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LHC run 2+, higher energy, more data

20 5 Discovery Potential: Supersymmetry

channel [34], performed in pp collisions at a center-of-mass energy of
p

s = 8 TeV and corre-
sponding to an integrated luminosity of 19.4 fb�1.

The numbers of signal and background events are scaled from the 8 TeV analysis based on
Eq. (3). As the background is dominated by tt production, it is scaled up based on the tt cross
section ratio between 14 TeV and 8 TeV, which is about a factor of 3.9. For Scenario A, the same
relative systematic uncertainties as for the 8 TeV analysis are kept, which is a conservative as-
sumption. Nevertheless, the dominant uncertainty of the analysis is the statistical uncertainty
from the control regions used for the background estimation, which is reduced by 1/

p
Rbkg.

Thus, even a more aggressive treatment of the systematic uncertainties would not lead to a
sizable improvement on the sensitivity.
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Figure 17: (a) The simplified model topology for gluino production, where the gluinos decay
to two top quarks and an LSP each, and (b) the projected 5s discovery reaches for this model.

The expected significance is calculated using the profile likelihood method and the signal
Monte Carlo samples generated with PYTHIA 6 [43] with a CMS custom underlying event tun-
ing [44]. Figure 17b shows the 5s significance line in the 2-dimensional plane of neutralino
versus gluino mass for the different scenarios investigated. Gluino masses up to ⇠ 1.9 TeV for
neutralino masses around 0.9 TeV or less can be discovered at 14 TeV with an integrated lumi-
nosity of 300 fb�1. It should be noted that the current results are obtained without performing
any optimization on the current analysis [34], and further improvements in the sensitivities are
expected by re-optimizing the analysis selection for the different scenarios.

5.2 Gluino-Pair Production with Four Bottom Quarks in the Final State

Similar to the gluino decay to four top quarks and two LSPs in the previous section, one can
also investigate a model for gluino-pair production, where each gluino decays to bb and the
LSP (see Fig. 18a). The projection of the sensitivity for 14 TeV is studied based on the results of
the search in events with multiple jets, large missing transverse energy, and b tags [35].

The signal and background yields are scaled based on the cross section ratios for the different
center-of-mass energies, and the luminosity increase. The systematic uncertainty is conserva-
tively kept the same as for the 8 TeV analysis, corresponding to the Scenario A described above.
The signal samples produced with PYTHIA 6 [43] are used for this projection. Figure 18b shows
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Figure 1-27. Estimated reach of LHC run 2 for chargino production followed by �± ! W±�0, assuming
Bino LSP.

Figure 1-28. Estimated reach of LHC for 300/fb and 3000/fb for mSUGRA model.

Community Planning Study: Snowmass 2013

Will turn a big corner.
New physics could be right there!



Maybe one of these?
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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(a) ℓ̃L-mediated simplified model
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –

CMS, EPJC 74 (2014) 3036
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•  CMS search for !+!0⟶WZ+ET
miss

–  Search in WZ⟶3� and WZ⟶(jj)(��) channels

no excess here

… but there is an excess here (in 3�)
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C. Langenbruch (Warwick), Moriond EW 2015 Rare decays from LHCb

Or something else just around the corner?
Spectacular early discovery!

Same Flavor, Opposite Sign lepton Excess
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Figure 6: The dilepton mass (top) and Emiss
T (bottom) distributions for the electron (left) and muon (right) channel

in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss
T ) > 0.4. All uncertainties are included in the

hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the Emiss
T distributions,

the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Edge in the invariant mass distribution of leptons
10 7 Summary
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Figure 2: Fit results for the signal-plus-background hypothesis in comparison with the mea-
sured dilepton mass distributions, in the central (top) and forward (bottom) regions, projected
on the SF (left) and OF (right) event samples. The combined fit shape is shown as a blue,
solid line. The individual fit components are indicated by dashed lines. The flavor-symmetric
background is denoted as ”FS” and is displayed with a black dashed line. The Drell–Yan con-
tribution is denoted as ”DY” and is displayed with a red dashed line. The extracted signal
component is denoted as Signal and is displayed with a green dashed line.
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Counting experiment
20 < M�� < 70 GeV:

Fit M�� distribution:

78.7 ± 1.4

ee+μμ search region eμ control region

•  2.6σ excess in counting experiment
•  Medge = 79 GeV from fit (also ~3σ excess)

best fit
signal 
model

2 e/μ leptons with pT > 20 GeV and |η| < 1.4
(njets ≥ 2 AND ET

miss > 150 GeV) OR
(njets ≥ 3 AND ET

miss > 100 GeV) 



As data accumulates

2 TeV, e.g. pair of 1 TeV gluino.
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Such as Softer, compressed, displaced, more 
hadronic … many discussions. 

My general impression: 

Experimental collaborations are on top of most of 
these things.  

Of course, there are gaps in to be filled, new 
signals to be looked at. 

LHC Run 2 will continue to pursue a broad 
physics and successful program. 



Open questions beyond LHC

- Nature of electroweak symmetry breaking.



- Naturalness.



- Dark matter.



- A discovery at the LHC is unlikely to be complete.



- ….

Need to go beyond



Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)
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~100 TeV
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I will focus on 
the circular (hadron) colliders 
in this talk



Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh



Capabilities of future 
colliders



Precision measurements at lepton colliders

HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)

�b �c �g �W �� �Z ��
10-3

10-2

0.1

1

R
el
at
iv
e
Er
ro
r

Precision of Higgs couplingmeasurement (Contrained Fit)
Current

LHC Prospect
ILC

TLEP-Z
TLEP-W
TLEP-t

U = 0

68 % C.L.

-0.2 -0.15 -0.1 -0.05 0. 0.05 0.1 0.15 0.2
-0.2

-0.15

-0.1

-0.05

0.

0.05

0.1

0.15

0.2

S

T

ILC
TLEP-Z
TLEP-W
TLEP-t

U = 0

68 % C.L.

-0.04 -0.02 0. 0.02 0.04

-0.04

-0.02

0.

0.02

0.04

S

T

Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .

– 6 –

Higgs coupling EWPT



100 TeV pp collider, a big step in energy6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 1.4 Production cross section of new physics particles. Top left: gluino and squark. Top right: higgsino
and wino. Bottom left: fermionic T 0. Bottom right: W 0 and Z0.

W, Z bosons, may be properly treated as partons in the proton when there is a heavy new physics201

scale involved. We illustrate this point in Fig. 1.6, where we show the partonic luminosities versus the202

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark203

in Fig. 1.6 (left) [7] and the electroweak gauge bosons in Fig. 1.6 (right) [30]. We see that the top quark204

luminosity can be as large as a percent of the bottom quark in the relevant energy regime. For instance,205

at the 5 TeV partonic energy, the top quark luminosity is about 1. Incidentally, the electroweak gauge206

boson luminosities are comparable to that of the top quark. As expected, the luminosities of W±� and207

W+

T W�
T are roughly the same, indicating the electroweak unification and the symmetry restoration.208

On the other hand, the luminosity for the longitudinally polarized gauge bosons is about two orders of209

magnitude lower, due to the lack of energy enhancement from a Goldstone-boson radiated off a quark.210

For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor ⇠ 4↵
2

log

2

(p2

T /m2

W ) ⇠ 0.1, and211

we have “electroweak radiation” in complete analogy with electromagnetic and gluon radiation. At the212

very high energies E � MW , EW gauge bosons are copiously produced by radiation. For instance, a213

W or Z gauge boson would be radiated off a light quark with 10 TeV of energy with a probability of214

10% and off a gauge boson with a probability of 20%, yielding a rate that is order of magnitude higher215

than the perturbative production of a gauge boson. This is illustrated in the left panel of Fig. 1.7, where216

we see that nealrly 20% of dijet events with pT ⇠ 10 TeV contain a W or Z.217

This phenomenon makes it easier to “see” traditionally invisible particles such as neutrinos (or even218

dark matter particles), through electroweak radiation. This can be nicely illustrated by probing the219

invisible decay of a Z 0 ! ⌫⌫ at the SppC. For heavy enough Z 0’s, there is a significant rate for radiating220

off W, Z’s. The ratio �(Z 0 ! ⌫⌫̄)/�(Z 0 ! ⌫⌫̄Z/W ) is only depends on the mass of the Z 0, and so221

if this visible mode is abundant enough we can directly determine the invisible rate (and thereby also222

directly determine the Z 0 coupling to left-handed leptons). The total three-body branching ratio can be223

as large as a few percent for a heavy Z 0, as shown in the right panel of Fig. 1.7 [6].224



Status of circular collider studies

- In the past 2 years, many studies of the physics 
reaches of the circular colliders have been 
carried out. 



On both FCC and CEPC/SppC. 



- Demonstrated amazing capabilities. 



- Preliminary designs made.



- Active efforts in trying to make it happen. 
Prospect will be clearer in the coming several 
years. 
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What can we learn?



Nature of electroweak 
symmetry breaking



“Simple” picture: Mexican hat
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 
Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 
underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 
BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 
the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 
was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 
important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 
of providing a fully rigorous theory. In the language of particle physics the breaking of a local 
gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 
the photon field inside the superconductor. The conjugate length scale is nothing but the 
London penetration depth. This example from superconductivity showed that a gauge theory 
could give rise to small length scales if the local symmetry is spontaneously broken and hence to 
short range forces. Note though, that the theory in this case is non-relativistic since it has a 
Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 
fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 
that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 
and he could then show that there is a bound state of the fermions, which he interpreted as the 
pion. This result follows from general principles without detailing the interactions. If the 
symmetry is exact, the pion must be massless. By giving the fermions a small mass the 
symmetry is slightly violated and the pion is given a small mass. Note that this development 
came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 
the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 
vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 = ଵ

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

𝐿 =   𝜕ఓ  𝜑ത  𝜕ఓ  𝜑 −  𝜇଴ଶ  𝜑ത  𝜑 − 𝜆଴
6   (𝜑ത  𝜑)ଶ, 

where 𝜑ത  is the complex conjugate of 𝜑,  and the coupling constant 𝜆଴ is positive. This Lagrangian 
is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒௜ఈ  𝜑, ie. a U(1) symmetry 
as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇଴ଶ, to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

V (h) =
1

2
µ2h2 +

�

4
h4

hhi ⌘ v 6= 0 ! mW = gW
v
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Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

However, this simplicity is deceiving. 
Parameters not predicted by theory. Need new physics
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Probing NP with precision measurements

- e+ e- Higgs factories: clean environment, good for 
precision. 



- We are going after deviations of the form



- Take for example the Higgs coupling. 


LHC precision: a few-10% ⇒ sensitive to MNP < TeV


However, MNP < TeV also probed by direct NP searches 
at the LHC. 



To go beyond the LHC, need 1% or less precision.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient



Measuring Higgs very well at Higgs factories
HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Fig. 11: Relative statistical uncertainty on the Higgs boson couplings from a truly model-independent fit, as
expected from two five-year-long running periods at

p
s = 240-250 and 350 GeV for TLEP and ILC. The red and

blue bars correspond to the combination of the data at 240-250 GeV and 350 GeV, while the green bars hold for the
sole period of TLEP at 240 GeV. The dashed lines show the ±1% band, relevant for sensitivity to multi-TeV new
physics. Also indicated are the expected uncertainties on the total decay width and on the invisible decay width.
The Hµµ and H�� coupling uncertainties, which do not fit in the ±6% scale of the figure for ILC, can be read off
Table 8.

of supersymmetric particles at the LHC, are considered. These models are simplified, in that they assume
universal supersymmetry-breaking masses for squarks and sleptons, and for gauginos, at a high scale. In
the case of the CMSSM, this assumption is extended to include the supersymmetric Higgs bosons, but
this assumption is relaxed in the NUHM1 model [49]. A global frequentist analysis of the present data
found two CMSSM fits that yield very similar values of the global �2 function, with lower and higher
sparticle masses respectively, whilst the best NUHM1 fit is qualitatively similar to the low-mass CMSSM
fit. These fits have not been excluded by the 2012 LHC run at 8 TeV, but lie within the potential reach
of the forthcoming LHC 13/14 TeV run. On the other hand, the high-mass CMSSM point is likely to lie
beyond the reach of the LHC. Thus, these models represent different potential challenges for the TLEP
precision physics programme: verify predictions of new physics models at the quantum level, or find
indirect evidence for new physics beyond the reach of the LHC.

Figure 13 displays the deviations from the Standard Model predictions for some principal Higgs
decay branching ratios, calculated in these CMSSM and NUHM1 models. Also shown are the po-
tential measurement uncertainties attainable with the LHC programme that is currently approved, with
HL-LHC, with the ILC and with TLEP. Only TLEP has measurement errors that are expected to be sig-
nificantly smaller than the deviations of the supersymmetric model predictions from the central values
of the Standard Model predictions, thereby offering the possibilities of a check of the predictions of the
low-mass models at the quantum level, and of indirect evidence for the high-mass CMSSM.

It can also be noted from Fig. 13, however, that the uncertainties in the Standard Model predic-
tions for the Higgs decay branching ratios stated by the LHC Higgs cross section Working Group [50]
are considerably larger than the deviations of the supersymmetric models from the Standard Model pre-
dictions, and also larger than the projected experimental errors. This means that the TLEP programme
of high-precision Higgs measurements must be accompanied by a substantial theoretical effort to reduce

22

Total width.
HZ coupling to sub-percent level.
Many couplings to percent level.



Not even sure about “Mexican hat”.

What we know now

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
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Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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Simple example: Generic singlet model

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
SS

2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H = �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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ã

ã
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26

33
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

better photon identification performance at low energies
becomes possible in the future.

Results

We now combine both analyses in the bb̄γγ channel
to formulate a constraint on the Higgs trilinear coupling
in light of the expected signal and background yields in
pp → hh + X and pp → hh + jet + X production. For
simplicity we assume that both measurements are statis-
tically uncorrelated and combine them in a binned log-
likelihood hypothesis test [38, 39]. We compute a 95%
confidence level using the CLS method [40] around the
SM parameter choice λ = λSM and find

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

[0.646, 1.440] 25% hh, 25% hh+ jet

[0.642, 1.448] 25% hh, 50% hh+ jet

(3)

for an integrated luminosity of 3000/fb. Due to the
shape of the cross section as a function of λ, there is a pa-
rameter choice at λ ≃ 4λSM with SM-like cross sections.

This region can be excluded using the high luminosity
phase of the 14 TeV LHC [15].
In the calculation of the confidence level intervals the

quoted systematic uncertainties refer to a flat rescaling
of the contributing backgrounds. From Eq. (3) we can
expect that a measurement of the trilinear coupling at
the 40% level should be possible. A 5σ discovery of the
dihiggs signal will be possible with an integrated lumi-
nosity of 700/fb.
A number of authors have noted that a total integrated

luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Triple Higgs coupling at 100 TeV pp collider
30 ab-1

Barr, Dolan, Englert, de Lima, Spannowsky 
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luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Triple Higgs coupling at 100 TeV pp collider
30 ab-1

Barr, Dolan, Englert, de Lima, Spannowsky 



Singlet search at 100 TeV

- 4 Higgs final state with decent rate. 



- Good discovery potential.
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Figure 7. Blue contours show �
3

/�SM

3

. Measuring �
3

with a precision of 30%, 20%, and 8% can be achieved
at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘ 1
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d3
�
V0(h) + V CW

0 (h)
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dh3

�����
h=v

=

m2
h

2v
+

�3
HSv3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and t¯th production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

ab�1 [87–91]. The accuracy can be refined to 20% and 8% for a 33 TeV and 100 TeV collider with 3
ab�1, respectively [91].

The precision attainable for measuring �3 at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �3 with a precision of 13% [92, 93].
The results of these studies imply that while it is unlikely a definitive exclusion will be achieved

at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step phase transition region
of Fig. 7 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [94,
95]

��Zh =

1

2

|�HS |2v2

16⇡2m2
h

[1 + F (⌧�)] (5.2)
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Figure 1.16 Left: Shift in triple Higgs coupling. Right: Percentage shift in the Zh coupling.

where x = m2

h/(4m2

S). In much of the region with a strong first-order phase transition, this is within579

reach of the CEPC, though it can be as small as .1%, shown in the right panel of Fig. 1.16. This is at the580

absolute edge of CEPC sensitivity.
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We conclude that, even in this very worst case scenario, the SppC allows us to probe the physics582

giving us a first-order phase transition, and in much of the relevant parameter space, the CEPC should583

see hints of deviations in the Higgs couplings. Needless to say, even small modifications from this worst-584

case scenario can make detection much easier. For instance, if the Z
2

symmetry is broken by an even585

tiny amount so that a > 10

�10, then S will decay as S ! hh inside the detector. Direct S production586

will be much easier to see, giving a spectacular signal pp ! SS ! hhhh. This should allow the SppC587

to cover the allowed range of mS up to 1 TeV. While a detailed study is left for future work, an estimate588

of the reach for producing 100 events is shown in Fig. 1.17. Note that while at fixed mass, the SppC589

cross-section is ⇠ 100 times larger than at the LHC, the mass reach is ⇠ 2.5 times greater, compared to590

the typical factor of ⇠ 5 we are accustomed to. This is because both the production and decay vertices591

of the off-shell Higgs are suppressed by factors of (v/E) at high-energies, and the cross-section scales592
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See Andrea Tesi’s talk
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with a precision of 30%, 20%, and 8% can be achieved
at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential
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The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�SM

3 in the (mS , �HS) plane. For
illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.

As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is
correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�SM

3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase
transition.

One can measure �3 through double higgs production. The cross-section for producing a pair
of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is in bb��, whose main backgrounds are QCD and t¯th production. Various
studies have found that �3 can be measured between 30%-50% accuracy at the 14 TeV LHC with 3
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ab�1 [87–91]. The accuracy can be refined to 20% and 8% for a 33 TeV and 100 TeV collider with 3
ab�1, respectively [91].

The precision attainable for measuring �3 at lepton colliders is generally below that achievable
at the HL-LHC. However, a high-luminosity, high-energy ILC with

p
s = 1000 GeV and 2.5 ab�1 of

data could measure �3 with a precision of 13% [92, 93].
The results of these studies imply that while it is unlikely a definitive exclusion will be achieved

at a 14 or 33 TeV collider, a 100 TeV collider could exclude the entire one-step phase transition region
of Fig. 7 (orange shaded region) with a confidence of better than 2 to 5 �, depending on mS . A high-
energy ILC could exclude most, though not all, of the one-step transition region at the 2� level. Such
measurements would also be sensitive to the two-step transition from tree-effects (red shaded region)
for �HS & 2.

5.2 Zh production cross section at Lepton colliders

The singlet can also affect higgs couplings by generating a small correction to the higgs wave function
renormalization, which modifies all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of the Zh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

At one loop, the fractional change in Zh production relative to the SM prediction is given by [94,
95]

��Zh =

1

2

|�HS |2v2

16⇡2m2
h

[1 + F (⌧�)] (5.2)

– 18 –

Figure 1.16 Left: Shift in triple Higgs coupling. Right: Percentage shift in the Zh coupling.

where x = m2

h/(4m2

S). In much of the region with a strong first-order phase transition, this is within579

reach of the CEPC, though it can be as small as .1%, shown in the right panel of Fig. 1.16. This is at the580

absolute edge of CEPC sensitivity.

400 600 800 1000 1200 1400 1600
0.001

0.01

0.1

1

10

100

MS @GeVD

s
@fbD

ppÆ SSÆ hhhh
ké = 3
ké = 2
ké = 1

100 TeV 14 TeV

100 events with 3 ab-1

Figure 1.17 Rate of process pp ! SS ! hhhh at the LHC and SppC.

581

We conclude that, even in this very worst case scenario, the SppC allows us to probe the physics582

giving us a first-order phase transition, and in much of the relevant parameter space, the CEPC should583

see hints of deviations in the Higgs couplings. Needless to say, even small modifications from this worst-584

case scenario can make detection much easier. For instance, if the Z
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Combination of Higgs factory and 100 TeV pp collider can 
 go very long way in understanding EWSB

See Andrea Tesi’s talk



More Higgs physics at hadron collider 
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New physics Higgs rare decays

Curtin, Gori, Shelton
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Figure 5.45 Expected 95% CLs limits on the total exotic Higgs decay branching ratio, Br(h ! ZDZD), at a
100 TeV pp collider. Gray bands correspond to regions where quarkonium background may invalidate the analysis
of [350]. The limits obtained in [344] from a recast of LHC Run 1 results are shown in red (h ! ZZ⇤ ! 4` search
by CMS [358]) and blue (ATLAS ZZ cross section measurement [360]) shaded regions. The limit from the CMS 8
TeV h ! 2a ! 4µ search [361] is shaded in orange, assuming equal efficiencies for pseudoscalar and dark photon
decay to muons.

Figure 5.46 Estimate of expected 95% CLs limits on ✏ for different Br(h ! ZDZD) at a 100 TeV collider,
assuming a displaced lepton jet search has the same sensitivity to decays within a distance L from the interaction
point as a prompt ZDZD search (see Fig. 5.45). A detector size L of 10 m is assumed. Gray shaded regions show
current constraints [362].

However, even more spectacular sensitivity is possible if the majority of dark photons decay outside of5354

the detector. This would allow Br(h ! ZDZD) to be as large as 0.5% without being constrained by5355

invisible Higgs branching ratio measurements at future lepton colliders [345, 346]. In that case, ✏ values5356

as low as 10

�10 � 10

�7 can be probed by looking for highly displaced dark photon decays (see green5357

Certainly, there are more examples.

dark photon



Naturalness



Test naturalness at 100 TeV collider

- tune proportional to (mNP)2 . 


Much better test than LHC, by orders of magnitude! 



Potential for discovery (would be a victory for 
naturalness). 
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neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events

Cohen et. al., 2014
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Pappadopulo, Thamm, Torre,  Wulzer, 2014

LHC



Neutral naturalness

- LHC reach poor. Theory can be completely natural.



- Higgs factory can test this. 

T’

Craig, Englert, McCullough, 2013  

Top partner only couple to Higgs.
Wavefunction renormalization
Induce shift in Higgs coupling.

t

Twin Higgs.   Chacko et al.  Talk by Craig  IMPLICATIONS 83

Figure 2.23 The fractional deviation of �Zh at the Higgs factory, in the model with scalar singlet top partner,
coupling through H†H�†

t�t [64].

theoretical and experimental sides. However, the Standard Model is likely only an effective theory at2187

the electroweak scale. To explore potential new physics at the electroweak scale and beyond, comple-2188

mentary approaches of direct searches at the energy frontier as well as precision measurements will be2189

needed. The current LHC and the planned HL-LHC have the potential to significantly extend its new2190

physics reach and to measure many of the Higgs couplings with precisions of a few percents.2191

However, many new physics models predict Higgs coupling deviations at a sub-percent level, beyond2192

those achievable at LHC. CEPC complements LHC and will be able to study the properties of the Higgs2193

boson in great details with unprecedented precisions. Therefore it is capable of unveiling the true nature2194

of this particle. At CEPC, most Higgs couplings can be measured with precisions at a sub-percent2195

level. More importantly, CEPC will able to measure many of the key Higgs properties such as the total2196

width and decay branching ratios model independently, greatly enhancing the coverage of its search for2197

potential new physics. Furthermore, the clean event environment of CEPC will allow the detailed study2198

of known decay modes and the identification of potential unknown decay modes that are impossible at2199

LHC.2200

We have provided a snapshot of the current studies, many of them are ongoing and more analyses are2201

needed to fully understand the physics potential of CEPC. Nevertheless, the results presented here have2202

already built a strong case for CEPC as a Higgs factory. CEPC has the potential to “undress” the Higgs2203

boson as what LEP has done to the Z boson, and possibly shed light on the direction of new physics.2204



Need to consider UV completions for 
neutral top partners

- Induce measurable shifts in Higgs couplings, 
precision observables.



- UV completions can be directly probed at 100 TeV.



- Combination of precision measurement and direct 
search at 100 TeV pp collider can test 
naturalness.  

Talk by David Curtin



Testing WIMP Dark Matter

MWIMP  1.8 TeV
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Basic channel
- pair production + additional radiation.



- Mono-jet, mono-photon, mono-...



- Have become “Standard” LHC searches.

p

p

γ, jet
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SM



Dark matter (mono-jet)

- LHC only coverage very limited. Rate, systematics…



- 100 TeV pp collider can probe the “bulk” of WIMP 
parameter space.

inaccessible to the LHC. While a 100 TeV collider can come much closer to the thermal value,

it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

lower energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.
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Figure 4: Reach in the pure higgsino scenario.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative

to the LHC. The reach is weaker than for winos, mainly due to the reduction in production

cross-section.
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with pT > 500 GeV are considered.

While not as long as the wino lifetime, the charged higgsino still travels a macroscopic

– 9 –
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Very degenerate, disappearing track. 

Figure from ATLAS disappearing track search twiki

- Main decay mode 𝞆± → π± + 𝞆0 .  

- Charge track ≈ 10(s) cm 



- Impressive limit at the LHC already.
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left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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Wino

- “Completely cover” the wino parameter space. 

HESSCTA

channel bkgd. syst.
14 TeV 100 TeV

95% limit 5� discovery 95% limit 5� discovery

monojet
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

Table 1: Mass reach for the pure wino scenario.

/ET where neither of the jets can be too close to the /ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets integrated luminosity. Additional details on our scaling procedure are found

in App. B. The results of the extrapolation are shown in Fig. 3. The band is generated by

varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. B are considered.

Results are shown in Table 1. We find ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural super-

symmetry [43, 44]. A thermal higgsino saturates the relic density for m�̃ ⇠ 1 TeV (why are

sommerfeld corrections not large? –ML). As for the wino case, a thermal higgsino is

– 8 –



Mono-jet

 [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 –
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With cascade decays

H̃

B̃

B̃

W̃

Decay ⇒ leptons ⇒ stronger limits

46 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 2.33 Left: The mass reach in the gluino coannihilation scenario in the monojet channel with L = 3000 fb�1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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Figure 2.34 Summary of collider reach for neutralino dark matter [17] and in electroweakino cascades [18].

2.5 Outlook1355

We have given a broad survey of some of the central physics motivations of the CEPC-SppC project. In1356

the rest of this report, a number of these subjects will be discussed at greater length. In section 2, we1357

will outline a preliminary design of the CEPC detectors, and discuss the CEPC capabilities for Higgs1358

coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 10

11

1361

B�hadrons, as well as charm quarks and ⌧ particles. This will allow myriad studies both of low-energy1362

hadronic physics, as well as rare ⌧ decays.1363

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Higgsino-Bino
L=3000êfb
1.96s

3L
OSDL
SSDL

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Wino-Bino, Case 5
L=3000êfb
1.96s

3L
OSDL
SSDL

Gori, Jung, Wang, Wells, 2014



More novelties at a 100 TeV collider

- Bigger, messier jets. 

LHC triggered a revolution in jet technology.
100 TeV pp collider demands more!

Figure 36: Multiplicity distribution in high-pT jets orginating from hadronically decaying
top quarks (upper rows), bottom quarks and light partons (central rows) and hadronic
decays of W bosons (lower rows).

Figure 37: Fraction of the total energy for R = 1 jets, contained within smaller radii R0.

Figure 36 plots the multiplicity distribution of particles (both charged
and neutral, assuming stable ⇡0’s) contained within a cone of radius R = 0.4
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More novelties at a 100 TeV collider

- SM EW scale particles become very like. 



- W/Z/t/h 


Treating them as part of the “PDF”.

We learned a lot about going from 4 ➜ 5 flavors (doing bottom quark properly).

Similar strategy here (?)

cm/Es = τ    
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qq’
’qq

γq
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-
0W+
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Figure 42: Partonic luminosities at 100 TeV, illustrating the relative contributions from
weak bosons when treated as partons in the PDFs [91].

at pT = 1 TeV and 10 TeV. The SU(2) self-interactions amongst transverse
gauge bosons tend to give the largest rates, quickly exceeding 10% as the en-
ergy is raised above 1 TeV (these rates are slightly lower than those extracted
from Fig. 40, since there an important contribution to W emission came
from initial state radiation). This has significant impact on processes with
prompt transverse boson production such as W/Z/�+jets, and especially on
multiboson production including transverse boson scattering. Generally, it is
important to appreciate that any particle in an event, whether initial-state
or final-state, or even itself produced inside of a parton shower, can act as a
potential electroweak radiator. Consequently, the total rate for finding one
or more electroweak splittings within a given event must be compounded,
and can sometimes add up to O(1).

Fig 42 summarizes the parton luminosities when electroweak bosons are
included in the PDFs. One immediate observation from comparing the WT �
and WT WT luminosities is that transverse weak bosons begin to appear on
the same footing as photons, as might have been anticipated. Ultimately,
they must be folded into the full DGLAP evolution, though at 100 TeV en-
ergies the running e↵ects are not yet sizable. The longitudinal bosons are
sourced from the quarks as described above at pT ⇠ mW , with individual
splitting rates O(3–10) times smaller than their transverse counterparts at
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Figure 50: Parton luminosities at
p

S = 100TeV (a) and the ratio between luminosities
at 100 TeV and 14 TeV (b), for tt̄ (red), tg + t̄g (black), bb̄ (orange), uū (green) (including
the initial-state interchange), and gg (blue).

6.3.5. Implementation of top-quark PDFs

As described above, the use of top-quark PDFs is particularly interesting
in processes where the top plays an important role in the production of
heavy new physics states. A simple example is found in the production
of new Higgs-like scalars, whose couplings to fermions are proportional to
the standard model Yukawa couplings in many models. Estimates of the
inclusive production cross-section at

p
S = 100 TeV have been made for

charged Higgs via tb̄! H+ and for neutral scalars via tt̄! H0 [112, 10]. In
the very high energy limit these processes should be considered the leading
order contributions to inclusive production, as in Figure 51(c). This is also
the limit in which the top-quark mass can be generally neglected and the top
quark behaves very much like a parton in the proton. On the other hand,
for scales near and below the top mass threshold a partonic treatment is
inappropriate and the top PDFs should not be employed. Then the leading
order (LO) process in the neutral scalar case is Figure 51(a) (and related
gluon-gluon initiated graphs).

Typically the top-quark PDF is set to be zero below the mass threshold
and it is evolved to non-zero values at higher scales as a function of the
lighter parton densities. Thus in principle one could begin using top PDFs
at the top mass threshold and tt̄! H0 would seem to be the leading process.
However a comparison of this LO 6-flavor calculation with the LO 5-flavor
calculation (as in Figure 51(a)) shows order-of-magnitude di↵erences for a
‘natural’ choice of factorization scale around the mass of the heavy state,
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More novelties at a 100 TeV collider

- SM EW scale particles become very like. 



- Tagging W/Z/t/h as “fat” jets


Not so fat any more, using tracks.

New strategies? 

Larkoski, Maltoni, Selvaggi, 2015 
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Figure 8: Plots illustrating the e�ciency for tagging top quarks and rejecting QCD back-

ground as a function of jet pT using tracking (blue, red) versus calorimetry (light blue,

magenta) at a future collider. For identifying three-prong substructure the observables ⌧
3,2

and D
3

have been used. (a) Top tagging e�ciency for a fixed light quark and gluon mistag

rate of 5%. (b) Light quark and gluon mistag rate at fixed top quark e�ciency of 50%.

The bands represent the envelope of e�ciencies spanned by the Monte Carlo simulations

(Herwig 6 and Pythia 6.4) that we use.

collider modeled with Delphes. On the left, we show the hadronically-decaying top quark

tagging e�ciency as a function of jet pT at fixed mistag rate for jets produced from light

quarks and gluons of 5% comparing our method using tracking versus using calorimetry

exclusively. The bands represent the envelope of e�ciencies from using either Herwig 6

[77–79] or Pythia 6.4 Monte Carlo simulations. On the right, we plot the e�ciency for

mis-tagging jets initiated by light quarks or gluons as top quarks at fixed signal e�ciency

of 50%. Our procedure enables significant rejection rates at pT s approaching 20 TeV,

while using calorimetry alone struggles to reject more background than signal. Exploiting

tracking enables impressive signal e�ciency, comparable to that of taggers used at the

LHC, whose performance is relatively independent of jet pT and extends well beyond 10

TeV.

In this paper, we have presented a procedure for the identification of top quarks in

the multi-TeV energy range as those that could be produced at a future 100 TeV proton

collider. High-resolution tracking information was required for identification of the prongs

produced in the top quark decay and contamination due to initial- and final-state radiation,

underlying event, pile-up, or other sources can be reduced significantly by dynamically

– 17 –



Luminosity target of  100 TeV pp collider

- Reach gain a factor of 5 
for first 3 ab-1 , increase 
slowly after that.



- High lumi more important 
for light weakly coupled 
NP.



- Can start at lower 
instantaneous lumi. 



- 10-20 ab-1 per experiment 
seems to be adequate.

39

Figure 7: Cross sections for the production of dijet pairs with invariant mass Mjj > Mmin, at c.m. energiesp
s = 14 and 100 TeV. The jets are subject to the pT and ⌘ cuts shown in the legend.

notice that the benefit of luminosity is more prominent at low mass than at high mass. We also notice
that, considering the multi-year span of the programme, and assuming a progressive increase of the
luminosity integrated in a year, an early start at low luminosity does not impact significantly the
ultimate reach after a fixed number of years.
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Figure 8: Evolution with time of the mass reach at
p
s = 100 TeV, relative to HL-LHC, under di↵erent

luminosity scenarios (1 year = 6 ⇥ 106 sec). The left (right) plot shows the mass increase for a (qq̄) resonance
with couplings enabling HL-LHC discovery at 6 TeV (1 TeV).

These results are not an argument for modest luminosity as an ultimate goal, but a reminder
of the advantages of high collider energy. Should specific very-high-mass targets arise, the overall
optimization of energy and luminosity need not be restricted to a single parameter.

8
Hinchliffe, Kotwal, Mangano, Quigg, LTW
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Figure 4: Ratio of the reach of new physics scale from the LHC and 100 TeV pp collider,
shown as a function of the ratio of luminosity. New physics produced from di↵erent
partonic initial states are considered. The limit of LHC is assumed to be 6 TeV (left) and
1 TeV (right).

Figure 5: Two examples of the increase of the reaches of new physics with 10 times more
luminosity. Left: Drell-Yan production of sequential W 0. Right: Pair production of heavy
quark.

First, we focus on the highest possible reach in mass. For the LHC, we
assume the reach for the scale of certain type of new physics is 6 TeV, shown

1For a useful tool to perform such estimates, see
http://collider-reach.web.cern.ch/collider-reach/, by Salam and Weiler.
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If we made a discovery at run 2

- Beginning of a new era. Seeing the first sign of a new 
layer of new physics.



- However, it is unlikely to discover the full set of the 
particles, since we have not see anything yet.



- Typically, going from 8 TeV to 14 TeV increase the 
reach at most by a factor of 2. 



- However, many models feature particles with masses 
spread at least factor of several apart. 



- Won’t be able to see everything. 



- LHC discovery will set the stage for our next 
exploration, in particular at a 100 TeV pp collider.



What if?

Trilepton Excess ?CMS 3� Cross-check
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(a) ℓ̃L-mediated simplified model
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(b) WZ-mediated simplified model
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃
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studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
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2, pp → χ̃±

1 χ̃
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3). If M2<M1<µ

(µ<M1<M2), the χ̃
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0
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0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:
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(a) ℓ̃L-mediated simplified model

 [GeV]
1

±χ∼, 
2

0χ∼m
100 150 200 250 300 350 400

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300

0
1χ∼

 < 
m

0
2χ∼m

Z

 = 
m

1
0
χ∼

 - 
m

2
0
χ∼m

1

0
χ∼

 = 2m

2

0
χ∼m

0

2
χ∼ = m±

1
χ∼m

1

0χ∼ (*)
 Z

1

0χ∼ (*)
 W→ 0

2
χ∼ ±

1
χ∼

ATLAS
=8 TeVs, 

-1
 L dt = 20.3 fb∫ =8 TeVs, 

-1
 L dt = 20.3 fb∫

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

 = 7 TeVs, -1ATLAS 4.7 fb
All limits at 95% CL

(b) WZ-mediated simplified model

 [GeV]
1

±χ∼, 
2

0χ∼m
100 150 200 250 300 350 400 450 500

 [G
eV

]
0 1χ∼

m

0

50

100

150

200

250

300

350

0
1χ∼

 <
 m

0
2χ∼m

1

0
χ∼

 = 2m

2

0
χ∼m

0

2
χ∼ = m±

1
χ∼m

)/20

2
χ∼

 + m0

1
χ∼m = (

 L
τ∼ m

)ν ν∼ (τ Lτ∼ ν∼ τ), ν ν∼ (τ Lτ∼ ν Lτ∼ → 0

2
χ∼ ±

1
χ∼

0

1
χ∼) ν ν (τ τ 0

1
χ∼ ν τ →

ATLAS
=8 TeVs, 

-1
 L dt = 20.3 fb∫ =8 TeVs, 

-1
 L dt = 20.3 fb∫

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

All limits at 95% CL

(c) τ̃L-mediated simplified model

 [GeV]
1

±χ∼, 
2

0χ∼m
100 110 120 130 140 150 160 170 180 190 200

 [G
eV

]
0 1χ∼

m

0

5

10

15

20

25

30

35

40

45

50

h

 <
 m

1
0

χ∼
 - 

m
2

0
χ∼

m

0

2
χ∼ = m±

1
χ∼m

0

1
χ∼ h 

0

1
χ∼ ± W→ 0

2
χ∼ ±

1
χ∼

ATLAS
=8 TeVs, 

-1
 L dt = 20.3 fb∫ =8 TeVs, 

-1
 L dt = 20.3 fb∫

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

All limits at 95% CL
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Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃
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studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs
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2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a
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Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
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)/2. Setting the parameter tanβ = 6 yields comparable χ̃0
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into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
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1 compositions, three values of M1 are considered:
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(c) τ̃L-mediated simplified model
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(d) Wh-mediated simplified model

Figure 7. Observed and expected 95% CL exclusion contours for chargino and neutralino produc-
tion in the (a) ℓ̃L-mediated, (b) WZ-mediated, (c) τ̃L-mediated and (d) Wh-mediated simplified
models. The band around the expected limit shows the ±1σ variations of the expected limit, includ-
ing all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit indicate the sensitivity to ±1σ variations of these theoretical uncertain-
ties. The blue contours in (a) and (b) correspond to the 7 TeV limits from the ATLAS three-lepton
analysis [17]. Linear interpolation is used to account for the discrete nature of the signal grids.
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Figure 1. The Feynman diagrams for the four simplified models of the direct production of χ̃
±
1 χ̃

0
2

studied in this paper. The different decay modes are discussed in the text. The dots in (d) depict
possible additional decay products of the lightest Higgs boson decaying via intermediate ττ , WW
or ZZ states.

the electroweakinos are governed by the ratio of the expectation values of the two Higgs

doublets tanβ, the gaugino mass parameters M1 and M2, and the higgsino mass parameter

µ. For the hierarchy M1<M2<µ (M1<µ<M2), the χ̃0
1 is bino-like, the χ̃±

1 and χ̃0
2 are

wino-like (higgsino-like) and the dominant electroweakino production process leading to a

final state with three leptons is pp → χ̃±
1 χ̃

0
2 (pp → χ̃±

1 χ̃
0
2, pp → χ̃±

1 χ̃
0
3). If M2<M1<µ

(µ<M1<M2), the χ̃
0
1 (χ̃

0
1, χ̃

0
2) and the χ̃

±
1 are wino-like (higgsino-like) with similar masses

and the dominant process leading to a final state with three high transverse momentum

leptons is the pair-production of the higgsino-like (wino-like) χ̃
±
2 and the bino-like χ̃

0
2 (χ̃

0
3).

Finally, the pMSSM scenarios under study are parametrised in the µ–M2 plane and

are classified based on the masses of the right-handed sleptons into three groups,

pMSSM ℓ̃R: the right-handed sleptons are degenerate in mass, with mass mℓ̃R
=(mχ̃0

1
+

mχ̃0
2
)/2. Setting the parameter tanβ = 6 yields comparable χ̃0

2 branching ratios

into each slepton generation. The χ̃±
1 decays predominantly via a W boson when

kinematically allowed and to τ̃ otherwise because the sleptons are right-handed. To

probe the sensitivity for different χ̃
0
1 compositions, three values of M1 are considered:

100 GeV, 140 GeV and 250 GeV,

– 3 –

CMS, EPJC 74 (2014) 3036

  [GeV]0
2
χ∼

=m±

1
χ∼

m
100 150 200 250 300 350 400

  [
G

eV
]

0 1χ∼
m

0
20
40
60
80

100
120
140
160
180
200
220
240

95
%

 C
L 

up
pe

r l
im

it 
on

 c
ro

ss
 s

ec
tio

n 
(fb

)

210

310

-1 = 8 TeV         L = 19.5 fbsCMS          
  95% CL CLs NLO Exclusions

theoryσ1± l 3⊕j2lObserved 2
experimentσ1± l 3⊕j2lExpected 2
experimentσ -2l 3⊕j2lExpected 2

 onlylObserved 3
 onlyj2lObserved 2

Z = m0

1
χ∼

 - m0

2
χ∼

m

±

1
χ∼ 0

2
χ∼ → pp

0
1
χ∼ Z → 0

2
χ∼

0
1
χ∼ W → ±

1
χ∼

•  CMS search for !+!0⟶WZ+ET
miss

–  Search in WZ⟶3� and WZ⟶(jj)(��) channels

no excess here

… but there is an excess here (in 3�)

B. Hooberman’15

Covered by 
FCC-hh/SppC



Gluino factory at 100 TeV

6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 1.4 Production cross section of new physics particles. Top left: gluino and squark. Top right: higgsino
and wino. Bottom left: fermionic T 0. Bottom right: W 0 and Z0.

W, Z bosons, may be properly treated as partons in the proton when there is a heavy new physics201

scale involved. We illustrate this point in Fig. 1.6, where we show the partonic luminosities versus the202

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark203

in Fig. 1.6 (left) [7] and the electroweak gauge bosons in Fig. 1.6 (right) [30]. We see that the top quark204

luminosity can be as large as a percent of the bottom quark in the relevant energy regime. For instance,205

at the 5 TeV partonic energy, the top quark luminosity is about 1. Incidentally, the electroweak gauge206

boson luminosities are comparable to that of the top quark. As expected, the luminosities of W±� and207

W+

T W�
T are roughly the same, indicating the electroweak unification and the symmetry restoration.208

On the other hand, the luminosity for the longitudinally polarized gauge bosons is about two orders of209

magnitude lower, due to the lack of energy enhancement from a Goldstone-boson radiated off a quark.210

For pT ’s approaching ⇠ 10 TeV, the electroweak Sudakov factor ⇠ 4↵
2

log

2

(p2

T /m2

W ) ⇠ 0.1, and211

we have “electroweak radiation” in complete analogy with electromagnetic and gluon radiation. At the212

very high energies E � MW , EW gauge bosons are copiously produced by radiation. For instance, a213

W or Z gauge boson would be radiated off a light quark with 10 TeV of energy with a probability of214

10% and off a gauge boson with a probability of 20%, yielding a rate that is order of magnitude higher215

than the perturbative production of a gauge boson. This is illustrated in the left panel of Fig. 1.7, where216

we see that nealrly 20% of dijet events with pT ⇠ 10 TeV contain a W or Z.217

This phenomenon makes it easier to “see” traditionally invisible particles such as neutrinos (or even218

dark matter particles), through electroweak radiation. This can be nicely illustrated by probing the219

invisible decay of a Z 0 ! ⌫⌫ at the SppC. For heavy enough Z 0’s, there is a significant rate for radiating220

off W, Z’s. The ratio �(Z 0 ! ⌫⌫̄)/�(Z 0 ! ⌫⌫̄Z/W ) is only depends on the mass of the Z 0, and so221

if this visible mode is abundant enough we can directly determine the invisible rate (and thereby also222

directly determine the Z 0 coupling to left-handed leptons). The total three-body branching ratio can be223

as large as a few percent for a heavy Z 0, as shown in the right panel of Fig. 1.7 [6].224

> 103  more gluino produced at 100 TeV collider



What if?
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp

= nsig

+ nbg

. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg

is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig

, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in

16

Thamm, Torre,  Wulzer
Bian, Liu, Shu
Low, Tesi, LTW
…

Composite spin-1 vector?

12 7 Summary
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Figure 7: Expected and observed 95% CL limits on the production cross section as a function of
the resonance mass for (upper left) qW resonances, (upper right) qZ resonances, and (bottom)
WZ resonances, compared to their predicted cross sections for the corresponding benchmark
models.

tainties are removed.

7 Summary

An inclusive sample of multijet events corresponding to an integrated luminosity of 19.7 fb�1,
collected in pp collisions at

p
s = 8 TeV with the CMS detector, is used to measure the W/Z-

tagged dijet mass spectrum for the two leading jets, produced within the pseudorapidity range
|h| < 2.5 with a separation in pseudorapidity of |Dh| < 1.3. The generic multijet background
is suppressed using jet-substructure tagging techniques that identify vector bosons decaying
into qq’ pairs merged into a single jet. In particular, the invariant mass of pruned jets and the
N-subjettiness ratio t21 of each jet are used to reduce the initially overwhelming multijet back-
ground. The remaining background is estimated through a fit to smooth analytic functions.



Composite Higgs

the rest

2 TeV ρ.  Quick discovery at run 2



Composite Higgs

the rest

O(10 TeV)
Hard to see the full spectrum 
with the increase of reach 
from 8 to 14 TeV

2 TeV ρ.  Quick discovery at run 2
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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More opportunities and challenges

- Better SM theory calculation needed for taking 
full advantage of energy and luminosity. 



- Many more NP channels, e.g. flavor (violating) 
physics at 10s TeV?



- Full set of Higgs measurements at 100 TeV, both 
inclusive and energy dependence.



- Physics driven (such as dark matter search) novel 
detector designs.



- We will do much better than we know now in a 
couple of decades. cf. LHC vs SppS. 



Conclusions

- LHC run 2+ will further probe new physics, 
interesting gain in reach. 



- Several fundamental questions in particle physics 
will not be answered (fully) by the LHC.



Understanding  EWSB, naturalness, dark matter, etc.



- Going beyond the LHC, circular colliders 


Higgs factory + high energy pp collider.



Many activities, particularly the last couple of years. 



Great physics case. 



Effort underway to make it happen.



A lot to look forward to!

H



extras



Folded SUSY

- They do introduce correction in EW precision 
observables. 



- Strong limit from Z-pole measurement.
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Going up to 100 TeV

- Room for improvement by using single production, 
boosted technique, etc. 

5� discovery projection for mT comparing analysis and parton luminosity scaling

using arXiv:1309.0026 (Bhattacharya, et al.) with 3000 fb�1
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Figure 11: CMS triangle plot showing their expected limits and the corresponding projection using
the Salam/Weiler parton luminosity tool for 100 TeV.

12

5� discovery projection for mT comparing analysis and parton luminosity scaling

using arXiv:1309.0026 (Bhattacharya, et al.) with 3000 fb�1

PDF set 14 TeV 33 TeV 100 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 1.5 TeV 2.8 TeV 5.8 TeV 2.6 TeV 5.5 TeV

NNPDF23 nnlo as 0018 1.5 TeV 2.8 TeV 5.9 TeV 2.6 TeV 5.5 TeV

CT10nlo 1.5 TeV 2.7 TeV 5.8 TeV 2.6 TeV 5.4 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis

and parton luminosity scaling using arXiv:1311.7667 (CMS, 19.5 fb�1)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 2.1 TeV 4.0 TeV 8.9 TeV

NNPDF23 nnlo as 0018 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

CT10nlo 0.7 TeV 2.1 TeV 4.0 TeV 9.0 TeV

95% exclusion projection for mT with 3000 fb�1 comparing analysis and

parton luminosity scaling using CONF-2013-060 (ATLAS, 14.3 fb�1 ATLAS)

PDF set 8 TeV 14 TeV 33 TeV 100 TeV

MSTW2008nnlo68cl 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

NNPDF23 nnlo as 0018 0.7 TeV 1.9 TeV 3.7 TeV 8.1 TeV

CT10nlo 0.7 TeV 2.0 TeV 3.7 TeV 8.2 TeV

Figure 11: CMS triangle plot showing their expected limits and the corresponding projection using
the Salam/Weiler parton luminosity tool for 100 TeV.
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More difficult model, singlet with Z2

- Is EW phase transition 1st order?


Combination of Higgs factory and 100 TeV pp 
collider will go (very) long way!  

Craig, Lou, McCullough, Thalapillil 
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Figure 5.43 The combined reach of direct Higgs portal searches at SPPC with 3 ab�1 (left) and 30 ab�1 (right)
compared to parameter spaces for motivated Higgs portal scenarios. In each case the red lines denote the 1, 2�
exclusion and 5� discovery reach from direct searches at SPPC. The region to the left of the dark blue line indicates
the possible parameter space for two-step singlet-assisted electroweak baryogenesis [341], while the region between
the light blue and dark blue lines indicates the possible parameter space for one-step singlet-assisted baryogenesis
[341]. The purple line indicates the 2� contour for ��Zh at CEPC. The dashed gray line indicates the effective
coupling due to SM-neutral scalar top partners.
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Highlight: top partner (SUSY)

- Naturalness ∝	
 mstop2 



- Discovery of top partner at Run 2 is a stunning 
success of naturalness. 



- None discovery push fine-tuning to at least 1%

DRAFT

26 New Particles Working Group Report

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

�
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ � t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ � b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ � t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ � b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ �
t + �̃0

1 (red) and the t̃ � b + �̃±1 , �̃
±
1 � W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e�ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
�

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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5.3 Stop-Pair Production 21

fine-tuning. One possible production mechanism is the decay of (light) gluinos to stops and
sbottoms, if they are lighter than the gluinos and the gluinos are within the LHC reach with
13–14 TeV. These models are studied in the previous Secs. 5.1–5.2. Here, we study the model
where the stops are the lightest squarks and are directly produced in pairs. The extrapolation
is based on the result obtained from a search in final states with a muon or electron [34]. This
analysis has a discovery reach for stop masses of 300–500 GeV and a maximum neutralino mass
of 75 GeV for a center-of-mass energy of 8 TeV and an integrated luminosity of 20 fb�1.

The projections to higher energy and luminosity are based on the 8 TeV Monte Carlo simulated
samples produced with the MADGRAPH 5 [43] simulation program. For Scenario A, the signal
and background yields, as well as the uncertainty on the background, are scaled by the ratios
Rsig and Rbkg, respectively (Eq. (3)). The cross sections for direct stop production are enhanced
for 14 TeV by a factor of ⇠ 4–20 for stop masses of 200–1000 GeV. The main background consists
of tt events, which are scaled by the cross section ratio. The ratio of the cross sections for the
second highest background, W+jets, is smaller than tt, leading to a conservative background
estimation. The signal extrapolation is done in the same way for the less conservative Scenario
B, but the uncertainty on the background is reduced by 1/

p
Rbkg, as it is assumed that the

uncertainty is largely driven by the statistical precision from the control samples, which will
improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 18: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (left), and the projected 5� discovery reaches for this model (right).

The results are summarized in Fig. 18. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

Figure 1-23. ALTAS [151] and CMS [153] projections of reaches for stop in direct pair production LHC
Run 2 and HL-LHC.

channels to charginos and neutralinos. Measuring them will paint a full picture of stop couplings. Many of668

these channels will be subdominant, and discovering them require large statistics. HL-LHC is indispensable669

in accomplishing this task.670

To confirm the initial estimates of the stop properties, more detailed measurements of properties need to be671

carried out. Indeed, there can be other new physics scenarios, for example the Universal Extra Dimension672

(UED), which can have signals very similar to SUSY. Therefore, during the period after discovery, there673

will be competing interpretations. To distinguish them, model independent measurements of spin and mass674

are necessary. Such measurements are di�cult, since we can not fully reconstruct the momentum of LSPs.675

Precise measurement of subtle features of kinematical distributions will be necessary. High statistics at the676

level of HL-LHC will great enhance our capability of carrying out these measurements.677
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Figure 7: Results for the stop-neutralino model using the single lepton analysis strategy. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
systematic error is assumed and pileup is not included.

100 TeV proton collider could discover a ⇠ 5.5 TeV stop.

The tuning in models where m�t > mt derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squared m2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

�m2

Hu
' �

3 y2

t

8 �2

m2

�t log

✓
�

TeV

◆
, (2)

Note that for � � TeV, the one-loop leading log approximation breaks down.

Given a bound on the lightest stop mass, Eq. (2) can be translated into a naive lower bound on
tuning ��1 [10]:

� m�t
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�
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'
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��1

10%

◆
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Non-zero A-terms, RG effects of heavy gluinos, and tree-level tunings from the µ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the “least
tuned” an MSSM-like model can be given a collider constraint on the lightest stop mass. Assuming
a SUSY breaking scale of � = 300 TeV and a massless neutralino, the results in Fig. 7 can be used
to estimate the minimum tuning implied by a null result at each collider scenario:

14 TeV (300 fb�1) 14 TeV (3000 fb�1) 33 TeV 100 TeV

2 ⇥ 10�2 1 ⇥ 10�2 2 ⇥ 10�3 1 ⇥ 10�3

Note that we have included a factor of two to account for the tuning from both stops — the heavier
stop will also make a contribution to the tuning at least of the same order.
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Figure 1-24. Reaches for stop-neutralino simplified model using the single lepton channel [71]. The left
[right] panel shows discovery reach [95% CL exclusion].

The most interesting coupling of stop is probably with the Higgs boson. Confirming its consistency with678

SUSY prediction would be a directly proof of the stop’s crucial role in solving the fine-tuning problem. To679

directly probe this coupling, one would have to observe the pp ! t̃t̃⇤h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with E
CM

= 100 TeV. At the681

same time, a robust test of the divergence cancellation can be performed by testing the “SUSY-Yukawa sum682

Community Planning Study: Snowmass 2013

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

p
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ ! t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ ! b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ ! t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ ! b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

1 (red) and the t̃ ! b + �̃±1 , �̃
±
1 ! W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e↵ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
p

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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Compositeness and top partner

- Plays a crucial role in EWSB. 
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Figure 2: Masses of the lightest colored KK fermions in the MCHM5 (upper plot), and in the
MCHM10 (lower plot). Different symbols denote KKs with different quantum numbers under
SU(2)L×U(1)Y , as specified in the plots. Both plots are for ϵ = 0.5, N = 8. In the upper one

we have varied 0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < m̃u < 0.42, −3.5 < M̃u < −2.2 (filled

points), or 0.2 < cq < 0.35, −0.25 < cu < −0.42, −1.3 < m̃u < 0.2, 0.1 < M̃u < 2.3 (empty
points). In the lower plot we have varied 0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < m̃u < 3,

−3 < M̃u < −0.3. The black continuous line is the fit to the mass of the lightest resonance
according to Eqs. (15) and (18).
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LHC 14 should cover (most of) it.



A big step forward in the energy frontier

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14
TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5� discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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5σ discovery reach: Z’B

14

Discovery reach
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Could discover resonances with 
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Felix Yu,  2013
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Gori, Jung, LTW,  Wells, 2014

Figure 1. Top panel: the production cross sections for benchmakr Z 0s for pp collider at 14, 33, and
100 TeV. Bottom panel: the discovery and exclusion reaches of Z 0 for VLHC 100 TeV at 1 ab�1

(blue) and 10 ab�1 (red) and LHC 14 TeV at 300 fb�1 (orange) and 3000 fb�1 (green).
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Immediate future: LHC run 2 - run 5

- Restarted,  at higher energy and intensity


Ecm  = 13-14 TeV. 



10s and ultimately 100+ more data.


