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Future high-energy hadron colliders

3.8 m inner tunnel diameter
main space allocation:

• 850 mm cryo distribution line (QRL)
• 1200 mm installed cryomagnet
• 1200 cryomagnet magnet transport
challenging

6 m inner tunnel diameter
main space allocation:

• 1200 mm cryo distribution line (QRL)
• 1500 mm installed cryomagnet
• 1600 cryomagnet magnet transport
• >700 mm free passage.

FCC-hh HE-LHC V. Mertens et al.

tunnel integration

HE-LHC
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parameter FCC-hh HE-LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27

beam current [A] 0.5 1.12 (1.12) 0.58

bunch intensity  [1011] 1 (0.5) 2.2 (2.2) 1.15
bunch spacing  [ns] 25 (12.5) 25 (12.5) 25
norm. emittance gex,y [mm] 2.2 (2.2) 2.5 (1.25) (2.5) 3.75
IP b*

x,y [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 30 25 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40

hadron collider parameters (pp)

M. Benedikt 

Future high-energy hadron colliders
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Future high-energy hadron colliders
Fastest Possible Technical Schedules

M. Benedikt

technical schedule defined by magnets program and by CE
→ earliest possible physics starting dates:
• FCC-hh: 2043
• FCC-ee: 2039
• HE-LHC:  2040 (with HL-LHC stop at LS5 / 2034)

HE-LHC
design &
construction
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CERN Yellow Report CERN-2017-003-M

https://arxiv.org/abs/1710.06353

• SM processes 

• Higgs physics and EW symmetry breaking 

• BSM phenomena 

• Heavy Ion physics at FCC-hh 

• Physics with the FCC-hh injectors

References

https://indico.cern.ch/event/656491/See also FCC week 2018: 

https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/
https://arxiv.org/abs/1710.06353
https://www.dropbox.com/s/sv13uik1ov1xm7x/01-SM.pdf?dl=0
https://www.dropbox.com/s/dy761ptu24jiity/02-Higgs.pdf?dl=0
https://www.dropbox.com/s/zmgl12vupcsrnlc/03-BSM.pdf?dl=0
https://www.dropbox.com/s/wtt60preda1q1yb/04-HI.pdf?dl=0
https://www.dropbox.com/s/cu8bpnntyzmnyie/05-INJ.pdf?dl=0
https://indico.cern.ch/event/656491/
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Physics opportunities for high-energy colliders

• Explore electroweak symmetry breaking 

• Search for new particles 

• Probe Standard Model dynamics
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Physics opportunities for high-energy colliders

Explore electroweak symmetry breaking 

LSM � �µ
2
H

†
H + �(H†

H)2 � Y
ij
 
i
LH 

j
R

<latexit sha1_base64="JWI9odyuNdMriM8CsTg7W/TSVoE="></latexit><latexit sha1_base64="JWI9odyuNdMriM8CsTg7W/TSVoE="></latexit><latexit sha1_base64="JWI9odyuNdMriM8CsTg7W/TSVoE="></latexit><latexit sha1_base64="JWI9odyuNdMriM8CsTg7W/TSVoE="></latexit>

naturalness? 

portal to dark sector? 

vacuum stability? 

electroweak phase transition?

flavour structure? 

mass hierarchies?
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Physics opportunities for high-energy colliders

Search for new particles 

WIMP dark matter? Flavour anomalies? 

+ theoretically well motivated BSM 
scenarios such as supersymmetry, 

composite Higgs, … 
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Physics opportunities for high-energy colliders

Probe Standard Model dynamics
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Physics opportunities for high-energy colliders

➞  Precision (exp. & theory) 

➞  Energy/mass reach

➞  Diverse searches (subtle and/or novel signatures)

• Explore electroweak symmetry breaking 

• Search for new particles 

• Probe Standard Model dynamics
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Physics opportunities for high-energy colliders

Consider an EFT analysis of BSM physics

LSMEFT � LSM +
1

⇤2

X

i

Oi
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Physics opportunities for high-energy colliders

Consider an EFT analysis of BSM physics
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Inclusive Higgs production: 

�� ⇠ m2
H

⇤2
⇡ 2%

✓
TeV

⇤

◆2

! �� ⇡ 5% probes ⇤ ⇡ 500GeV
<latexit sha1_base64="KZHdLe+lgVHKSQLjXk4nz3MFkvI="></latexit><latexit sha1_base64="KZHdLe+lgVHKSQLjXk4nz3MFkvI="></latexit><latexit sha1_base64="KZHdLe+lgVHKSQLjXk4nz3MFkvI="></latexit><latexit sha1_base64="KZHdLe+lgVHKSQLjXk4nz3MFkvI="></latexit>



!12

Physics opportunities for high-energy colliders

Consider an EFT analysis of BSM physics
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Physics opportunities for high-energy proton colliders

• Higgs physics 

• WIMP dark matter 

• Flavour anomalies
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Higgs physics at high-energy proton colliders
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Higgs physics at high-energy proton colliders
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Higgs physics at high-energy proton colliders
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Higgs physics at high-energy proton colliders

Indicative precision in Higgs couplings 

Mangano, Azzi, D’Onofrio, Mccullough
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Higgs physics at high-energy proton colliders
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [196].

process precision on �SM 68% CL interval on Higgs self-couplings

HH ! bb�� 3% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` O(25%) �3 2 [0.6, 1.4]

HH ! bb`+`� O(15%) �3 2 [0.8, 1.2]

HH ! bb`+`�� � �

HHH ! bb̄bb̄�� O(100%) �4 2 [�4, +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab�1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this

77

Statistical uncertainties only 

2

falling short in precision in comparison to other Higgs
property measurements at the LHC, and far from satis-
factory in probing the Higgs potential.

In this study, we systematically compare the prospects
for measuring the Higgs self-coupling at current and
higher energy pp colliders. We focus on the two lead-
ing proposals for future hadron colliders:

1. the 27 TeV high-energy LHC (HE-LHC) with an
integrated luminosity of 15 ab�1,

2. a 100 TeV hadron collider with 30 ab�1, under con-
sideration at CERN (FCC-hh) [18] and in China
(SppC) [19].

We include state of the art signal and background esti-
mates for the bb̄�� channel, as well as realistic acceptance
cuts and e�ciencies. While there exist a series of 100 TeV
studies of Higgs pair production at di↵erent levels of so-
phistication [20], we include a 100 TeV analysis to be able
to compare with the HE-LHC reach on equal footing.

We start with a study of relevant phase space re-
gions using a Neyman-Pearson maximum likelihood ap-
proach [17, 21]. This allows us to estimate the impact
of using simple kinematic distributions on the measure-
ment of the Higgs self-coupling at the di↵erent colliders.
Furthermore, we can evaluate the maximum significance
of extracting the Higgs pair signal and the significance of
detecting a modified self-coupling under idealized condi-
tions.

In the main part of our paper, we perform a state-of-
the-art analysis of Higgs pair production including ad-
ditional jet radiation, and a full set of realistic detec-
tor e�ciencies. Unlike earlier analyses, we include b-jets
from Higgs decays even when they become sub-leading
in transverses momentum to the additional jet radiation.
Our analysis focuses on the di-Higgs invariant mass dis-
tribution, both for the extraction of the Higgs pair sig-
nal and for the measurement of the Higgs self-coupling.
Using a log-likelihood approach on this single kinematic
distribution, we show that the Higgs self-coupling can be
properly measured not only at a future 100 TeV collider,
but also at the 27 TeV HE-LHC.

II. HIGGS PAIR SIGNATURE

The leading hh production mechanism in the Stan-
dard Model at hadron colliders is depicted by the Feyn-
man diagrams in Fig. 1. Due to the di↵erence of the top
quark propagators in the loops, the two diagrams inter-
fere destructively. In Fig. 2 we show the total rate for
hh production as a function of the center of mass energyp
s in TeV, including the next-to-leading order (NLO)

corrections [22]. The width of the curve illustrated the
theoretical uncertainties around 10% [23]. At the LHC,
the signal rate is the limiting factor for Higgs pair stud-
ies. At 14 TeV, the cross section including higher-order

h

h

h h

h

Figure 1. Representative Feynman diagrams contributing to
the leading Higgs pair production process via gluon fusion.

corrections is in the range of 0.033 pb [23], correspond-
ing to at most 100k events with an integrated luminosity
of 3 ab�1 at the HL-LHC. Assuming one Higgs decay to
tagged bottom quarks, the available rate is reduced to
60k events in the life time of the HL-LHC. The crucial
question is what kind of second Higgs decay allows us
to e↵ectively trigger the events and to reduce the QCD
backgrounds to a manageable level. The leading candi-
date is the signature [7]

pp ! hh ! bb̄ �� , (4)

because of the excellent di-photon mass resolution and
the guaranteed trigger. The expected number of signal
events in the Standard Model at the HL-LHC is 260. Al-
ternatively, the bb̄ ⌧⌧ signature leads to 7.2k events times
the tau tagging probability rate squared, and hampered
by a significantly worse signal-to-background ratio.

Because of the rapidly growing gluon luminosity at
higher energies, the hh production cross section increases
by about a factor of 4 (40) at 27 (100) TeV. This means
that at the HE-LHC with the anticipated integrated lu-
minosity of 15 ab�1 the number of events in the bb̄ ��
channel increases by a factor 4 ⇥ 5 = 20 to around 5k
events. A 100 TeV hadron collider with a projected in-
tegrated luminosity of 30 ab�1 features another increase
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Figure 2. Total cross section for pp ! hh production at NLO
as a function of the pp collider energy. The width of the curve
reflects the 10% theoretical uncertainty.
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Higgs physics at high-energy proton colliders
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Figure 8. Luminosity required for a 5� discover of Higgs pair production for the HE-LHC (dashed) and a 100 TeV collider
(full). Left: sensitivity in terms of the total rate, demanding two b-tags among the two or three leading jets and assuming
|m�� �mh| < 1 GeV. Right: sensitivity for three mass windows |m�� �mh| < 1, 2, 3 GeV. We assume the SM hypothesis with
� = 1 and use a binned log-likelihood analysis of the mhh distribution.
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Figure 9. Confidence level for separating an anomalous Higgs
self-coupling hypothesis from the Standard Model � = 1.

100 TeV collider. For both future colliders we found ex-
cellent prospects for a kinematics-based determinations
of the Higgs self-coupling as shown in Fig. 4.

In Sec. IV we then carried out a search strategy based
on a rate combined with kinematic shapes with realistic
simulations. The approach is not only more powerful [13,
17] than a purely rate-based measurement but also more
stable against systematic and theoretical uncertainties,
provided we account for all bin-to-bin correlations. Our
method removes all degeneracies which appear in a rate-
based measurement and leads to well-defined symmetric
error bars on the modified self-coupling.

Higher energy colliders allow for including events with
highmhh. In such more and more common configurations
at high energies, the additional jets from QCD radiation
frequently surpass the b-jet energy about mh/2, as seen
in Fig. 6. To improve the signal e�ciency we included

at least three observable jets, fully accounting for QCD
jet radiation via the Mlm merging, with possibly softer
b-jets from Higgs decays. We showed a cut-flow in Ta-
ble I to illustrate the staged improvements and to give a
comparison for the two future colliders. We further en-
hance our measured significances, decomposing the sam-
ples into two sub-samples (bb, bbj) and (jbb, bjb).
Finally, we determined the integrated luminosity

needed to reach a 5� significance to observe the SM hh
signal as shown in Fig. 8. We found that the high-energy
upgrade of the LHC to 27 TeV would have the potential
to reach 30% accuracy to measure the SM Higgs self-
coupling and a future 100 TeV collider could improve
the measurement to better than 10%, as shown in Fig. 9.
In the hope to search for e↵ects from physics beyond
the SM, our results should provide conclusive informa-
tion weather or not the Higgs-self-interaction is modified
to a level of order one.

While our conclusions on the determination of Higgs-
self-interaction at future hadron colliders are robust and
important, there is still room to improve. Although the
final state bb̄ �� is believed to be the most sensitive
channel because of the background suppression and sig-
nal reconstruction, there exist complementary channels
such as gg ! hh ! bb̄ ⌧+⌧�, bb̄ W+W�, bb̄ bb̄, etc.
The kinematics-based measurement and the all features
related to QCD radiation at higher energies should be
equally applicable to all of them.
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Fig. 59: Dependence of total cross sections on the Higgs trilinear coupling at 14 TeV. From ref. [196].

process precision on �SM 68% CL interval on Higgs self-couplings

HH ! bb�� 3% �3 2 [0.97, 1.03]

HH ! bbbb 5% �3 2 [0.9, 1.5]

HH ! bb4` O(25%) �3 2 [0.6, 1.4]

HH ! bb`+`� O(15%) �3 2 [0.8, 1.2]

HH ! bb`+`�� � �

HHH ! bb̄bb̄�� O(100%) �4 2 [�4, +16]

Table 26: Expected precision (at 68% CL) on the SM cross section and 68% CL interval on the Higgs trilinear and
quartic self-couplings (in SM units). All the numbers are obtained for an integrated luminosity of 30 ab�1 and do
not take into account possible systematic errors.

modes, in association with a gauge boson or with tj, play a secondary role, since their cross section is at
most ⇠ 8 fb. Finally, triple Higgs production has a cross section around 5 fb.

As we already mentioned, the main aim of the analyses reported in this section is to determine the
precision with which the SM production rates and the Higgs self-couplings can be measured. It is thus
important to analyze the dependence of the cross section on the Higgs self-couplings. The production
rates for the Higgs pair production channels are shown in Fig. 59 as a function of the trilinear Higgs
coupling �3. Although the plot shows the rates for the 14 TeV LHC, it is approximately valid also at
100 TeV. One can see that for �3 ⇠ 1, i.e. for values close to the SM one, a significant reduction in the
cross section is present in the gluon-fusion and VBF channels and, even more, in the HHtj channel.
This feature decreases the signal significance for the SM case. However, it allows one to more easily
differentiate scenarios with a modified trilinear coupling (especially if �3 < 1), since in these cases a
large increase in the cross section is present.

In the following we will present a few analyses focused on the most important multi-Higgs pro-
duction channels. Here we summarize the main results. In particular, the expected precisions on the
extraction of the SM signal cross section and the Higgs self-couplings are listed in Table 26.

Due to the sizable cross section, the gluon-fusion mode lends itself to the exploitation of several
final states. As at the 14 TeV LHC, the bb̄�� final state remains the “golden” channel, since it retains
a significant signal rate and allows one to efficiently keep the backgrounds under control. From this
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falling short in precision in comparison to other Higgs
property measurements at the LHC, and far from satis-
factory in probing the Higgs potential.

In this study, we systematically compare the prospects
for measuring the Higgs self-coupling at current and
higher energy pp colliders. We focus on the two lead-
ing proposals for future hadron colliders:

1. the 27 TeV high-energy LHC (HE-LHC) with an
integrated luminosity of 15 ab�1,

2. a 100 TeV hadron collider with 30 ab�1, under con-
sideration at CERN (FCC-hh) [18] and in China
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in transverses momentum to the additional jet radiation.
Our analysis focuses on the di-Higgs invariant mass dis-
tribution, both for the extraction of the Higgs pair sig-
nal and for the measurement of the Higgs self-coupling.
Using a log-likelihood approach on this single kinematic
distribution, we show that the Higgs self-coupling can be
properly measured not only at a future 100 TeV collider,
but also at the 27 TeV HE-LHC.

II. HIGGS PAIR SIGNATURE

The leading hh production mechanism in the Stan-
dard Model at hadron colliders is depicted by the Feyn-
man diagrams in Fig. 1. Due to the di↵erence of the top
quark propagators in the loops, the two diagrams inter-
fere destructively. In Fig. 2 we show the total rate for
hh production as a function of the center of mass energyp
s in TeV, including the next-to-leading order (NLO)

corrections [22]. The width of the curve illustrated the
theoretical uncertainties around 10% [23]. At the LHC,
the signal rate is the limiting factor for Higgs pair stud-
ies. At 14 TeV, the cross section including higher-order

h

h

h h

h

Figure 1. Representative Feynman diagrams contributing to
the leading Higgs pair production process via gluon fusion.

corrections is in the range of 0.033 pb [23], correspond-
ing to at most 100k events with an integrated luminosity
of 3 ab�1 at the HL-LHC. Assuming one Higgs decay to
tagged bottom quarks, the available rate is reduced to
60k events in the life time of the HL-LHC. The crucial
question is what kind of second Higgs decay allows us
to e↵ectively trigger the events and to reduce the QCD
backgrounds to a manageable level. The leading candi-
date is the signature [7]

pp ! hh ! bb̄ �� , (4)

because of the excellent di-photon mass resolution and
the guaranteed trigger. The expected number of signal
events in the Standard Model at the HL-LHC is 260. Al-
ternatively, the bb̄ ⌧⌧ signature leads to 7.2k events times
the tau tagging probability rate squared, and hampered
by a significantly worse signal-to-background ratio.

Because of the rapidly growing gluon luminosity at
higher energies, the hh production cross section increases
by about a factor of 4 (40) at 27 (100) TeV. This means
that at the HE-LHC with the anticipated integrated lu-
minosity of 15 ab�1 the number of events in the bb̄ ��
channel increases by a factor 4 ⇥ 5 = 20 to around 5k
events. A 100 TeV hadron collider with a projected in-
tegrated luminosity of 30 ab�1 features another increase
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while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

arXiv:1404.0682 [hep-ph] 

http://arxiv.org/abs/arXiv:1404.0682


!19

Dark matter

 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

Disappearing track searches crucial 
arXiv:1404.0682 [hep-ph] 

http://arxiv.org/abs/arXiv:1404.0682


!19

Dark matter

 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.

– 20 –

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
*?�`;2/ T�`iB+H2 K�bb m� U:2oV

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1X
p

T
,j

1 ,
/E

T
,p

T
,i`

�
1

h2o
-
0


|⌘
|

2
9

Ry

jy

Ryy

Ryyy

Ryyyy

kyyyyy
kyyyyy

1z2+iBp2 +`Qbb b2+iBQM U7#V 7Q` Ry 2p2Mib ! `4Ry +K- 6**@??

(a)

8yy eyy dyy 3yy Nyy Ryyy RRyy Rkyy Rjyy R9yy
q2�F /Qm#H2i K�bb m� U:2oV

R

k

8

Ry

ky

c�
UK

K
V

L4
jyyy

7#
�

1-
p

T
,j

1 ,
/E

T
,p

T
,i

r
�

1
h2o

-
0


|⌘
|


2

R

Ry

8y

kyy
8yyRyyy

LmK#2` Q7 2p2Mib �M/ 6**@?? b2MbBiBpBiv ! `4Ry+K

k� HBKBi
8� HBKBi

(b)

Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a pure

Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey shaded
region) is the FCC-hh sensitivity in this channel for a 50% background systematic, with
the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are no real backgrounds
satisfying the analysis criteria. Fake backgrounds consist of interacting hadron tracks,
leptons failing identification criteria at low track pT , and tracks with mismeasured pT due
to “a high density of silicon hits, hadronic interactions and scattering”[25] at large track
pT . These fakes are not well-described by Monte Carlo simulations at the LHC at 8 TeV
centre-of-mass. Instead, their pT spectra are fit to data in a ‘control’ region and subtracted,
rendering their extrapolation to 100 TeV rather di�cult. In addition their composition and
spectra are characteristic of the particular detector in which they are measured (ATLAS in
this instance), and a naive extrapolation to a hypothetical detector for a 100 TeV hadron
machine, with unknown properties, would be crude at best. Nevertheless we will make some
attempt to do this. First, we assume that the fake backgrounds at FCC-hh have a similar
composition and are again dominated at high track pT by the mismeasured hadronic tracks
satisfying the ATLAS 8 TeV disappearing track selection. We assume the hadronic fakes
satisfying our modified selection criteria retain the same scaling with track pT as the original
(p�a

T,track with a = 1.78 ± 0.5), with a floating overall normalization that parametrizes our
uncertainty. This normalization constant can be estimated using the scaling of some chosen
process with centre-of-mass energy. Previous works [5, 6] used Standard Model (Z ! ⌫⌫)
plus jets, the rate for this process scales with the product of the quark and gluon PDFs.
In order to be maximally conservative, we will also show the outcome using the scaling
of SM multijets, with large fake MET. This is glue-glue-initiated, and hence grows faster
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
j

L
)(L̄↵

L�
µL�

L
)
i
, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =

✓
V ⇤
ji
uj
L

di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to
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As already pointed out in Section 2.3, the value of C(U)
0 should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
0 = (4⇡↵/s2

W
)S0(xt) ⇡ 1.0, see Ap-

pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs
does not increase
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
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where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi
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✓
V ⇤
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di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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Gripaios, Nardecchia, Renner, ’14

Vector LQ (or W ′,Z′) as

technifermion resonances: Barbieri

et al. ’15; Buttazzo et al. ’16;

Barbieri et al. ’17

W ′, Z′ as Kaluza-Klein excitations

(e.g. from warped extra dim.):

Megias, Quiros, Salas ’17; Megias,

Panico, Pujolas, Quiros ’17

Perturbative TeV-scale dynamics

(renormalizable models)

Renormalizable models with scalar

mediators (LQ, but also

RPV-SUSY): Hiller, Schmaltz, ’14;

Becirevic et al. ’16; Fajfer et al.

’15-’17; Dorsner et al. ’17; Crivellin,

Müller, Ota ’17; Altmannshofer,

Dev, Soni, ’17

Gauge models: Cline, Camalich

’17; Calibbi, Crivellin, Li, ’17; As-

sad, Fornal, Grinstein, ’17; Di Luzio,

Greljo, Nardecchia, ’17
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Figure 7. Projected sensitivity of future colliders to di-LQ production (where each decays to a
muon and a jet) for the luminosities and centre of mass energies given in the legend. We also show
the scalar LQ cross-section times branching ratio predicted for some future collider scenarios by
the curves labelled �NLO ⇥BR. Shaded parts of the curve indicate the conservative extrapolation
method at low masses that underestimates the actual limit.

Figure 8. Parameter space of the LQ on a log-log scale for couplings |ybµy⇤sµ| vs mass in TeV. The
green strip indicates the region compatible with the B-anomalies at 1�. The di↵erent red-shaded
regions are excluded by Bs � B̄s mixing up to the solid red (dotted brown) line for the V1 (V3)
vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
to MLQ ⇠ 12 TeV is the projected 95% CL limit on scalar LQ pair production for FCC-hh at 100
TeV with 10 ab�1.

can roughly double that to 4 (5) TeV with 1 (10) ab�1. At FCC-hh the limits are improved

by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit

allowed by Bs� B̄s mixing. The relevant four-fermion operator of the e↵ective Lagrangian

for this process can be written as

Lb̄sb̄s = cbbLL
�
b̄�µPLs

� �
b̄�µPLs

�
+ h.c. . (3.9)
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is defined as follows: the first two generations of left-handed quarks and leptons transform as
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vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
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by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit
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anomalies can be covered  
completely at an FCC-hh

http://arxiv.org/abs/arXiv:1710.06363


!24

Physics opportunities for high-energy colliders

The physics programme of a future high-energy proton collider should not be 
considered an extension of the LHC programme. 



!24

Physics opportunities for high-energy colliders

Vision and Outlook: Future of Particle Physics Ian Shipsey 

6 

statement still holds: “what we know is a droplet what we don’t know is an Ocean”; the ocean is 
for us to explore. So at this unprecedented time in physics we need to be mindful of the words 
of Michelangelo, and aim big: “The greater danger for most of us lies not in setting our aim too 
high and falling short; but in setting our aim too low, and achieving our mark”. Is it OK to 
dream? It is a betrayal of humanity and generations that follow us to do otherwise. Working 
together is how we will make the case for our program, win funding for it, and enact it. Massive 
collaboration is the modus operandi of our field, and successful large international scientific 
collaborations are the proof.  Our international collaborations inspire the public, made up of 
myriad individuals from across the globe, with diverse interests working together to achieve 
scientific goals. They seem to many to be an example of the best of humanity, and a model for 
how the world could be. 

 

 
 

Figure 3: Discoveries in particle physics. Often when we embark on an experiment with a goal 
in mind we find something new. (From an original slide by S.C.C. Ting.) 

 
To play a major role in this journey of discovery is the aspiration of our field and we 

should always remember that it is a rare privilege to participate in it.  It is only possible to have 
come this far, and to go further, thanks to the taxpayers of our nations and the wisdom of 
governments who invest their money in science. Given the magnitude and breadth of the 
opportunities in front of us, the resources required to grasp them, and the global nature of our 
field, our long-term strategy has to maintain an international perspective, and strong 
international partnerships will be crucial to our future health. Crucial allies are governments and 
the public. There is an unprecedented interest in our field. Two prime examples are: 1) the LHC. 
The experiments and the observation of a Higgs boson that became a global phenomenon in 
2012; and 2) the discovery of gravitational waves in 2016, that had even greater global appeal. 
These discoveries are opportunities to expand engagement with the public, our colleagues, and 
the governments of our nations, and to communicate what we have learned and the opportunities 
for discovery in particle physics: the narrative of our field.  

 
We must explain to governments and the public of our nations why the world needs a 

healthy particle physics program. There are at least three reasons:		
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The physics programme of a future high-energy proton collider should not be 
considered an extension of the LHC programme. 

A 100 TeV proton collider would journey into uncharted waters, exploring 
nature in the laboratory at unprecedented energies. 
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The physics programme of a future high-energy proton collider should not be 
considered an extension of the LHC programme. 

A 100 TeV proton collider would journey into uncharted waters, exploring 
nature in the laboratory at unprecedented energies. 

There is no guarantee for a discovery. 

However, there is a tremendous potential to explore some of the most 
fundamental questions in physics (science), such as the origin of 

electroweak symmetry breaking, the nature of dark matter, the origin 
of the matter-antimatter asymmetry, the structure of space-time 

symmetries, and many more. 


