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Should we build ... collider?

We often ask: 
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Should we build ... collider?

We often ask: 
Or, can ... collider discover X? (X! SUSY...)

Translation: 
Can we guarantee to discover new physics at ... collider?

Answer:
No.  We have a model which can be valid up to MPlanck. 
No “no-lose” theorem. 

However, I think we have to go further.
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A critical and historical juncture.
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Many big questions remained.
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Expecting surprises. 
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A big step forward6 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: fermionicT ! . Bottom right:W ! andZ ! .

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
!

! (lower scale) and the partonic CM energy
!

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 ofW ± " and207

W +
T W !

T are roughly the same, indicating the electroweak uniÞcation 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 Õs approaching" 10 TeV, the electroweak Sudakov factor" 4#2 log2(p2
T /m 2

W ) " 0.1, and211

we have Òelectroweak radiationÓ in complete analogy with electromagnetic and gluon radiation. At the212

very high energiesE # M W , 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 withpT " 10TeV contain aW or Z .217

This phenomenon makes it easier to ÒseeÓ 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 aZ " $ $$ at the SppC. For heavy enoughZ "Õs, there is a signiÞcant rate for radiating220

off W, Z Õs. The ratio! (Z " $ $ø$)/ ! (Z " $ $ø$Z/W ) is only depends on the mass of theZ ", and so221

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

directly determine theZ " coupling to left-handed leptons). The total three-body branching ratio can be223

as large as a few percent for a heavyZ ", as shown in the right panel of Fig.1.7[6].224
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The simplest and strongest justiÞcation.

3.9 Comparing Colliders

The multi-jet plusE miss
T signature of the gluino-neutralino model with light ßavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure8
shows the5! discovery reach [95%CL exclusion] for two choices of integrated luminosity at14
TeV, along with the full data set assumed for33and100TeV. At 14TeV, the factor of10 increase
in luminosity leads to a modest increase by350GeV 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 of10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of Þve 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. Figure8 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 ßavor decays. The left [right] panel shows the
5 ! discovery reach [95% CL exclusion] for the four collider scenarios studied here. A20% 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 a1 GeV
neutralino). It is interesting to note that the slope of theHT cut is larger than that for theE miss

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 theHT 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 theE miss

T cuts begin to ßatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs.2, 4, and6. The signal and
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FIG. 9: Same as Fig. 5 for the Wino-NLSP and Bino-LSP, Case 5 benchmark scenario.

theorem [19]

�(fW 0 ! eB0Z)

�(fW 0 ! eB0h)
' |(s�N14 + c�N13)� tW (s�N24 + c�N23)|2 (1� 2r)

|(s�N14 � c�N13)� tW (s�N24 � c�N23)|2 (1 + 2r)
, (2)

valid in the approximation |M1| ⌧ M2 and where r ⌘ m eB/mfW ' M1/M2 can either be

positive or negative depending on the relative sign of parameters. The mixing angles Nij

are approximated in the heavy Higgsino limit by [43]

0

B@
N13 N14

N23 N24

1

CA '

0

BBB@

mZsW c�(M1 + µt�)

(µ2 �M2
1 )

�mZsW c�(µ+M1t�)

(µ2 �M2
1 )

�mZcW c�(M2 + µt�)

(µ2 �M2
2 )

mZcW c�(µ+M2t�)

(µ2 �M2
2 )

1

CCCA
, (3)

where N13 (N14) are the Bino-like mass eigenstate H̃0
d (H̃0

u) components, and N23 (N24) are

the Wino-like mass eigenstate H̃0
d (H̃0

u) components. By plugging Eq. (3) into Eq. (2) and

taking the limit M1 ! 0, we arrive at

�(fW 0 ! eB0Z)

�(fW 0 ! eB0h)
' (M2µc2�)2

((2µ2 �M2
2 )s2� +M2µ)2

' (M2c2�)2

(2µs2� +M2)2
, (4)

where we used |µ| > |M2| in the second approximation. This relation keeps all the leading

dependences on relative signs between µ and M2 that can lead to important cancellations.

The approximation is valid up toO(M2
2/µ

2) terms. If we further assume that 2|µ|s2� � |M2|,

Figure 1 . Top panel: the production cross sections for benchmakrZ !s for pp collider at 14, 33, and
100 TeV. Bottom panel: the discovery and exclusion reaches ofZ ! 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).

Ð 5 Ð

Han, Langacker, Liu, LTW, to appear 

Z’

cross the board:  x 5(more) improvement, into (10)TeV regime
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Many open questions

V (H) = �µ2H†H +
�

4
(H†H)2

Discovery of a SM-like Higgs boson 
“completes” SM with the following Higgs potential
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Many open questions

V (H) = �µ2H†H +
�

4
(H†H)2

We think we know their values
However, SM does not explain them

Need more fundamental theory
Naturalness, ...

+ .....

Additional terms relevant?
EWPT 1st order?

Addition d.o.f to be included?
EWPT, dark matter, naturalness...?

Discovery of a SM-like Higgs boson 
“completes” SM with the following Higgs potential

Other open questions: 
dark matter, matter-antimatter asymm....
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To answer these questions

- Going further in the energy frontier is 
necessary.

- Will focus on future hadron collider in this talk.

- A natural next step after the ee program (just 
like LEP <z LHC )

CERN: FCC-hh

China: Super p p Collider (SPPC). 

Will mention ee program at places.
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Nature of EW phase 
transition

h

Wednesday, August 13, 14

current state of knowledge
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We know very little about Higgs, 
not even sure about ÒMexican hatÓ.

or

THE ELECTROWEAK PHASE TRANSITION 19

illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the544

potential is minimized for v2

= 2|�|⇤2, and we find m2

H = 2�v2, µ = 7m2

H/v = (7/3)µSM , giving545

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the546

non-analytic (h  h)

2 log(h  h) potential, the cubic self-coupling is µ = (5/3)µSM .547

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.548

Even larger departures from the standard picture are possible - we don’t even know whether the dynam-549

ics of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a550

number of light scalars, and not all of them need be weakly coupled!551

Nature of EW phase transition

- Consider a model Higgs + singlet

Simplest, but also hardest to discover.

Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao LiuÕs talk

Tuesday, January 20, 15

Figure 2.12 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can552

ask about any symmetry breaking phenomenon—what is the order of the associated phase transition?553

How can we experimentally decide whether the electroweak phase transition in the early universe was554

second order or first order? This question is another obvious next step following the Higgs discov-555

ery: having understood what breaks electroweak symmetry, we must now undertake an experimental556

program to probe how electroweak symmetry is restored at high energies.557

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-558

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,559

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no560

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-561

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all562

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak563

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-564

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to565

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls566

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs567

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the568

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs569

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann570

suppressed and the baryon asymmetry can survive. This requires exp(��Esph/Tc) < exp (�10), and571

can be translated to a rough criterion on the size of the Higgs expectation value at the transition:572

hhi(Tc)

Tc
> 0.6 ! 1.6 (2.15)

In the Standard Model with mh = 125 GeV, the electroweak phase transition is not strong enough573

to satisfy this condition. Also the CP violation in the CKM matrix is not large enough to generate the574

needed asymmetry even ignoring the washout by sphalerons in the bubble. So in order to make this575

What we know now

Is the EW phase transition first order?

V (h) =
1

2
µ2h2 +

�

4
h4 V (h) =

1

2
µ2h2 � �

4
h4 +

1

⇤2
h6
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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 singletS coupled to the Higgs. As
we will see, this example represents the ÒeasiestÓ case, where it is straightforward to get
a Þrst-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an ÒeasyÓ case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the ÒhardÓ 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
SS2 + ÷aSh†h + ÷bS3 + ÷S2h†h + ÷hS4 (8)

The couplings ÷a,÷b can be set to zero by aZ2 symmetry under whichS " ! S, but absent
such a symmetry they should be present. They give rise to both the modiÞed Higgs potential
as well the oblique Higgs operator upon integrating outS at tree-level

FIG : TREE EXCHANGE DIAGRAMS (9)

and we Þnd

m2h†h + �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h†h))2 (10)

Here we have introduceda = ÷a/m S, b = ÷b/mS as the dimensionless strength of the cubic
interactions at the scalemS, and � = ÷� ! a2, = (÷ + ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the Þrst-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 Þnd the shift in theZ ! h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwantedO(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 haveb, a < 4⇡
and ÷ < 16⇡2. Actually the bounds on, a are more stringent, since these couplings induce

4
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g111 can, thus, provide a probe ofTC and the SFOEWPT-viable regions of singlet extensions.

As discussed in SectionHiggs 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 ModiÞed 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 > m 1/ 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 > m 2 > m 1/ 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 Þrst-order EWPT occurs in the
Singlet benchmark model. Also shown are the fractional deviations of thee+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

shift in h-Z coupling > 0.5%

Profumo et al 

triple Higgs coupling

Within the reach of Higgs factories
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6 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Thursday, January 22, 15Figure 2.1 A sketch of two of the central goals of the CEPC and SppC. The CEPC will probe whether the Higgs
is truly “elementary", with a resolution up to a hundred times more powerful than the LHC. The SppC will see, for
the first time, a fundamentally new dynamical process—the self-interaction of an elementary particle—uniquely
associated with the Higgs.

two points are sketched in Fig. 2.1, and represent the central physics questions the CEPC and SppC are193

guaranteed to attack and resolve.194

At an even more fundamental level, much of the excitement surrounding the CEPC and SppC stems195

from the bold leap into completely uncharted new territory they offer, probing energy scales where we196

have long had reasons to expect fundamental new physical principles at play. The CEPC measurements197

of Higgs interactions with other particles, with an accuracy of nearly one part in a thousand, will provide198

a multitude of clues to its microscopic structure well beyond the capabilities of the LHC. The SppC will199

allow us to hunt for new fundamental particles an order of magnitude heavier than we can possibly200

produce with the LHC, and new particles the LHC may produce in small numbers will be produced with201

up to a thousand times higher rate, giving us a new window into the quantum-mechanical vacuum of202

our universe with a hundred-fold greater resolution than ever before.203

Over the past year, a large group of theorists around the world have embarked on detailed studies of204

the physics potential of the CEPC and SppC, spanning a wide range of topics, resulting in dozens of205

papers [3–27]. Needless to say these studies are all in early stages, and many years of intensive work206

have yet to be done to arrive at a complete picture of the capabilities of these machines. Our aim in this207

overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientific issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213

matter. More details and additional studies are provided in the subsequent sections of the report.214

Unique type of coupling for spin-0 scalars
Not seen before in nature!
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Unique type of coupling for spin-0 scalars
Not seen before in nature!

THE ELECTROWEAK PHASE TRANSITION 19

illustrate the point, let’s take the limit where the m2 term in the potential can be neglected. Now the544

potential is minimized for v2

= 2|�|⇤2, and we find m2

H = 2�v2, µ = 7m2

H/v = (7/3)µSM , giving545

an O(1) deviation in the cubic Higgs coupling relative to the Standard Model. In the case with the546

non-analytic (h  h)

2 log(h  h) potential, the cubic self-coupling is µ = (5/3)µSM .547

The LHC will not have the sensitivity to the triple higgs coupling to distinguish these possibilities.548

Even larger departures from the standard picture are possible - we don’t even know whether the dynam-549

ics of symmetry breaking is well-approximated by a single light, weakly coupled scalar; there may be a550

number of light scalars, and not all of them need be weakly coupled!551

Nature of EW phase transition

- Consider a model Higgs + singlet

Simplest, but also hardest to discover.

Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao LiuÕs talk

Tuesday, January 20, 15

Figure 2.12 Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fundamental questions we can552

ask about any symmetry breaking phenomenon—what is the order of the associated phase transition?553

How can we experimentally decide whether the electroweak phase transition in the early universe was554

second order or first order? This question is another obvious next step following the Higgs discov-555

ery: having understood what breaks electroweak symmetry, we must now undertake an experimental556

program to probe how electroweak symmetry is restored at high energies.557

A first-order phase transition is also strongly motivated by the possibility of electroweak baryoge-558

nesis. While the origin of the baryon asymmetry is one of the most fascinating questions in physics,559

it is frustratingly straightforward to build models for baryogenesis at ultra-high energy scales, with no560

direct experimental consequences. However, we aren’t forced to defer this physics to the deep ultravi-561

olet: as is well-known the dynamics of electroweak symmetry breaking itself beautifully provides all562

the ingredients needed for baryogenesis. At temperatures far above the weak scale, where electroweak563

symmetry restored, electroweak sphalerons are unsuppressed, and violate baryon number. As the tem-564

perature cools to near the electroweak transition, bubbles of the symmetry breaking vacuum begin to565

appear. CP violating interactions between particles in the thermal bath and the expanding bubble walls566

can generate a net baryon number. If the phase transition is too gradual (second order), then the Higgs567

vev inside the bubbles turns on too slowly, so the sphalerons are still active inside the bubble, killing the568

baryon asymmetry generated in this way. But if the transition is more sudden (first order), the Higgs569

vev inside the bubble right at the transition is large, so the sphalerons inside the bubble are Boltzmann570

suppressed and the baryon asymmetry can survive. This requires exp(��Esph/Tc) < exp (�10), and571

can be translated to a rough criterion on the size of the Higgs expectation value at the transition:572

hhi(Tc)

Tc
> 0.6 ! 1.6 (2.15)

In the Standard Model with mh = 125 GeV, the electroweak phase transition is not strong enough573

to satisfy this condition. Also the CP violation in the CKM matrix is not large enough to generate the574

needed asymmetry even ignoring the washout by sphalerons in the bubble. So in order to make this575

Measuring it well is crucial to 
answer this question.
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Table 3.14 Coupling measurement precision in percent from the 7 parameter Þt described in the text for several
benchmark integrated luminosity of CEPC, and corresponding results after combination with the HL-LHC.

CEPC CEPC+HL-LHC

Luminosity (ab! 1) 0.5 2 5 10 0.5 2 5 10

! b 3.7 1.9 1.2 0.83 2.3 1.5 1.1 0.78

! c 5.1 3.2 1.6 1.2 4.0 2.3 1.5 1.1

! g 4.7 2.3 1.5 1.0 2.9 1.9 1.3 0.99

! W 3.8 1.9 1.2 0.84 2.3 1.6 1.1 0.80

! ! 4.2 2.1 1.3 0.94 2.9 1.8 1.2 0.90

! Z 0.51 0.25 0.16 0.11 0.49 0.25 0.16 0.11

! " 15 7.4 4.7 3.3 2.6 2.5 2.3 2.0

The correction to the SMhZ production cross section induced by a shift in" hhh is given by [63]2374

! #Zh =
#Zh

#SM
Zh

! 1 = 2! #
Z

+ 0 .014! $
hhh

. (3.13)

The sensitivity of measuring#Zh and! Z at CEPC have been analyzed in the previous section. The2375

result from such a constraint on the SM" hhh is summarized in Fig.3.21.2376

Figure 3.21 Higgs self-coupling constraint inferred from the shift in hZZ coupling. The CEPC results refer to
a luminosity of5ab�1. The HL-LHC and SPPC results are taken from Ref. [64], with an integrated luminosity of
3ab�1 assumed. In the latter case, the impact of the uncertainties in measuring the Higgs top Yukawa coupling is
not incorporated.

3.5 Implications2377

In this section, we brießy discuss the most important physics implications of the Higgs property mea-2378

surements at the CEPC. These topics have already been mentioned in our overview section. We reca-2379
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produce with the LHC, and new particles the LHC may produce in small numbers will be produced with201

up to a thousand times higher rate, giving us a new window into the quantum-mechanical vacuum of202

our universe with a hundred-fold greater resolution than ever before.203

Over the past year, a large group of theorists around the world have embarked on detailed studies of204

the physics potential of the CEPC and SppC, spanning a wide range of topics, resulting in dozens of205

papers [3Ð27]. Needless to say these studies are all in early stages, and many years of intensive work206

have yet to be done to arrive at a complete picture of the capabilities of these machines. Our aim in this207

overview section is not to exhaustively review the wide array of results found to date, as these will likely208

be continuously improved in the near future. Instead, we will give a high-level summary of the central209

scientiÞc issues at stake, and draw on the studies that have been carried out to show that the leap in210

precision and energy offered by the CEPC/SppC project is just what is needed to robustly tackle many211

of the most profound mysteries that confront us, especially focusing on the nature of the electroweak212

phase transition, the origin and naturalness of the electroweak scale, and electroweakly interacting dark213

matter. More details and additional studies are provided in the subsequent sections of the report.214

Higgs Factory + 
100 TeV pp collider

Difficult, but doable.
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Direct production of singlet at 100 TeV

- 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 1.27 The SPPC reach for neutral top partners produced through Higgs portal.

stronger reach in these cases than the CEPC; a 2 sigma hint of a deviation in! Zh at the CEPC can be964

conÞrmed with a 5 sigma discovery of the" I at the SppC.965

1.4 Dark Matter966

The existence of cold dark matter is one of of most direct and powerful pieces of evidence for physics967

beyond the Standard Model. There are a huge range of possibilities for what the dark matter might be,968

since for any mass we can simply adjust the number density to get the needed energy density today,969

with ! DM h2 ⇠ 0.1. Even if the new particle physics is completely speciÞed, the main uncertainty is970

cosmological: what determines the abundance of the new particles in the early universe?971

Weakly Interacting Massive Particles (WIMPs) remain the best motivated and well-studied possibil-972

ity for dark matter by giving a clear answer to this question: the dark matter particles interact with the973

Standard Model, and are thermalized in the early universe. Assuming a standard cosmological history,974

the present abundance of dark matter can be unambiguously computed once the underlying particle975

physics is Þxed, in much the same way as the abundance of light elements is predicted in big bang976

nucleosynthesis.977

The relic abundance of dark matter particles is set by their annihilation cross-section in the early978

universe: in order to avoid overclosure, we must have [63Ð65]979

! h2

= 0.11 ⇥
! h#vi

freeze

2.2 ⇥ 10

! 26

cm

3/ s

" ! 1

, (1.30)

with # / g4

ef f /M 2

DM , this leads us to a limit on the dark matter mass980

M
DM

< 1.8 TeV

!
g2

e!

0.3

"
. (1.31)

As has been long appreciated, it is quite remarkable that the TeV scale emerges so naturally in this way,981

assuming dark matter couplings comparable in strength to the electroweak gauge interactions. This982

gives a strong, direct argument for new physics at the TeV scale, independent of any theoretical notions983

of naturalness.984
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Singlet search at 100 TeV

- 4 Higgs Þnal state with decent rate. 

- Good discovery potential.

20 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC

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 vacuumhhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘ 1
6

d3
!
V0(h) + V CW

0 (h)
"

dh3

#
#
#
#
#
h= v

=
m2

h

2v
+

�3
HS v3

24⇡2m2
S

+ . . . (5.1)

The Þrst 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 requiringvc/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 the4b Þnal state has the largest rate, it also suffers from a huge QCD background. Instead,
the most promising channel is inbb��, whose main backgrounds are QCD andtøth 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 ofZh at
lepton colliders Eq. (5.2), in % relative to the SM.

ab! 1 [87Ð91]. The accuracy can be reÞned 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

!
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 deÞnitive 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 conÞdence of better than 2 to 5" , depending onmS. A high-
energy ILC could exclude most, though not all, of the one-step transition region at the2" 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 modiÞes all higgs couplings by a potentially measurable amount. In particu-
lar, precision measurements of theZh production cross section at lepton colliders might be another
avenue for indirect detection of such a singlet. [94]

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

#"Zh =
1
2

|! HS |2v2

16$2m2
h

[1 + F (%! )] (5.2)

Ð 18 Ð

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

!
@fbD

pp ! SS! hhhh
"#$ 3
"#$ 2
"#$ 1

100TeV 14TeV

100eventswith 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 Z2 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 " 100times 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

h S

S

h

h

h

h
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Naturalness

- tune proportional to (m stop)2 . 

A gain of 2 orders of magnitude!

A 6 TeV stop can be discovered! 

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

1) or to a bottom quark and the lightest chargino (÷t � b + ÷�±1).
The Þnal state for the Þrst decay is a top quark pair in associated with large missing transverse
momentum, while the Þnal state for the second decay is 2b-jets, 2W 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÷t � t + ÷�0

1, and the 2-lepton+ jet
channel is sensitive to÷t � 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 signiÞcant 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÷t �
t + ÷�0

1 (red) and the÷t � 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-ßavor 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
m÷q = m÷g = 3200 GeV requires the missing transverse momentum signiÞcance, deÞned as
Emiss

T /
�

HT , be greater than 15 GeV1/ 2. (The variableHT is deÞned 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 the5 � discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
systematic error is assumed and pileup is not included.

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

The tuning in models wherem!t > m t derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squaredm2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

! m2
Hu

" #
3y2

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

1 TeV

$! 2 # mh

125GeV

$2
sin2 #

!
log(! / TeV)

3

" ! 1

"
!

" ! 1

10%

"
. (3)

Non-zeroA-terms, RG effects of heavy gluinos, and tree-level tunings from theµ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the Òleast
tunedÓ 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:

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

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 Ñ 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 simpliÞed 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 ! t̃ t̃ ! h process. However, this process has680

an extremely low rate at 14 TeV LHC. It can only be reached at the VLHC with ECM = 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
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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-ßows that do

not rely on b-tagging or jet substructure techniques. Additional reÞnements 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 signiÞcance is obtained by taking the smaller CLs
between the heavy stop and compressed spectra search strategies, and converting CLs to number
of ! Õs. 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 fulÞll 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. TableIII lists the number of background events

Cohen et. al., 2014
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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). Di! erent symbols denote KKs with di! erent quantum numbers under
SU(2)L ! U(1)Y , as speciÞed in the plots. Both plots are for! = 0.5, N = 8. In the upper one
we have varied0.28 < cq < 0.38, 0 < cu < 0.41, 0.32 < !mu < 0.42, " 3.5 < "Mu < " 2.2 (Þlled
points), or 0.2 < cq < 0.35, " 0.25 < cu < " 0.42, " 1.3 < !mu < 0.2, 0.1 < "Mu < 2.3 (empty
points). In the lower plot we have varied0.36 < cq < 0.45, 0 < cu < 0.38, 0.8 < !mu < 3,
" 3 < "Mu < " 0.3. The black continuous line is the Þt to the mass of the lightest resonance
according to Eqs. (15) and (18).
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Contino, Da Rold, Pomarol, 2006

prefers a light T’

For a comprehensive discussion, see
De Simone, Matsedonskyi, Rattazzi, Wulzer, 1211.5663
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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

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 formT 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 formT 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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From precision measurements

- Lepton colliders  <z new era in EW precision.

A factor of 10 improvement on S and T

- LEP+SLD taught us a lot, we will learn much more with 
these facilities.

Current
LHC Prospect

ILC
TLEP! Z
TLEP! W
TLEP! t

U " 0
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Figure 1 . Left: 68% C.L. contours of S and T for di ! erent experiments using the simpliÞed Þt as described
in Tables 1 and 2. Right: a magniÞed view of 68% C.L. contours of S and T for ILC and TLEP. We set the
best Þt point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate
agreement with the current Þt from ref. [ 33, 40], current/LHC14/ILC results by the GÞtter 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 theZ pole with (100 ! 1000) fb! 1 luminosity on the
Z pole and 10 fb! 1 for 6 energy points close to theZ pole. The weak mixing angle is derived from
the forward-backward asymmetry AF B of the b quark, which is determined from Þts to the di! erential
cross-section distribution d! /d cos" " 1 + cos 2" + 8 / 3AF B cos" . We will also present estimates of
Higgs couplings precisions in Table6 of Section6.

CEPC

#s(M 2
Z ) ± 1.0 # 10! 4 [35]

" #(5)
had (M 2

Z ) ± 4.7 # 10! 5

mZ [GeV] ± (0.0005! 0.001) [41]

mt [GeV] (pole) ± 0.6exp ± 0.25th [23]

mh [GeV] < ± 0.1

mW [GeV] (± (3 ! 5)exp ± 1th ) # 10! 3 [24, 38, 41]

sin2 " !
e! (± (4.6 ! 5.1)exp ± 1.5th ) # 10! 5 [25, 38, 41]

#Z [GeV] (± (5 ! 10)exp ± 0.8th ) # 10! 4 [26, 41]

Table 3 . The precisions of electroweak observables in the simpliÞed electroweak Þt 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 .
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Figure 4 . 68% C.L. contours of S and T for ILC (red dashed), the optimistic case of current CEPC plan
(named as the CEPC baseline in the Þgure; purple solid), the optimistic CEPC plan with sin 2 ! W (green solid)
or ! Z (green dashed) improved, both sin2 ! W and ! Z improved (blue dotted), and three observables sin2 ! W ,
! Z and mt improved (blue solid).

4.1 Nuisance Parameters

4.1.1 The Top Mass mt

Recently, the Þrst combination of Tevatron and LHC top mass measurements reported a result of
173.34 ± 0.76 GeV, with the error bar combining statistical and systematic uncertainties [37]. New
results continue to appear, with a recent CMS combination reporting 172.38± 0.10 (stat.) ± 0.65 (syst.)
GeV [42] and a D0 analysis Þnding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di ! erent central values, which may be a statistical ßuke or may in part reßect ambiguities in
deÞning what we mean by the top mass (see [44] and Appendix C of [45]). This suggests that we
proceed with some caution in assigning an uncertainty to the top mass in any precision Þt.

The relevant physics issues have been reviewed recently in refs. [46Ð48]. At the LHC, kinematic
measurements are expected to reach a precision of 0.5 or 0.6 GeV on the top mass, but theoretical
uncertainty remains in understanding how the measured mass relates to well-deÞned schemes like the
MS mass. Other observables like the total cross section are easier to relate to a choice of perturbative
scheme, but will have larger uncertainties. The top mass is a very active area of research, in part for
its importance in questions of vacuum stability in the Standard Model (see, for example, refs. [49Ð
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHCÕs large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53Ð56]. We will follow ref. [ 23] in assuming that the
LHC will achieve a measured precision of 0.6 GeV and that further experimental and theoretical e! ort
will reduce the theoretical uncertainty on the meaning of this number to 0.25 GeV. We will also use
their estimate of the current theoretical uncertainty as 0.5 GeV, although we suspect this is overly

Ð 9 Ð

Fan, Reece, LTW
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Probing compositeness/SUSY scales

- This is complementary to the direct collider searches. 

Independent of decay modes and kinematics.

Experiment ! Z (68%) f (GeV) ! g (68%) m÷t L
(GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV

ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7 . Interpreting Higgs coupling bounds in terms of new physics reach.

Experiment S (68%) f (GeV) T (68%) m÷t L
(GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV

CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP- Z 0.013 1.1 TeV 0.012 1.0 TeV

TLEP- t 0.009 1.3 TeV 0.006 1.5 TeV

Table 8 . Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming
the improvement in both sin 2 ✓`

e↵

and �Z , as discussed in Section3.1.

relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to theZ boson. The bounds
from this measurement dwarf those from theS and T parameters. On the other hand, bounds on the
left-handed stops from theT parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements andZ factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T) plane Þts to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, theS parameter
operator h  " i hW i

µ ! Bµ ! modiÞes the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global Þt combining all known
pieces of information.
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If the Higgs boson is composite, there will be a plethora of new states that play a role in electroweak
symmetry breaking, and the Higgs alone will not fully unitarize W and Z boson scattering. This means
that the Higgs coupling to W + W ! and ZZ Þnal states is modiÞed on the order ofv2/f 2, where f is
the decay constant for the PNGB Higgs. For example, in the minimal composite Higgs model [87], we
have:

! W = ! Z =

!

1 !
v2

f 2 , (7.1)

Because the primary Higgs production mechanism at ane+ e! collider is Higgsstrahlung, e+ e! "
Z " " Zh, the coupling ! Z is especially well-measured and provides a powerful constraint on the
scale f . The details of how a composite Higgs theory modiÞes theS and T parameters are model-
dependent. As a general guideline they receive corrections suppressed by the scalem! , the mass of a
technirho meson, i.e. a composite state sourced by the SU(2)L current. We expect contributions to
the S parameter of order

S #
4" v2

m2
!

#
N
4"

v2

f 2 , (7.2)

where we have used the NDA estimatem! # 4" f /
$

N . The number of colors N in the composite
sector is generally order oneÑrarely larger than 10 due to phenomenological constraints like Landau
poles and cosmological problemsÑand so we will take as our benchmark estimate

S %
v2

4f 2 . (7.3)

Comparing equations 7.1 and 7.3, we see that the parametric size of corrections to Higgs boson
couplings and to the S parameter are linked.

In the case of SUSY, we consider left-handed stops. Their dominant e! ect on Higgs couplings is
to run in the loop coupling the Higgs to gluons:

! g ! 1 %
m2

t

4m÷t 2
L

. (7.4)

They also modify the photon coupling ! " by a smaller amount, which we will ignore for the moment
(but include in the companion paper). The dominant e! ect of stops on theS and T parameters is to
induce a contribution to T [88]:

T %
m4

t

16" sin2 #W m2
W m2

÷t L

. (7.5)

There is a small negative contribution to the S parameter that we ignore for now.
In Table 7, we present the relevant 1$ error bars for the Higgs couplings! Z and ! g for various

experiments: we performed a one parameter Þt with either! Z (= ! W ) or ! g. We also translate these
into bounds on the scalef in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value ofS where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs.1 and 2. We also translate these into bounds on
f and on m÷t L

, respectively. Of course, bounds on new physics are always model-dependent and the
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If the Higgs boson is composite, there will be a plethora of new states that play a role in electroweak
symmetry breaking, and the Higgs alone will not fully unitarize W and Z boson scattering. This means
that the Higgs coupling to W +W� and ZZ Þnal states is modiÞed on the order ofv2/f 2, where f is
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Comparing equations 7.1 and 7.3, we see that the parametric size of corrections to Higgs boson
couplings and to the S parameter are linked.

In the case of SUSY, we consider left-handed stops. Their dominant e! ect on Higgs couplings is
to run in the loop coupling the Higgs to gluons:

g � 1 ⇡ m2

t

4m
˜t2

L

. (7.4)

They also modify the photon coupling � by a smaller amount, which we will ignore for the moment
(but include in the companion paper). The dominant e! ect of stops on theS and T parameters is to
induce a contribution to T [88]:

T ⇡ m4

t

16⇡ sin2 ✓W m2

W m2

˜tL

. (7.5)

There is a small negative contribution to the S parameter that we ignore for now.
In Table 7, we present the relevant 1� error bars for the Higgs couplingsZ and g for various

experiments: we performed a one parameter Þt with eitherZ(= W ) or g. We also translate these
into bounds on the scalef in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value ofS where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs.1 and 2. We also translate these into bounds on
f and on m

˜tL
, respectively. Of course, bounds on new physics are always model-dependent and the
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We can hide TÕ very well. 

- Top partner not colored. 

Twin Higgs.

- Reach probably very limited, 100s GeV.

T ′

T ′

h

T! T!

h h

Chacko, Harnik, et al Craig et. al.

Wednesday, March 4, 15



Anything else we can do?

- Higgs factory provides a solid probe.

4

(a)

e!

e+

h

ZG0

(b)

e!

e+

h

ZZ

FIG. 1: Sample counterterm diagrams that depend on the
Higgs self-energy.

O(0.5%) uncertainty [15]. Thus Higgs boson coupling
measurements can constrain natural new physics for
generic top partners even when they are neutral under
the SM gauge group.To see the relevant e! ects clearly,
consider the theory of Eq. (3) when all scalar top part-
ners, ! i , are gauge singlets. In the limitm! ! v, we may
integrate out the ! i and express their e! ects in terms
of an e! ective Lagrangian below the scalem! involv-
ing only Standard Model Þelds with appropriate higher-
dimensional operators. At one loop, integrating out the
! i leads to shifts in the wave-function renormalization
and potential of the Higgs doublet H as well as opera-
tors of dimension six and higher. Most of these shifts
and operators are irrelevant from the perspective of low-
energy physics, except for one dimension-six operator in
the e! ective Lagrangian:

L ef f = L SM +
cH

m2
!

!
1
2

" µ |H |2" µ |H |2
"

+ . . . (10)

where the ellipses include additional higher-dimensional
operators that are irrelevant for our purposes. Match-
ing to the full theory at the scale m! , we ÞndcH (m! ) =
n! |#! |2/ 96$2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using Þeld redeÞnitions or classical equations of
motion, the physical e! ects are unaltered. Below the
scale of electroweak symmetry breaking, Eq. (10) leads
to a shift in the wave-function renormalization of the
physical scalar h as in Eq. (2), with %Zh = 2cH v2/m 2

! .
Canonically normalizing h alters its coupling to vectors
and fermions, leading to a measurable correction to, e.g.,
the hZ associated production cross-section

%&Zh = " 2cH
v2

m2
!

= "
n! |#! |2

48$2

v2

m2
!

. (11)

where we have deÞned%&Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Sincen! |#! |2 is required to be large in order to cancel the
top quadratic divergence, this e! ect may be observable
in precision measurements of&Zh despite arising at one
loop.

While this e! ective Lagrangian approach makes the
physical e! ect transparent, naturalness dictates that

200 400 600 8000.1

0.2

0.5

1.0

2.0

5.0

10.0

m! !GeV"

"# Zh !$ "

"# Zh%2.5$

"# Zh%0.5$

n! &1

n! &6

FIG. 2: Scalar top-partner corrections to the Higgs associ-
ated production cross-section at a 250 GeV linear collider as
a function of the top-partner mass m! in the e! ective the-
ory of naturalness of Eq. (3). Corrections are shown for
n! = 1 , .., 6 top partners. Estimates for the measurement
precision of 2.5% [22, 23] and 0.5% [29] are also shown. It
is remarkable that with current precision estimates a large
portion of model-independent parameter space for Higgs nat-
uralness can be probed. In particular, if one compares with
the tuning estimates of Eq. (9), this broadly corresponds to
probing 10% tuned regions for a single scalar top partner and
close to 25% tuned regions forn! = 6 scalar top partners as
in SUSY. Optimistically, if the precision could be improved to
��Zh ! 0.1%, then virtually all parameter space for generic
natural scalar theories with up to ! 10% tunings could be
probed.

m! # v, and threshold corrections to Eq. (10) may be
large and a complete calculation is required. In the on-
shell renormalization scheme, the Higgs self-energy en-
ters through the counter-term part of the renormalized
e+ e! $ hZ amplitude via the diagrams depicted in
Fig. 1. Thus the hG0Z and hZZ vertices receive correc-
tions from the Higgs wave-function renormalization.10

For scalar top partners the Higgs wave-function renor-
malization arises at one loop through scalar trilinear cou-
plings, which gauge invariance relates to the quartic ver-
tices, which are in turn directly relevant for the cancel-
lation of the quadratic divergences in%m2

h .
At one loop the e! ective theory of naturalness deÞned

in Eq. (3) leads to a correction to the associated produc-
tion cross-section of the form [15]

%&Zh = n!
|#! |2v2

8$2m2
h

(1 + F (' ! )) (12)

=
9#2

t m2
t

2$2n! m2
h

(1 + F (' ! )) (13)

10 See e.g. Ref. [31] for a complete list of SM Feynman rules.

T’

Craig, Englert, McCullough, 2013  

Wavefunction renormalization
Induce shift in Higgs coupling.
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Dark Matter
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Dark matter (mono-jet)

- LHC only coverage very limited.

- Probing the ÒbulkÓ 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 ans-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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Figure 5 : Charged track distributions for the pure wino scenario showing the number of
tracks for a given track length (left) and the number of tracks for a given wino mass (right).
Only events passing the analysis cuts in App.B and containing at least one chargino track
with pT > 500 GeV are considered.

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

Ð 9 Ð
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Disappearing track

Figure from ATLAS disappearing track search twiki

Figure 1: In (a), we show the lifetime of ÷! !
1 for the caseM1 ! M2 " |µ|. ! m÷! 1 is the

charginoÐneutralino mass di" erence. In (b), we give the corresponding branching ratios of ÷! !
1 .

For ! m÷! 1 # 1.5 GeV, the branching ratio for ÒhadronicÓ decays is computedas the sum of
the branching ratios for 1, 2 and 3 pion Þnal states, while forlarger mass splittings the parton
model result has been used.

implying that a ÷! !
1 or ÷! +

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for$" %>& 0.7). This is probably su# cient to
recognize the ÷! ±

1 track as being clearly heavily ionizing. For 160 MeV< ! m÷! 1 < 190 MeV,
7 cm > c# > 3 cm and the ÷! ±

1 will typically pass through at least two layers. Even though
these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the ÷! ±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to havelarge deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse
momentum of order its momentum,p" &

!
! m2

÷! 1
' m2

" , in the ÷! ±
1 rest frame. For 160 MeV<

! m÷! 1 < 190 MeV, p" & 77 ' 130 MeV. The corresponding impact parameter resolution
(taking pT

" & p" ), bres & 300' 170µm (these are the 1$ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the ÷! ±
1 track for the c" range being

considered.

- Main decay mode ! ± " ! ± + ! 0 

- Charge track ! 10(s) cm 
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ATLAS search

- Essentially free of physics background.

- Dominated by pT mis-measured tracks.

- Very promising reach, much better than mono-jet

ATLAS, 1310.3675

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for m ÷! ±

1
= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/Þnal-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger e! ciency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction e ! ciency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

Þt to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the di! erent backgrounds derived in Sec.V. In the
Þt, the yields of the signal, interacting-hadron, andpT -
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The e! ects of
systematic uncertainties on the yields and the parameters
describing the pT -distribution shapes of the background
tracks are also incorporated into the likelihood function.

The number of observed events having a high-pT dis-
appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only Þt in the pT range below 75 GeV, are given in
Table III . No signiÞcant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (! 95%

vis ) at 95% conÞdence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
Þt in the full pT range: the best-Þt values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT -mismeasured tracks are 2187± 71, 852± 35, 23± 8
and 212± 33, respectively. Three selected examples for
the signal are also shown in the Þgure.

An excess with a corresponding signiÞcance of! 2! is
seen in Fig.5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
signiÞcant di! erences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deÞcit is observed as reported in Ta-
ble III .

Events with two disappearing-track candidates, being
particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track- pT spectrum obtained by the background-only Þt. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track- pT spectrum is shown at the bottom of the Þgure.

VIII. RESULTS

In the absence of a signal, constraints are set onm ÷! ±
1

and " ÷! ±
1

. The upper limit on the production cross-section
for a given m ÷! ±

1
and " ÷! ±

1
at 95% CL is set at the point

where the CL of the Òsignal+backgroundÓ hypothesis,
based on the proÞle likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed" ÷! ±

1
Ðm ÷! ±

1
parameter space is shown in Fig.6.

The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass di! erence is
shown as the LEP2 result. This constraint is largely in-
dependent of tan# or the sign of µ.

The analysis is not performed for signals having" ÷! 1 >
10 ns (corresponding" m ÷! 1 being below the charged pion
mass) because a signiÞcant fraction of charginos would
traverse the ID before decaying, thereby reducing the

9
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FIG. 7. The constraint on the allowed ! m ÷! 1 Ðm ÷! ±
1

space of
the AMSB model for tan ! = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1" exclusions due to experimental
uncertainties. Observed limits are indicated by the solid b old
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previou s
result from Ref. [ 8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [ 9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have signiÞcantly
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 achieve d at
LEP2 by the ALEPH experiment is 101 GeV [ 9].
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Wino summary

- There is hope to Òcompletely coverÓ 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.

/E T where neither of the jets can be too close to the/E T 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 Table1. We Þnd ... [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 betweenµ and Þne-tuning, these spectra arise in natural super-
symmetry [43, 44]. A thermal higgsino saturates the relic density form ÷! " 1 TeV (why are
sommerfeld corrections not large? ÐML) . As for the wino case, a thermal higgsino is

Ð 8 Ð
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Mono-jet
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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 bem ÷! " 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 m÷t " 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 m÷g " 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.

Ð 20 Ð

M. Low, LTW 2014 
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Cascade
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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 withL = 3000 fb! 1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between1 ! 2% and the signal systematic uncertainty is set to10%. The lowerx-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 withL = 3000 fb! 1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between1 ! 2% and the signal systematic
uncertainty is set to10%. The lowerx-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 theZ -pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on theZ will produce! 1011
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
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- Is it possible we can see every new physics particles 
in the model at the run 2 of the LHC?

- That would great!

- However, unlikely. Since we have not see anything yet.

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

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

- WonÕt be able to see everything. 

- LHC discovery will set the stage for our next 
exploration. Such as at a future 100 TeV pp collider.
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Example: SUSY (a random model)

- Run 2 may be able to see gluino, light neutralinos 
and charginos, some squarks, but not the rest. 

1.3 Discovery Stories 23

Figure 1-20. Projections for pMSSM model coverage e! ciency [53] shown in gluino-LSP pane for 14 TeV
LHC and integrated luminosity of 300/fb (left) and 3000/fb (right)

Figure 1-21. Spectrum of the pMSSM model used for discovery scenario.

Community Planning Study: Snowmass 2013

current limit

after LHC
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Similar story in composite Higgs

Light top partner
“As natural as possible”

the rest

O(TeV)
Hard to see the full spectrum 
with the increase of reach 
from 8 to 14 TeV
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No discovery?

- Run 2 wonÕt have the Þnal word on many questions.

WonÕt nail the Higgs properties.

Not enough for naturalness yet (for me). 

Not even close for WIMP dark matter. 

- We should certainly go further. 
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Many new and on-going studies.

- Vector boson fusion for composite resonances.

- ZÕ.

- ßavor @ 100 TeV (the rest of this workshop!). 

- Fermionic top partner

- Suggestions for more studies to be done?
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More excitements to come...

H
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Under consideration now: 

- Circular Electron Positron Collider (CEPC).

- Super Proton Proton Collider (SPPC)

CEPC+SppC 
�‡ For about 8 years, we have been talk�L�Q�J���D�E�R�X�W���³�:�K�D�W���F�D�Q���E�H��

�G�R�Q�H���D�I�W�H�U���%�(�3�&�,�,���L�Q���&�K�L�Q�D�´�� 
�‡ Thanks to the discovery of the low mass Higgs boson, and 

stimulated by ideas of Circular Higgs Factories in the world, 
CEPC+SppC configuration was proposed in Sep. 2012  

A 50-70 km tunnel is 
very affordable in China 
NOW 

Yifang Wang, director of IHEP
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