken into account by applying energy smearing, efficiencies and fake rates to generator level quantities,
following parameterisations based on detector performance studies with full simulation and HL-LHC
conditions. The most relevant MC samples have equivalent luminosities (at 14 TeV) of at least 3000
fb�1. Several MC generators are used to model the production of signal and dominant SM background

13In case of semi-hadronic channels we assume that one of the vector bosons decays hadronically while the other two decay
leptonically.
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Conclusions 

• FCC-hh is a great place to study boson processes: the high √s 
increases the cross section for rare processes, and it also increases 
the object boost.  
• Large statistics and boosted object allow to trade efficiency for 

purity in difficult channels  
• Analysis very simplistic for the moment, just to set the scale of the 

reach.  
• technical issues such as PileUp reduction need a much higher 

level of knowledge of simulation.  
• For now some studies informing the detector requirements 

• Important note: much of these measurements rely on the 
measurement of the previous HL-LHC but also of the FCC-ee for the 
expected precision
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