
Future Hadron Colliders

Lian-Tao Wang
University of Chicago

BSM Higgs Workshop @ LPC Nov. 4, 2014

Tuesday, November 4, 14



Should we build ... collider?

Tuesday, November 4, 14



Should we build ... collider?

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

Tuesday, November 4, 14



Should we build ... collider?

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

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

Tuesday, November 4, 14



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. 

Tuesday, November 4, 14



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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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....

Tuesday, November 4, 14



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 ⇒ LHC )

CERN: FCC-hh

China: Super p p Collider (SppC). 

Will mention ee program at places.
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Albert  De Roeck, at Astrophysics 2014

FCC-hh: a Proton-Proton Collider 
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Main Parameters of SppC 
Parameter SppC-1 SppC-2 

Beam energy (TeV) 25 45 
Circumference (km) 49.78 69.88 
Number of IPs 2 2 
SR loss/turn (keV) 440 4090 
Np/bunch (1011) 1.3 0.98 
Bunch number 3000 6000 
Beam current (mA) 0.5 0.405 
SR power /ring (MW) 0.22 1.66 
B0 (T) 12 19.24 
Bending radius (km) 6.9 7.8 
Momentum compaction (10-4) 3.5 2.5 
IP  x/y (m) 0.1/0.1 0.1/0.1 
Norm. trans. emit.  x/y (mrad) 4 3 
y/IP 0.004 0.004 
Geo. luminosity reduction factor F 0.8 0.9 
Luminosity /IP (1035cm-2s-1) 2.15 2.85 
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Big step forward

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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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
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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 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).

– 5 –

Han, Langacker, Liu, LTW, to appear 

Z’

cross the board:  x 5(more) improvement, into (10)TeV regime
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Nature of EW phase 
transition

h

Wednesday, August 13, 14

See M. Perelstein’s talk

current state of knowledge
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Triple Higgs coupling

Results: Singlet
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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 color-breaking vacuum occurs before the EWPT.

are in the 10 � 20% range, making them di�cult to test at the proposed facilities.
(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade
is estimated to be about 13% [? ], while at TLEP it can be measured with a preci-
sion of about 30% via its contribution to Higgsstrahlung [? ].) Thus, it appears that
the Higgsstrahlung cross section provides the most sensitive probe of this challenging
scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-
troweak phase transition in the early Universe. In all models, we found a strong cor-
relation between the strength of the phase transition and the deviations of the Higgs
couplings from the SM. This suggests that precise measurements of the Higgs couplings
have a potential to definitively determine the order of the electroweak phase transition.
Such a determination would be not only fascinating in its own right, but would also

– 18 –

hZZ: MIN deviation 0.5%, probed at ~2-sigma at ILC,!
10-sigma at “TLEP”

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 16: 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 [19]. Right panel: A singlet model with a Z2 symmetry [20]. 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.

to probe. The minimal model that has been well studied in this class is to introduce an additional singlet1

which couples to the Higgs [21, 22, 19, 23, 20, 24]. Generically, if the electroweak phase transition is of2

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of3

Fig. 16, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete4

Z2 symmetry is imposed on the singlet, has also been considered [20, 24]. A first order electroweak5

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs6

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced7

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel8

of Fig. 16. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 15,9

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed10

to make a more decisive determination based on the self coupling measurement and direct production of11

the additional singlet.12

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling13

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.14

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,15

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy16

of measuring this coupling at the CEPC is about 0.15%. Therefore, generically, Z measurement at17

CEPC will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase18

transition, the singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the19

possible parameter space in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,20

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel21

of Fig. 17. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.22

In more general classes of models, the new physics which modifies the Higgs coupling can carry other23

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant24

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 17,25

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 14, we see that the26

27

Generic singlet model

Profumo et al, 2014

Singlet with Z2 
Katz, Perelstein, 2014

See also Curtin, Meade and Yu, 2014
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Triple Higgs coupling

- Simplest model for 1st order phase transition, introducing a 
singlet.

Also the toughest to discover.

Results: Singlet
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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 color-breaking vacuum occurs before the EWPT.

are in the 10 � 20% range, making them di�cult to test at the proposed facilities.
(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade
is estimated to be about 13% [? ], while at TLEP it can be measured with a preci-
sion of about 30% via its contribution to Higgsstrahlung [? ].) Thus, it appears that
the Higgsstrahlung cross section provides the most sensitive probe of this challenging
scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-
troweak phase transition in the early Universe. In all models, we found a strong cor-
relation between the strength of the phase transition and the deviations of the Higgs
couplings from the SM. This suggests that precise measurements of the Higgs couplings
have a potential to definitively determine the order of the electroweak phase transition.
Such a determination would be not only fascinating in its own right, but would also
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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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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
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Higgs coupling [19]. Right panel: A singlet model with a Z2 symmetry [20]. Orange dashed lines are
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to probe. The minimal model that has been well studied in this class is to introduce an additional singlet1

which couples to the Higgs [21, 22, 19, 23, 20, 24]. Generically, if the electroweak phase transition is of2

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of3

Fig. 16, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete4

Z2 symmetry is imposed on the singlet, has also been considered [20, 24]. A first order electroweak5

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs6

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced7

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel8

of Fig. 16. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 15,9

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed10

to make a more decisive determination based on the self coupling measurement and direct production of11

the additional singlet.12

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling13

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.14

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,15

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy16

of measuring this coupling at the CEPC is about 0.15%. Therefore, generically, Z measurement at17

CEPC will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase18

transition, the singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the19

possible parameter space in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,20

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel21

of Fig. 17. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.22

In more general classes of models, the new physics which modifies the Higgs coupling can carry other23

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant24

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 17,25

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 14, we see that the26
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Triple Higgs coupling

- Simplest model for 1st order phase transition, introducing a 
singlet.

Also the toughest to discover.
- HL-LHC 30% - 50%?, Higgs factory: 20%, 100 TeV: 8%-15%?

Generic model, large deviation. “Completely” covered.
Model with Z2 , harder, perhaps an evidence at HF or 100 TeV.

Results: Singlet
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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 color-breaking vacuum occurs before the EWPT.

are in the 10 � 20% range, making them di�cult to test at the proposed facilities.
(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade
is estimated to be about 13% [? ], while at TLEP it can be measured with a preci-
sion of about 30% via its contribution to Higgsstrahlung [? ].) Thus, it appears that
the Higgsstrahlung cross section provides the most sensitive probe of this challenging
scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-
troweak phase transition in the early Universe. In all models, we found a strong cor-
relation between the strength of the phase transition and the deviations of the Higgs
couplings from the SM. This suggests that precise measurements of the Higgs couplings
have a potential to definitively determine the order of the electroweak phase transition.
Such a determination would be not only fascinating in its own right, but would also

– 18 –

hZZ: MIN deviation 0.5%, probed at ~2-sigma at ILC,!
10-sigma at “TLEP”

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 16: 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 [19]. Right panel: A singlet model with a Z2 symmetry [20]. 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.

to probe. The minimal model that has been well studied in this class is to introduce an additional singlet1

which couples to the Higgs [21, 22, 19, 23, 20, 24]. Generically, if the electroweak phase transition is of2

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of3

Fig. 16, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete4

Z2 symmetry is imposed on the singlet, has also been considered [20, 24]. A first order electroweak5

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs6

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced7

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel8

of Fig. 16. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 15,9

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed10

to make a more decisive determination based on the self coupling measurement and direct production of11

the additional singlet.12

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling13

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.14

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,15

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy16

of measuring this coupling at the CEPC is about 0.15%. Therefore, generically, Z measurement at17

CEPC will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase18

transition, the singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the19

possible parameter space in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,20

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel21

of Fig. 17. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.22

In more general classes of models, the new physics which modifies the Higgs coupling can carry other23

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant24

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 17,25

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 14, we see that the26
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Also shifts the Zh coupling

- At the 0.5-06% level. 

- Higgs factory will have a chance > 2σ
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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 color-breaking vacuum occurs before the EWPT.

are in the 10 � 20% range, making them di�cult to test at the proposed facilities.
(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade
is estimated to be about 13% [? ], while at TLEP it can be measured with a preci-
sion of about 30% via its contribution to Higgsstrahlung [? ].) Thus, it appears that
the Higgsstrahlung cross section provides the most sensitive probe of this challenging
scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-
troweak phase transition in the early Universe. In all models, we found a strong cor-
relation between the strength of the phase transition and the deviations of the Higgs
couplings from the SM. This suggests that precise measurements of the Higgs couplings
have a potential to definitively determine the order of the electroweak phase transition.
Such a determination would be not only fascinating in its own right, but would also
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Better chance: direct production of singlet at 100 TeV
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and correlations between channels. Bottom: Approximate 5� discovery reach from the
combination of VBF and monojet channels at

p
s = 14, 100 TeV compared to the 2� reach

of a precision Zh cross section measurement at a circular e+e� collider.
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Better chance: 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!  

8 TeV

14 TeV

100 TeV

100 200 300 400 500
0

1

2

3

4

5

mf

»cf»

95% Combined Exclusion Reach, s = 8, 14, 100 TeV

14 TeV

100 TeV

dsZh

100 200 300 400 500
0

1

2

3

4

5

mf

»cf»

5s Combined Discovery Reach, s = 14, 100 TeV

Figure 3: Top: Approximate 95% exclusion reach from the combination of VBF and mono-
jet channels at

p
s = 14, 100 TeV determined from S/

p
B = 2 neglecting systematic errors

and correlations between channels. Bottom: Approximate 5� discovery reach from the
combination of VBF and monojet channels at

p
s = 14, 100 TeV compared to the 2� reach

of a precision Zh cross section measurement at a circular e+e� collider.

8

8 TeV

14 TeV

100 TeV

100 200 300 400 500
0

1

2

3

4

5

mf

»cf»

95% Combined Exclusion Reach, s = 8, 14, 100 TeV

14 TeV

100 TeV

dsZh

100 200 300 400 500
0

1

2

3

4

5

mf

»cf»

5s Combined Discovery Reach, s = 14, 100 TeV

Figure 3: Top: Approximate 95% exclusion reach from the combination of VBF and mono-
jet channels at

p
s = 14, 100 TeV determined from S/

p
B = 2 neglecting systematic errors

and correlations between channels. Bottom: Approximate 5� discovery reach from the
combination of VBF and monojet channels at

p
s = 14, 100 TeV compared to the 2� reach

of a precision Zh cross section measurement at a circular e+e� collider.

8

0.16% precision of 
Zh coupling measurement

Craig, Lou, McCullough, Thalapillil, to appear  

Tuesday, November 4, 14



Naturalness

Tuesday, November 4, 14



Naturalness

- tune proportional to (mstop)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 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

16

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
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✓
�

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]:
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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.

13

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
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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

Tuesday, November 4, 14



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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Going up to 100 TeV

- Again, 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
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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)
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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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From precision measurements

- Lepton colliders  ⇒ 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

68 % C.L.
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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 .
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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 figure; purple solid), the optimistic CEPC plan with sin2 ✓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 first 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 finding 174.98± 0.76 GeV [43]. These results have similar error bars but
fairly di↵erent central values, which may be a statistical fluke or may in part reflect ambiguities in
defining 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 fit.

The relevant physics issues have been reviewed recently in refs. [46–48]. 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-defined 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. [49–
52]). As a result, we can expect continued progress in understanding how to make the best use of
the LHC’s large sample of top quark data to produce more accurate mass determinations. For a
sampling of recent ideas in this direction, see [53–56]. 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

– 9 –
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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
˜tL (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
˜tL (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 sin2 ✓`
e↵

and �Z , as discussed in Section 3.1.

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 the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T 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 and Z 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 fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ⌫Bµ⌫ modifies 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 fit 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 unitarizeW and Z boson scattering. This means
that the Higgs coupling to W+W� and ZZ final states is modified on the order of v2/f2, where f is
the decay constant for the PNGB Higgs. For example, in the minimal composite Higgs model [87], we
have:

W = Z =

s

1� v2

f2

, (7.1)

Because the primary Higgs production mechanism at an e+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 modifies the S and T parameters are model-
dependent. As a general guideline they receive corrections suppressed by the scale m⇢, 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

f2

, (7.2)

where we have used the NDA estimate m⇢ ⇠ 4⇡f/
p
N . The number of colors N in the composite

sector is generally order one—rarely larger than 10 due to phenomenological constraints like Landau
poles and cosmological problems—and so we will take as our benchmark estimate

S ⇡ v2

4f2

. (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
˜t2L

. (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 the S and T parameters is to
induce a contribution to T [88]:

T ⇡ m4

t

16⇡ sin2 ✓Wm2

Wm2

˜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 fit with either Z(= W ) or g. We also translate these
into bounds on the scale f 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 of S 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 T’ 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.
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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 limit m� � v, we may
integrate out the �i and express their e↵ects in terms
of an e↵ective Lagrangian below the scale m� involv-
ing only Standard Model fields 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:

Leff = LSM +
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 find cH(m�) =
n�|��|2/96⇡2. Although this operator may be exchanged
for a linear combination of other higher-dimensional op-
erators using field redefinitions 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 = 2cHv2/m2

�.
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 defined ��Zh as the fractional change in
the associated production cross section relative to the SM
prediction, which by design vanishes for the SM alone.
Since n�|��|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
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2.0

5.0

10.0

mf @GeVD
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dsZh> 2.5%

dsZh> 0.5%
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nf=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 for n� = 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 defined

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

tm
2
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 “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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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
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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 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 –

M. Low, LTW 2014 
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Wino summary

- There is hope to “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 –
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If we made a discovery at run 2
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If we made a discovery at run 2

- 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. 

- Won’t 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

- 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
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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 won’t have the final word on many questions.
Won’t 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.

- Z’.

- 10 TeV flavor physics. 

- Fermionic top partner

- Top quark in PDF. 

- Suggestions for more studies to be done?
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What’s happening in China
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The circle is on the map

- A likely site: QinHuangDao (秦皇岛), 300 km from 
Beijing, 1hr by train.

- Good geological condition.

- Strong local support. Thinking about building a 
science city around it. 

Site 
• Preliminary selected: Qinhuangdao (秦皇岛） 
• Strong support by the local government 
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Beautiful Place for a Science Center 
Best beach & cleanest air  
Summer capital of China 

Starting point of the Great Wall 

Wine yard  
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In the last 2 years
- Started “talking about it” in 2012.

- Things are happening fast since then
Several meetings, workshops. 

Working groups, studies being organized in China.

Established Center for Future High Energy Physics 
(CFHEP): international collaboration in the study of 
physics case. 

Broad conversation happening within Chinese 
physics community.

- PreCDR by the end of this year. 

- R/D money decision (likely) 2015. 

Tuesday, November 4, 14



Center for Future High Energy Physics

- Coordinate studies of physics case.

- Coordinate international collaboration: 
Currently, 5-10 intl. visitors every week. 

Please come help us!

- Writing pre-CDR by the end of this year.  

http://cfhep.ihep.ac.cn/
http://beijingcenterfuturecollider.wikispaces.com/
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The Chinese DreamTimeline (dream) 
• CPEC 

– Pre-study, R&D and preparation work 
• Pre-study: 2013-15   

– Pre-CDR by the end of 2014 for R&D funding request 
• R&D: 2016-2020  
• Engineering Design: 2015-2020 

– Construction: 2021-2027 
– Data taking: 2028-2035 

• SppC 
– Pre-study, R&D and preparation work 

• Pre-study: 2013-2020 
• R&D: 2020-2030  
• Engineering Design: 2030-2035 

– Construction: 2035-2042 
– Data taking: 2042 - 

Yifang Wang at FCC kick off meeting
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Optimistic?

- Very long/difficult road, of course. 

- So far, faster and better than I expected. 

- I am optimistic. We have to try. 
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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 talking  about  “What  can  be  

done  after  BEPCII  in  China”   
• 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

90
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