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Current status

Found Higgs

H! �� - HIG-16-020 (III)
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H! ZZ! 4` - HIG-16-033 (III)

I �fid. = 2.29+0.74
�0.64(stat.)+0.30

�0.23(sys.)+0.01
�0.05(model dep.) fb

(�SM
fid. = 2.53± 0.13 fb)

I mH = 124.50+0.47
�0.45(stat.)

+0.13
�0.11(sys.) GeV

I Other performed measurements: width, anomalous couplings,
high mass searches
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Run 1 :

 



Current status

- No “early” discovery.


- Disappointed? Yes. 


- Surprised? Not much. 
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass

HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass

HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ
CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Stop summary 

TH Institute 2016 

Dedicated searches  
 
 

All searches 
(inclusive + dedicated) 

Black line: combination of 0l and 1l searches 

Expected limit: 1 TeV 
Observed limit: 900 GeV 



As data accumulates

2 TeV, e.g. pair of 1 TeV gluino.
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Reaching the “slow” phase after Moriond 2017



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


Still room for discovery.

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



This Lecture

- Focus on longer term future. 


- Assuming no discovery of new particle at the 
LHC.


- Physics case for future hadron collider

Cover significant ground beyond the LHC.


Answering important questions beyond the reach 
of the LHC



Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

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

建造周长为50-70km环形加速器的建议： 

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

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

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

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

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Future circular colliders

CEPC+SppC

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

China.
Higgs factory:  CEPC
pp Collider: SppC

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



HE-LHC

- 28 TeV more realistically?

Will focus on 100 TeV collider here. 



Basic physics capability



Higgs factories

- FCC-ee, CEPC, ILC, CLIC.


- Physics case relatively independent of the 
outcome of the LHC.


Reach further than the LHC.


Address questions that LHC can’t answer.



Probing NP with precision measurements

- CEPC: clean environment, good for precision. 


- We are going after deviations of the form


- Take for example the Higgs coupling. 

LHC precision: 5-10% ⇒ sensitive to MNP < TeV


However, MNP < TeV largely excluded by direct NP 
searches at the LHC. 


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

� ' c
v2

M2
NP

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



Higgs factory processes
Signal rate
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Figure 5. The b-tagging efficiency vs. c and light quark jets rejection with Z ! qq̄ sample at 91
GeV.
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Figure 6. Feynman diagrams of Higgs boson production processes at CEPC: e+e� ! ZH, e+e� !
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of the Higgsstrahlung reaches its maximum at
p

s ⇠ 250 GeV, and then decreases asymp-1

totically as 1/s. The vector boson fusion production is through t�channel exchanges of2

vector bosons. Their cross sections increase logarithmically as ln

2

(s/M2

W ). Because of the3

accidentally small neutral current coupling Ze+e�, the VBF cross section is dominated by4

the WW fusion. Numerical values of their cross sections at
p

s = 250 GeV are listed in5

Table 5. Note that many of these processes can lead to the same final states and thus can6

interfere. For example, e+e� ! e+⌫eW
� ! e+⌫ee

�⌫̄e and e+e� ! e+e�Z ! e+e�⌫e⌫̄e7

have the same final states. These processes are simulated together to take into account the8

interference effects for the studies presented in this paper.9

CEPC is designed to deliver a total of 5 ab�1 integrated luminosity to two detectors in10

10 years. Over 10

6 Higgs events will be produced during this period. The large statistics,11

well-determined kinematics and clean event environment will enable CEPC to measure12

Higgs boson production cross sections as well as its properties (mass, decay width and13

branching ratios, etc.) with precisions far beyond achievable at the LHC. Compared with14
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Figure 7. Left: Production cross sections of e+e� ! ZH and e+e� ! (ee/⌫⌫)H as functions
of

p
s for a 125 GeV Higgs boson. Right: Higgs boson decay branching ratios as functions of

MH [23, 24].

Table 5. Production cross sections of signal and background processes at
p

s = 250 GeV and
numbers of events expected in 5 ab�1. The cross sections are calculated using the Whizard pro-
gram [25]. Note that cross sections do not include potential interference effects between the same
final states from different processes after W and Z bosons decay.

Process Cross section Nevents in 5 ab�1

Higgs boson production, cross section in fb
e+e� ! ZH 212 1.06 ⇥ 10

6

e+e� ! ⌫⌫H 6.72 3.36 ⇥ 10

4

e+e� ! eeH 0.63 3.15 ⇥ 10

3

Total 219 1.10 ⇥ 10

6

Background processes, cross section in pb
e+e� ! e+e� (Bhabha) 25.1 1.3 ⇥ 10

8

e+e� ! qq 50.2 2.5 ⇥ 10

8

e+e� ! µµ (or ⌧⌧) 4.40 2.2 ⇥ 10

7

e+e� ! WW 15.4 7.7 ⇥ 10

7

e+e� ! ZZ 1.03 5.2 ⇥ 10

6

e+e� ! eeZ 4.73 2.4 ⇥ 10

7

e+e� ! e⌫W 5.14 2.6 ⇥ 10

7

hadron collisions, e+e� collisions are not affected by underlying event and pile-up effects.1

Theoretical calculations are less dependent on higher order QCD radiative corrections and2

therefore allow for more precise tests of the theoretical predictions. The tagging of e+e� !3

ZH events through the recoiling mass method is independent of the Higgs boson decay. It is4
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Zh cross section

3.3.1 Recoil mass spectrum from leptonic Z decays1

Events with leptonic Z decays are ideal for studying the recoiling mass spectrum of the2

e+e� ! ZX events. Z ! `` decays are easily identifiable and can be precisely measured.3

Figure 9 shows the reconstructed recoil mass spectrum of e+e� ! ZX candidates in the4

Z ! µµ and Z ! ee channels. The analyses take into account all major backgrounds and5

are based on full simulation for the ZH signal and fast simulation for backgrounds. The6

width of the reconstructed recoil mass distribution of the e+e� ! ZH signal is dominated7

by the radiation effects and experimental resolutions if the Higgs boson has an intrinsic8

width of 4 MeV as predicted by the SM.9
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Figure 9. Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair
of leptons for an integrated luminosity of 5 ab�1 for Z ! µµ (Left) and Z ! ee (Right).

In a model independent analysis, all the SM processes with at least 2 leptons in its final10

state will become the background. The event selection uses only information from these11

two leptons. The Z ! µµ and Z ! ee channels use different event selection methods. The12

resulting recoil mass spectra are shown in Fig. 9. Both channels have significant high-mass13

tail resulting mainly from initial state radiations. In addition, the Z ! ee channel has14

much stronger bremsstrahlung and FSR radiation, leading to a much wider recoil mass15

distribution.16

The Z ! µµ selection is composed of 2 steps. First, a loose selection on the number17

of leptons and some loose kinematic constraints are applied. Secondly, a multi-variant18

analysis (MVA) discriminant is employed to enhance the separation the signal-background19

separation. The overall signal selection efficiency is approximately 62% (22k signal events20

passing the selection) with a reduction in background by nearly 3 orders of magnitude21

(48k background events surviving). The leading backgrounds after event selection are ZZ,22

WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section can be23

measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy24

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable25

– 14 –

e− e+

f

f̄

Z

h

Can use recoil mass to identify Zh process, independent of Higgs decay

3.2 Event generators, samples and software1

The following software tools have been used to obtain the results reported in this paper.2

GuineaPig [26, 27] is used to study the beam background and its energy spectrum. A full3

set of SM samples, including both the Higgs boson signal and SM backgrounds, has been4

generated with Whizard [25]. In addition, Madgraph [28] and Pythia [29] have been used to5

generate samples for Higgs exotic decay studies (see Sec. 3.5.8). Starting from the standard6

software framework for linear collider studies [30], changes have been made to both the7

simulation (Mokka [31]) and reconstruction (Arbor [32]) software to adapt to the CEPC8

detector geometry.9

All Higgs signal and part of the leading SM background samples have been processed10

with full simulation and reconstruction. The rest of SM backgrounds is simulated with a11

dedicated fast simulation tool, CEPCFS [33], where the detector acceptance, efficiency, in-12

trinsic resolution for different physics objects and identification efficiency are parametrized.13

Samples that were simulated for ILC studies [34] are used as a cross-check.14

The center-of-mass energy of the CEPC Higgs run has not been finalized. While many15

of the studies of the CEPC machine have assumed an operating energy of 240 GeV,
p

s =16

250 GeV is chosen for the physics studies presented in this paper in order to be directly17

comparable to the studies for ILC and TLEP [35, 36].18

3.3 Recoil mass distributions of e+e� ! ZH events19

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable20

and adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair21

of fermions (Z ! ff), the Higgs boson mass MH can be reconstructed as the mass of the22

system (recoil mass M
recoil

) recoiling against the Z boson assuming the event has the total23

energy
p

s and zero momentum:24

M2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (3.1)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass25

of the fermion pair. The M
recoil

distribution should exhibit a resonant peak at MH for the26

signal processes e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background27

processes. The width of the resonance is largely determined by the energy and momentum28

resolution of the detector as the Higgs boson physical width is about 4 MeV and
p

s will be29

known better than 1 MeV. Thus the best precision is achieved for the leptonic Z ! `` (` =30

e, µ) decays.31

By fitting the M
recoil

spectrum, the e+e� ! ZH event yield can be extracted inde-32

pendent of the Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be33

measured and from this cross section the partial Higgs decay width �(H ! ZZ), or equiva-34

lently the Higgs-Z boson coupling g(HZZ), can be derived in a totally model-independent35

manner. The latter is an essential input to the determination of the total Higgs boson de-36

cay width. Higgs boson decay branching ratios can then measured by studying how Higgs37

bosons decay in the selected e+e� ! ZH candidates. Furthermore, a precise value of MH38

can be determined by fitting the M
recoil

mass spectrum. The recoil mass spectrum has been39

investigated for both leptonic and hadronic Z boson decays as presented below.40
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⇒ inclusive measurement of Zh cross section 



Higgs width. 

e− e+

f

f̄

Z

h

Z

Z*

colliders, the width can be determined from the measurements of Higgs boson production1

cross sections and its decay branching ratios. This is because the inclusive e+e� ! ZH2

cross section �(ZH) can be measured from the recoil mass distribution, independent of3

Higgs decays.4

Measurements of �(ZH) and BR’s have been discussed in Sections 3.4 and 3.6 re-5
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Here �(H ! ZZ⇤
) is the partial width of the H ! ZZ⇤ decay. Because of the small8

expected BR(H ! ZZ⇤
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of �H is limited by the H ! ZZ⇤ statistics. It can be improved using the decay final states10

with the expected large BR values, for example the H ! bb decay:11
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the correlations, shows that CEPC is capable of measuring �H with a precision of 2.7%22

with 5 ab

�1. The precise knowledge of the Higgs boson total width will lead us to much23

better understandings of Higgs boson properties in a model independent way as discussed24

in Sec. 4.25

3.8 Summary of the Higgs measurements26

Table 12 summarizes the estimated precisions of Higgs property measurements discussed27

in this paper. For the leading Higgs boson decay modes, namely bb, cc, gg, WW , ZZ and28

⌧⌧ , percent level precisions are expected. As it has been discussed in Section 1 this level of29

precision is required to attain sensitivity to many beyond SM physics scenarios.30
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Unique capability of lepton colliders.

Main channel at 250 GeV.
Needs statistics

Needs to go beyond 250.



Higgs factories
HL-LHCwi/wo theo. uncertainty
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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Lepton colliders and precision measurements

Grojean et al. 1704.02333 

Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC. 
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W

M2
NP

New physics with mass MNP can affect Higgs coupling as  



Big advance in electroweak precision

Large improvements across the board

Current accuracy
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Electroweak precision at CEPC

- A big step beyond the current precision.
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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 .

– 6 –



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

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

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

averaged energy fraction
p

⌧ (lower scale) and the partonic CM energy
p

s (top scale) for the top quark203

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

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

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

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

W+

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

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

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

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

log

2

(p2

T /m2

W ) ⇠ 0.1, and211

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

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

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

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

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

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

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

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

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

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

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

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

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



A big step forward in the energy frontier

3.9 Comparing Colliders

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

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

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

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

T

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

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and

16

5σ discovery reach: Z’B

14

Discovery reach
4.5 TeV @ 14 TeV LHC, 300 fb-1

5.5 TeV @ 14 TeV LHC, 3 ab-1

28 TeV @ 100 TeV, 3 ab-1

Could discover resonances with 
gB as small as 0.35 to 0.5

di-jet resonance

Felix Yu,  2013

Cohen et al, 2013

Gori, Jung, LTW,  Wells, 2014

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

(blue) and 10 ab�1 (red) and LHC 14 TeV at 300 fb�1 (orange) and 3000 fb�1 (green).

– 5 –

Han, Langacker, Liu, LTW, to appear 

Z’

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

500 1000 1500 2000 2500 3000 3500 4000
0

500

1000

1500

2000

2500

mNLSP@GeVD

m
LS
P@G

eV
D

Wino-Bino, Case 5
L=3000êfb
1.96s

3L
OSDL
SSDL



Production of new physics particles

• Schematics of production at hadron colliders. 

• Dominated by parton densities and thresholds 
(mass and cut). 

Approximating hard scattering

Leading order features:

2

?

Parton densities Threshold

matrix

elements

×phase-space

⇒ can often get away with |M |2 = C! for simple observables

⇒ refinement could be added systematically later.

Partonic cross section
22

d

2
�(a, b ! · · · )

dŝ dY

=
1

ŝ

X

a,b

x1fa(x1) x2fb(x2) �̂(a, b ! · · · )



Parton luminosity

• The cross section can be written as 
parton luminosity

⌧ =
ŝ

S

= x1x2

23

Very sharp falling

Falls by a factor of 10 for
 every 600 GeV

⇒ Production dominantly on threshold
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Rough estimates of discovery reach

� ⇠ Lp · �̂ ⇠ 1

⌧a
�̂

Lp : parton luminosity, �̂ : parton cross section

Production of new physics particle of mass M 

Fast falling parton luminosity ⇒ 

dominant contribution from 
parton cross section near threshold �̂ ⇠ 1

M2

Number of new physics particle produced:
N = � · L

L : luminosity

ŝ ⇠ M2 ! ⌧ ⇠ M2

S



Discovery reach
Consider 2 colliders.

Collider 1:  Ecm = E1, or S1 = E12 .   Collider 2:  Ecm = E2, or S2 = E22 .

E2  > E1 

Reach for new physics at these 2 colliders
Collider 1:  M1 .   Collider 2:  M2. 

Assume the reach is obtained from the same number of signal events
that the reach is obtained by the same number of signal events, we have

1

⌧a1

1

M2
1

L1 =
1

⌧a2

1

M2
2

L2, (3)

which means
M2

M1
=

✓
s2
s1

◆ a
2a+2

✓
L2

L1

◆ 1
2a+2

. (4)

For large a, this means energy is more important, and the gain with luminosity can be quite slow. In
particular, if we require M2/M1 = E2/E1, we need L2 = (E2/E1)2L1, as emphasized in Refs. [3, 4].
However, this slow gain with luminosity also means that one would not lose too much mass reach by
going to a much lower luminosity. As demonstrated here, this is ultimately due to the fact that the
parton luminosity is steeply falling, in particular near the edge of the kinematical reach of a collider.
The gain with luminosity is more important for smaller ↵ or lower ⌧ (lower mass).
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Figure 9: The dependence of power a on mass scale M =
p
ŝ =

p
s⌧

Some obvious approximations are made here. First of all, we ignored anomalous scaling. We also
assumed that for the relevant range of ⌧ , a remains approximately constant. This is certainly not true
for full range of ⌧ . However, a does not vary too steeply with ⌧ , see Fig. 9. For comparing reaches,
we often consider similar values of ⌧ .

Next we consider the gain luminosity with the same collider, i.e., E1 = E2. We have

M2

M1
= exp

✓
1

2a+ 2
log(L2/L1)

◆
' 1 +

1

2a+ 2
log(L2/L1), (5)

or

M2 �M1 '
M1

2a+ 2
log(L2/L1) (6)

For example, considering qq̄ initial state, around M1 ' 40 TeV, a ' 5.5 (from Fig. 9), we have
approximately

M2 �M1 ⇠ (7 TeV)⇥ log10(L2/L1) (7)

At the same time, for lower mass M1 ' 20 TeV, a ' 3, we have instead

M2 �M1 ⇠ (5.5 TeV)⇥ log10(L2/L1) (8)

10

used �̂ ⇠ 1

M2

We have

M2

M1
=

✓
S2

S1

◆1/2 ✓S1

S2

L2

L1

◆ 1
2a+2

used ŝ ⇠ M2 ! ⌧ ⇠ M2

S



Discovery reach
M2

M1
=

✓
S2

S1

◆1/2 ✓S1

S2

L2

L1

◆ 1
2a+2

If we want
M2

M1
⇠ E2

E1
=

✓
S2

S1

◆1/2 S2

S1
=

L2

L1
We need

That is, a factor of 50 more luminosity going from 14 TeV to 100 TeV. 
From HL-LHC, we will have 3 ab-1 . For 100 TeV, we need 150 ab-1 . 

 A lot!

However,  situation is actually better. 

M2 > M1 if S2 > S1 
Large gain with higher energy



Discovery reach
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a is large (3-7). 

The second factor on r.h.s is increasing slowly with large luminosity 

i.e., not losing that much without very large luminosity. 

that the reach is obtained by the same number of signal events, we have

1

⌧a1

1

M2
1

L1 =
1

⌧a2

1

M2
2

L2, (3)

which means
M2

M1
=

✓
s2
s1

◆ a
2a+2

✓
L2

L1

◆ 1
2a+2

. (4)

For large a, this means energy is more important, and the gain with luminosity can be quite slow. In
particular, if we require M2/M1 = E2/E1, we need L2 = (E2/E1)2L1, as emphasized in Refs. [3, 4].
However, this slow gain with luminosity also means that one would not lose too much mass reach by
going to a much lower luminosity. As demonstrated here, this is ultimately due to the fact that the
parton luminosity is steeply falling, in particular near the edge of the kinematical reach of a collider.
The gain with luminosity is more important for smaller ↵ or lower ⌧ (lower mass).
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Figure 9: The dependence of power a on mass scale M =
p
ŝ =

p
s⌧

Some obvious approximations are made here. First of all, we ignored anomalous scaling. We also
assumed that for the relevant range of ⌧ , a remains approximately constant. This is certainly not true
for full range of ⌧ . However, a does not vary too steeply with ⌧ , see Fig. 9. For comparing reaches,
we often consider similar values of ⌧ .

Next we consider the gain luminosity with the same collider, i.e., E1 = E2. We have

M2

M1
= exp

✓
1

2a+ 2
log(L2/L1)

◆
' 1 +

1

2a+ 2
log(L2/L1), (5)

or

M2 �M1 '
M1

2a+ 2
log(L2/L1) (6)

For example, considering qq̄ initial state, around M1 ' 40 TeV, a ' 5.5 (from Fig. 9), we have
approximately

M2 �M1 ⇠ (7 TeV)⇥ log10(L2/L1) (7)

At the same time, for lower mass M1 ' 20 TeV, a ' 3, we have instead

M2 �M1 ⇠ (5.5 TeV)⇥ log10(L2/L1) (8)
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In particular, for the same collider, as

luminosity increases 
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100-ish TeV pp collider
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Figure 7: Evolution with time of the mass reach at
p

s = 100 TeV, relative to HL-LHC,
under di↵erent luminosity scenarios (1 year counts for 6 ⇥ 106 sec). The left (right) plot
shows the mass increase for a (qq̄) resonance with couplings enabling HL-LHC discovery
at 6 TeV (1 TeV).

tive on extending the discovery reach for new phenomena at high mass scales,
high-statistics studies of possible new physics to be discovered at (HL)-LHC,
and incisive studies of the Higgs boson’s properties. Specific measurements
may set more aggressive luminosity goals, but we have not found generic
arguments to justify them. The needs of precision physics arising from new
physics scenarios to be discovered at the HL-LHC, to be suggested by anoma-
lies observed in e+e� collisions at a future linear or circular collider, or to
be discovered at 100 TeV, may well drive the need for even higher statistics.
Such requirements will need to be established on a case-by-case basis, and
no general scaling law gives a robust extrapolation from 14 TeV. Further
work on ad hoc scenarios, particularly for low-mass phenomena and elusive
signatures, is therefore desirable.

For a large class of new-physics scenarios that may arise from the LHC,
less aggressive luminosity goals are acceptable as a compromise between
physics return and technical or experimental challenges. In particular, even
luminosities in the range of 1032 cm�2s�1 are enough to greatly extend the
discovery reach of the 100 TeV collider over that of the HL-LHC, or to en-
hance the precision in the measurement of discoveries made at the HL-LHC.

We have given an overview of the impressive raw capabilities of the 100
TeV pp collider. Of course, given that we can extrapolate the SM alone
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A factor of about 5 increase in reach
with modest luminosity



Status of circular collider studies

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


On both FCC and CEPC/SppC. 


- Preliminary physics case has been made. 


- Active efforts in trying to make it happen. 
Prospect will be clearer in the coming several 
years. 

rest of this
this lecture



Open questions beyond LHC

- Nature of electroweak symmetry breaking.


- Naturalness.


- Dark matter.


- ….

Need to go beyond



Nature of electroweak 
symmetry breaking



Higgs is special

particle spin

quark: u, d,... 1/2

lepton: e... 1/2

photon 1

W,Z 1

gluon 1

Higgs 0

h:  a new kind of 
elementary particle



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

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

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

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

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

 

 

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

However, this simplicity is deceiving. 
Parameters not predicted by theory. Need new physics

V (h) =
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Not even sure about “Mexican hat”.

or

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

LHC can not distinguish these definitively.

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

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

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

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 Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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1st order phase transition 

⇒ large modification of trilinear coupling

9

FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c
2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�†�

�
3

potential extension, for c
6

= 1,

while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�†�

�
4

potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained

in the text. Fig.1(a) shows the general case while the Fig. 1(b) shows the result if a first order

electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for

the
�
�†�

�
5

potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�†�

�
4

potential.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .

Huang, Joglekar, Li, Wagner, 1512.00068  



ILC 500: 27%
ILC ultimate, 1 TeV 5 ab-1: 10%

f = top, …

Measuring triple Higgs

7
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

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

Results

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

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

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

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

(3)

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

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

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

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

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

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

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

(4)

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

Barr, Dolan, Englert, de Lima, Spannowsky 

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

 Some preliminary studies, incomplete not fully realistic.

LHC at 3 ab-1 ≈ 100% .

Many possible final state.  Very difficult channel.



Simple example: Generic singlet model

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

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

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
SS

2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

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

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

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

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

v2 = m2
S

�

a2
, m2

H = �v2 (11)

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

�Zh =
a2v2

m2
S

=
�


(12)

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

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

4

b̃

ã
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ã

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

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

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

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

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

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

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

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

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

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

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

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

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

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

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

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

in EWPT-viable regions or parameter space with high precision studies. The TLEP350

– 8 –
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

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

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

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

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

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

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

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

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

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

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

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

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

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

and powerful tool for addressing the issue of EWPT dynamics.

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

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

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

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

– 19 –

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

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

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

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

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

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

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

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

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

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

the additional singlet.10

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CEPC can have sensitivity to such new physics.25

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

33

shift in h-Z coupling > % 
Higgs factory important

Profumo et al 

O(1) devidation in triple Higgs coupling



Also considering Higgs factories
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100 TeV pp



Singlet search at 100 TeV

- 4 Higgs final 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 vacuum hhi = 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
HSv3

24⇡2m2
S

+ . . . (5.1)

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

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

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

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

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

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

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

p
s = 1000 GeV and 2.5 ab�1 of

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

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

5.2 Zh production cross section at Lepton colliders

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

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

��Zh =

1

2

|�HS |2v2

16⇡2m2
h

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

where x = m2

h/(4m2

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

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

absolute edge of CEPC sensitivity.
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Figure 1.17 Rate of process pp ! SS ! hhhh at the LHC and SppC.

581

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

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

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

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

symmetry is broken by an even585

tiny amount so that a > 10

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

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

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

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

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

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

of the off-shell Higgs are suppressed by factors of (v/E) at high-energies, and the cross-section scales592

h S

S

h

h

h

h

Combination of Higgs factory and 100 TeV pp collider can 
 go very long way in understanding EWSB



More Higgs physics at hadron collider 
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100 TeV > 2 billion

33 TeV > 500 million
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In comparison,  O(million) 
Higgs at Higgs factories

Can look for very rare and distinct Higgs signal.



New physics Higgs rare decays

Curtin, Gori, Shelton

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

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

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

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

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

as low as 10

�10 � 10

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

There are certainly more examples.

dark photon



Naturalness



Explaining the Higgs potential.

 

 
 

 
5 (26) 

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

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

√ଶ  (𝜑ଵ + 𝑖𝜑ଶ) with a Lagrangian 

density of the form 

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

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

 

 

Explaining electroweak scale O(100) GeV
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M:  The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is M? Can it be very high,
such as MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?

Explaining EWSB:  naturalness



M:   The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is M? Can it be very high,
such as MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated



Naturalness problem.

- Dim-analysis, mh2 (physical) = a1 M12 + a2 M22 + …,  
a1,2 ≈O(1)


- What is M1,2 ? Or where is new physics?

Some fundamental scale beyond the Standard Model.   
M≈ MPl = 1019 GeV, Munification = 1016 GeV...? 


- M1,2 ≈ MPl At the same time, various terms must cancel 
to the precision of 10-32 to have mh2 (physical) ≈ (100 
GeV)2, fine-tuning. 


- No large cancellation ⇒ mh2 (physical) ≈ (M1,2)2 


M≈ 100 GeV - TeV,  new physics at TeV scale!



Is fine-tuning ok? 
- Mathematically, yes.                                             

Can always solve mh2(physical) = mh2 (physical) = a1 M12 + 
a2 M22 + ….    But, 

Try “known” answer first 
A rope? 

No rope? 
More exotic possibilities

Another fine-tuning problem

Similarly, we have been searching for an explanation 
for the fine-tuning of Higgs mass O(10-32 )



Has LHC already told us that 
electroweak scale is not natural?

- Certainly put a lot of strain/stress on this notion.


- Actually, before LHC, flavor and electroweak 
precision tests already “prefer” new physics at 10 
TeV scale. “Little hierarchy” problem.


Many ugly, but more “natural”, models been built.


- Time to think of alternatives? Yes!


- Time to completely give up on this “conventional” 
naturalness? No!



“Alternatives”

- Connection with cosmological evolution?


- Unique vacuum vs landscape

Dynamics vs selection.


- Dramatic new phenomena in quantum field theory

UV-IR connection. etc.


- Dramatic paradigm shifts. Very interesting.


- Too important to completely give up on the 
conventional notion of naturalness after the LHC. 



Test naturalness at 100 TeV collider

- tune proportional to (Mnew physics)2 . 

Much better test than LHC, by orders of magnitude! 


Potential for discovery (would be a victory for 
naturalness). 

11

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.

(GeV)

t~
m

2000 4000 6000 8000 10000

(
G

e
V

)

10
�⇥

m

(
f
b

)
⇤

E
x
c
l
u

d
e

d
 

-4

10

-3

10

-2

10

-1

10

1

Boosted Top

Compressed

Exclusion

s

CL

= 100 TeVs

-1

dt = 3000 fbL⌅
= 20%

sys,bkg

⇧
= 20%

sys,sig

⇧

0

2000

4000

6000

8000

10000

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

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

D. Di↵erent Luminosities

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

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

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

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

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

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

at 14 TeV.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

ILC and TLEP at
p

s = 500GeV and
p

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

9

Pappadopulo, Thamm, Torre,  Wulzer, 2014

LHC



Stealthy top partner. “twin”

- Top partner not colored. Higgs decay through hidden 
world and back. 


- Lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



More alternatives

Low scale landscape “fat” Higgs

More relevant without discovery at the LHC

Talk by Arkani-Hamed CEPC workshop Sept. 2016

Can’t hide from the Higgs.

Higgs rare decay. Higgs coupling



Bottom line

- Naturalness is the most pressing question of EWSB.

How should we predict the Higgs mass?


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- Need experiment! 


- Fortunately, with Higgs, we know where to look.


- And, the clue to any possible way to address 
naturalness problem must show up in Higgs coupling 
measurement. 



Higgs-top coupling.

- Dim-6 operators parameterization.

This paper is organized as following:

Aguilar-Saavedra’s works [1, 2] are really good resource of minimal Top anomalous cou-

pling framework. Willenbrock and Zhang [3] is good for non-Higgs top physics, and has a

good collection of previous works. After Higgs boson discovery, Meltoni. [4] discussed Top-

Higgs physics at the LHC and Kniehl [5] discussed one-loop and beyond induced four fermion

Higgs decays. Ref. [6] studied color dipole operator.Other relevant works are collected in the

refs folder.

2 Theoretical framework and e↵ective operators under consideration

There are a number of e↵ective operators contributing to anomalous couplings of the third

generation quarks with electroweak gauge bosons and the 125 GeV Higgs boson [7]. How-

ever, several of them are either induced only at the loop-level or severely constrained by

measurements in the flavor sector [8]. At leading order, we can choose the following set of

dimension-six gauge-invariant operators [2, 9],

OtH =
1

⇤2
(H†H)(q̄LH̃tR), (2.1)

ObH =
1

⇤2
(H†H)(q̄LHbR), (2.2)

ODHq =
i

⇤2
(H†$DµH)(q̄L�

µqL), (2.3)

O(3)
DHq =

i

⇤2
(H†⌧ I

$
DµH)(q̄L�

µ⌧ IqL), (2.4)

ODHt =
i

⇤2
(H†$DµH)(t̄R�

µtR), (2.5)

ODHb =
i

⇤2
(H†$DµH)(b̄R�

µbR), (2.6)

where qL = (tL, bL), H†
$
DµH = H†(DµH) � (DµH)†H, and H̃ = i�2H. The first two

operators, OtH and ObH , modify the Higgs couplings to the top and bottom quarks, while

the latter four operators induce anomalous Wtb, Ztt and Zbb couplings [8].

We comment here that, at this order, four additional operators can be obtained by re-

placing in Eqs. (2.3) through (2.6) the anti-symmetric combination of the covariant derivative

A
$
DµB with the symmetric counterpart ADµB+(DµA)B. However, upon integration by parts

and equations of motion, these are redundant up to OtH and ObH [2] and hence will not be

considered further.

Operators OtH and ObH are not Hermitian by themselves, which implies their coe�cients

could be complex. The real and imaginary parts will induce the scalar and pseudo-scalar

Higgs-fermion-fermion interactions, respectively.

There are additional dipole type of operators that involve both the Higgs doublet, the

top quark and the gauge field strengths. These operators break the global U(3) symmetries

of the standard model quark sector and we therefore taken them to be zero for simplicity and

– 2 –

Zhen Liu,  I. Low,  LTW
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We comment here that, at this order, four additional operators can be obtained by re-
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DµB with the symmetric counterpart ADµB+(DµA)B. However, upon integration by parts

and equations of motion, these are redundant up to OtH and ObH [2] and hence will not be
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Operators OtH and ObH are not Hermitian by themselves, which implies their coe�cients

could be complex. The real and imaginary parts will induce the scalar and pseudo-scalar

Higgs-fermion-fermion interactions, respectively.

There are additional dipole type of operators that involve both the Higgs doublet, the

top quark and the gauge field strengths. These operators break the global U(3) symmetries

of the standard model quark sector and we therefore taken them to be zero for simplicity and
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Coefficient can be complex in general.
Affect h→ gg, although determining CP can be difficult.
h→γγ with a different sign
Sub-leading contribution to hZZ as well.
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Figure 1. Constrains on CtH from Higgs to gluon pair (red) and Higgs to diphoton precision mea-
surements (blue), and combined (green and yellow). The solid and dashed contours are 68% C.L. and
95% C.L. contours respectively.

The modified top-Higgs coupling could also enter into the inclusive e+e� ! HZ process

at one-loop level. However, the sensitivity in this channel is quite low since the leading

order contribution is tree-level and the loop correction is suppressed by the smallness of the

electroweak gauge couplings [10]. For comparison, the sensitivity from the e+e� ! HZ

channel is shown in gray shaded region in Fig. 1. Additional asymmetry observables can

be defined for this 2 ! 2 process, which will gain better sensitivity to the CP-phase of the

coupling if one is able to go above the tt̄ threshold [10, 20].

At the LHC, the top Yukawa coupling can be measured directly from the tt̄H production

channel. In Fig. 1, we also show the projected sensitivity for tt̄H measurement at the High

Luminosity LHC [21] with cyan shaded region. Given that it is very di�cult for a circular e+e�

collider to reach above the tt̄ threshold, it is interesting to see that the indirect measurements
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sensitivity could be further improved if one combines the tree-level measurements with the

one-loop measurements.

We also show the combined sensitivity of these channels, dominated by the contribution

from H ! �� and H ! gg constraints in green and yellow contours. After marginalization

over the other parameter, Re[C�1
u� ] is constrained to outside [�(0.38 TeV)2, (1.2 TeV)2] and

Re[C�1
u� ] is constrained to be outside [�(0.39 TeV)2, (0.39 TeV)2] at 95% C.L.. The CP

phase, defined as arctan( Im[Cu�]/Re[Cu�]), is constrained to be smaller than ⇠ 43� at 95%

C.L..
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Figure 2. The sensitivity of the measurement of the cross section of the process e+e� ! bb̄H,H ! bb̄

to various operators. The green and yellow bands represents the 68% and 95% exclusion contours of
such measurement at e+e� machine with unpolarized beam of center of mass energy 240 GeV and
350 GeV with 5 ab�1 of integrated luminosity in the left panel and right panel, respectively. The
coe�cients of the operators are normalized to TeV2.

Figure 3. The sensitivity of various measurements to operators that relates Higgs physics and Z-pole
physics. The sensitivity from the measurement of the cross section of the process e+e� ! bb̄H,H ! bb̄

are in red shaded regions. The current Z-pole 68% and 95% C.L. contours are in blue. The future
CECP Z-pole measurement in combination with current limit are shown in orange contour, assuming
future measurements follows SM. The Z-pole contours are extracted from Ref [22].

which can be measured at the future circular e+e� collider by operating at above the tt̄

threshold. Many observables can be constructed in this case, including the production rate

(as a function of center of mass energy, if higher energy allowed), the top-quark forward-

backward asymmetry (in terms of charged lepton asymmetry, for example), and polarization

asymmetry (if beam polarization achievable). (should we cite something here?) The physics
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Z-pole
3.2 Constraints on ObH from Anomalous Bottom Yukawa Coupling

Constraints on operator ObH at future circular e+e� collider is quite straightforward, which

come from direct measurements of the Hbb coupling,

�yb ⇡ Re[CbH ]
v2

⇤2
+ i Im[CbH ]

v2

⇤2
. (3.5)

Although the cross-section for e+e� ! ZH, H ! bb̄ can be measured with a precision of

0.28% at CEPC [15] and 0.2% at FCC-ee [16], to extract the corresponding Hbb coupling we

need to also measure the total width of the Higgs boson, which would rely on measurements

in other processes such as e+e� ! ZH, H ! ZZ, e+e� ! ⌫⌫H, H ! bb̄ and e+e� ! ZH.

As a result at CEPC this coupling could only be measured with a precision of O(1.2%) with

5 ab�1 [15], which translates into a 95% C.L. upper bound of ⇤/
p|�yb|  1.6 TeV. At

FCC-ee this coupling could only be measured with a precision of O(0.42%) with 10 ab�1 at

240 GeV and 2.6 ab�1 at 350 GeV [16], which translates into a 95% C.L. upper bound of

⇤/
p|�yb|  2.7 TeV.

4 Constraints on ODHq, O(3)
DHq, ODHb and ODHt operators

These operators always involve SM weak gauge bosons, their e↵ects can be analysis in the

context of few physics categories, namely the Z-pole physics, the Higgs physics, and the top

quark gauge coupling measurements. In this section, we discuss in detail.

4.1 Constraints from Z-pole physics and Higgs physics

Zbb̄ coupling is modified by the presence of the following operators (check the consistency of

the convention of v ⇡ 246 GeV?)

�Zbb̄ = �
⇣
CDHq + C

(3)
DHq

⌘ v2

⇤2

p
g21 + g22
2

Zµb̄L�
µbL � CDHb

v2

⇤2

p
g21 + g22
2

Zµb̄R�
µbR , (4.1)

where g2 and g1 are the coupling strengths of the SU(2)L and U(1)Y gauge interaction,

respectively.

At CEPC, operating as a Higgs factory at the centre-of-mass energy of 250 GeV, Zbb̄

coupling can be extracted from the e+e� ! ZH, Z ! bb̄ process. The constraints are shown

in Fig. 2. However, better precision can be achieved by running the e+e� collider at Z-pole

as a staging period, and the comparison in the projected constraints with the Higgs factory

is shown in Fig. 3.

In figure 3, why should there be almost like a flat direction where the two contribution

cancel? For figure 2, is the blue curve for the sum of the two or for the operators individually?

4.2 Constraints from top quark gauge interaction measurements

The anomalous Ztt̄ coupling is given by

�Ztt̄ =
⇣
C

(3)
DHq � CDHq

⌘ v2

⇤2

p
g21 + g22
2

Zµt̄L�
µtL � CDHt

v2

⇤2

p
g21 + g22
2

Zµt̄R�
µtR , (4.2)
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Figure 2. The sensitivity of the measurement of the cross section of the process e+e� ! bb̄H,H ! bb̄

to various operators. The green and yellow bands represents the 68% and 95% exclusion contours of
such measurement at e+e� machine with unpolarized beam of center of mass energy 240 GeV and
350 GeV with 5 ab�1 of integrated luminosity in the left panel and right panel, respectively. The
coe�cients of the operators are normalized to TeV2.
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Figure 3. The sensitivity of various measurements to operators that relates Higgs physics and Z-pole
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are in red shaded regions. The current Z-pole 68% and 95% C.L. contours are in blue. The future
CECP Z-pole measurement in combination with current limit are shown in orange contour, assuming
future measurements follows SM. The Z-pole contours are extracted from Ref [22].

which can be measured at the future circular e+e� collider by operating at above the tt̄

threshold. Many observables can be constructed in this case, including the production rate
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Figure 4. The projected 95% C.L. exclusion contours for various colliders. The right panel is the
zoomed-in figure to better show the cases for the lepton colliders. The LHC constraints from the LHC
measurements of the ttZ and ttW processes are shown in the gray dashed and green dashed curves.

program at above tt̄ threshold at future circular e+e� machines is very rich. Here we only

use the universal projected precisions for the most relevant observables, the e+e� ! tt̄ rate

and charged lepton asymmetry, in constraining the relevant e↵ective operators. The result is

shown in Fig. 3.

In Fig. 4 we show the projected 95% C.L. constraints on the c
(3)
DHq � cDHq-cHt, assuming

future measurement follow the SM predictions. The LHC reaches from the NLO ttZ mea-

surement projections are obtained form Ref. [23], shown as the black dashed contours for

integerated luminosity of 300 fb�1 (outer contour) and 3000 fb�1 (inner contour), respec-

tively.

4.3 Constraints on O(3)
DHq from Anomalous Wtb Coupling

Among the set of e↵ective operators we are interested in, only one enters into the anomalous

Wtb coupling

�Wtb = C
(3)
DHq

v2

⇤2

g2p
2
W+

µ t̄L�
µbL , . (4.3)

Additional contribution to �Wtb can come from an operator of the following form

OHH =
⇣
H†✏DµH

⌘
(t̄R�

µbR) . (4.4)

Zhen: Probably should be

OHH = i

✓
H✏

$
DµH

◆
(t̄R�

µbR) . (4.5)
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Sensitivity to new physics scales
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Figure 5. The reach of new physics scale under various assumptions and colliders, with the dominant
source of the sensitivity labelled in the upper part of the figures. Negative ⇤ is to show the sensitivity
reach for negative values of the Wilson coe�cients. For clarity, we use vertical lines to indicate
operators that are constrained by and large independent observables or assumptions, see text for more
details. I think we should make both of these. A few questions: do we assume �y = 1 in these figures,
or we are actually plotting ⇤/�y? It is a bit confusing to have bars for both real and imaginary part.
Perhaps just the real? Consider to put these on log plot instead of 1/10. Zhen: They are the same. I
could label it as ⇤/

p
c. Why just real, they are separate part, aren’t they? I will try log plot.

• double check the ee ! bb̄h rate scale as 1/s, having no enhancement due to having

higher dimensional operators;

• Eq.(4.4), probably the † should be removed, and also the covariant derivative should be

double arrowed;

• Write-up about Fig.5 first. (Done).

• check the rate of tbW production below the tt̄ threshold. I think it is probably too small

and also it is not sensitive to the ttZ vertex.
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Summary

- Higgs factories can push these BR to 10-4. 
Impressive reach and complementarity with HL-
LHC

mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

BR
(h
→
Ex
ot
ic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Figure 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC,
CEPC, ILC and FCC-ee. The benchmark parameter choices are the same as in Table 3. We put
several vertical lines in this figure to divide di�erent types of Higgs exotic decays.

From this summary in Table. 3 and the corresponding Fig. 12, we can clearly see the
improvement on exotic decays from the lepton collider Higgs factories. These exotic Higgs
decay channels are selected such that they are hard to be constrained at the LHC but
important for probing BSM decays of the Higgs boson. The improvements on the limits of
the Higgs exotic decay branching fractions vary form one to four orders of magnitude for
these channels. The lepton colliders can improve the limits on the Higgs invisible decays
beyond the HL-LHC projection by one order of magnitude, reaching the SM invisible decay
branching fraction of 0.12% from h æ ZZú æ ‹‹̄‹‹̄ [53]. For the Higgs exotic decays into
hadronic particle plus missing energy, (bb̄) + /E

T

, (jj) + /E
T

and (·+·≠) + /E
T

, the future
lepton colliders improve the HL-LHC sensitivity on these channels by roughly four orders
of magnitude. This great advantage benefits a lot from low QCD background and Higgs
tagging from recoil mass technique at future lepton colliders. As for the Higgs exotic decays
without missing energy, the improvement varies between two to three orders of magnitude,
except for the one order of magnitude improvement for the (““)(““) channel. Being able to
reconstruct the Higgs mass from the final state particles at the LHC does provide additional
signal-background discrimination power and hence the future lepton colliders improvement
on Higgs exotic decays without missing energy is less impressive comparing to those do.
Further more, as discussed earlier, leptons and photons are relatively clean objects at the
LHC and the sensitivity at the LHC on these channels will be very good. Future lepton
colliders complement the HL-LHC for hadronic channels and channels with missing energies.

There are many more investigations to be carried out under the theme of Higgs exotic
decays. For our study, we take the cleanest channel of e+e≠ æ ZH with Z æ ¸+¸≠ and
h æexotics up to four-body final state, further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would definitely improve the statistics and
consequently resulting in better limits. As a first attempt to evaluate the Higgs exotic decay
program at future lepton colliders, we do not include the case of very light intermediate
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Testing WIMP Dark Matter

MWIMP  1.8 TeV

✓
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Dark matter

Not required by theory. It is there.

 Only seen its gravitational interaction.


We have to understand them better.

Collider search is a key approach.



WIMP scenario.

- Thermal equilibrium in the early universe.


- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV


We get the right relic abundance of dark matter.


- Major hint for weak scale new physics!

DM

DM

SM



WIMP mass

- More precisely, to get the correct relic abundance

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆

TeV-ish in simplest models



The story I grew up with

- WIMP is part of a complete model at weak scale. 


- It’s produced as part of the NP signal, shows up as missing energy.

Dominated by colored NP particle production: eg. gluino.


- The reach is correlated with the rest of the particle spectrum.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy ⇒ higher reach



Basic channel
- pair production + additional radiation.


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


- Have become “Standard” LHC searches.

p

p

γ, jet

χDM

χDM
jet, or γ+ E̸T

DM

DM

SM



Mono-X signatureSignal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14



Dark matter (mono-jet)

- LHC only coverage very limited. Rate, systematics…


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

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

it is still not able to rule out this scenario.

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

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

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

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

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

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

cross-section.
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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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Very degenerate, disappearing track. 

Figure from ATLAS disappearing track search twiki

- Main decay mode 𝞆± → π± + 𝞆0 .  

- Charge track ≈ 10(s) cm 


- Impressive limit at the LHC already.

9
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FIG. 7. The constraint on the allowed ∆mχ̃1
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1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
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 previous
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 significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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Wino

- “Completely cover” the wino parameter space. 

HESSCTA

channel bkgd. syst.
14 TeV 100 TeV

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

monojet
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

Table 1: Mass reach for the pure wino scenario.

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

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

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

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

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

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

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

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

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

4 Pure Higgsino

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

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

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

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

– 8 –



Mono-jet
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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 –
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With cascade decays

H̃

B̃

B̃

W̃

Decay ⇒ leptons ⇒ stronger limits

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

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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2.5 Outlook1355

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

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

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

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

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

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

11

1361

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

hadronic physics, as well as rare ⌧ decays.1363
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More novelties at a 100 TeV collider

- Bigger, messier jets. 

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

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

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

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

- SM EW scale particles become very light. 


- W/Z/t/h 

Treating them as part of the “PDF”.

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

Similar strategy here (?)

cm/Es = τ    
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Figure 42: Partonic luminosities at 100 TeV, illustrating the relative contributions from
weak bosons when treated as partons in the PDFs [91].

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

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

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

6.3.5. Implementation of top-quark PDFs

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

p
S = 100 TeV have been made for

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

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

- SM EW scale particles become very like. 


- Tagging W/Z/t/h as “fat” jets

Not so fat any more, using tracks.

New strategies? 

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

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

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

and D
3

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

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

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

(Herwig 6 and Pythia 6.4) that we use.

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

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

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

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

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

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

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

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

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

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

TeV.

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

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

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

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

underlying event, pile-up, or other sources can be reduced significantly by dynamically
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Why 100 TeV?

- A benchmark used in the studies.


- Of course, higher is better!


- However, technological + cost constraints


- 100-ish seems to be the best we can do at the 
moment. 


- With further design and physics studies, the 
number can change.


- A discovery at the LHC can dramatic change the 
plan. 



Comments

- Physics case of next generation high energy  pp 
collider “obvious”. 


- Without LHC discovery.

Physics case for a 100 TeV pp collider stronger 
than HE-LHC at 28 TeV. Need a big step. 


Cost+technological challenge. Perhaps easier to 
“sell” only as a second step of a circular Higgs 
factory in longer term.



More opportunities and challenges

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


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


- Full set of Higgs measurements at 100 TeV, more 
careful study. 


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


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



A lot to look forward to!
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What do we expect after all. 

- SUSY flavor/CP problem (> 20 years ago). 
Most straightforward conclusion: scalars probably 
would be heavy, 10s - 100s TeV!

- Not surprising we have not seen the scalar 
superpartners.

- Not a unique problem for SUSY, others worse.
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Figure 6.7: Some of the diagrams that contribute to K0 ↔ K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by ×). These diagrams contribute to
constraints on the off-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [93] obtains:
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(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃∗Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃∗Rd̃R

is replaced by m2
s̃∗Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:
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(6.4.3)

An off-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on ∆mK and ϵ and ϵ′/ϵ appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of d̃L,R, s̃L,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → sℓ+ℓ−

and c → uℓ+ℓ− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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If we made a discovery at run 2

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


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


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


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


- Won’t be able to see everything. 


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



Neutral naturalness

- LHC reach poor. Theory can be completely natural.


- Higgs factory can test this. 

T’

Craig, Englert, McCullough, 2013  

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

t

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

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

t�t [64].

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

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

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

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

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

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

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

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

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

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

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

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

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

LHC.2200

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

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

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

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



Need to consider UV completions for 
neutral top partners

- Induce measurable shifts in Higgs couplings, 
precision observables.


- UV completions can be directly probed at 100 TeV.


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



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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Contino, Da Rold, Pomarol, 2006

prefers a light T’

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

Wulzer’s talk



LHC 14 should cover (most of) it.



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
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SUSY DM signal in the compressed case

- Back to the basic mono-jet, mono-photon...

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...

The “usual” storySignal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14



Higgs mass in quantum theory. 
Quantum fluctuation: Zero point energy

- Renormalization: mh2(physical) = m02 + c Λ2 


m02 can always be adjusted to give correct 
mh2(physical).
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~p2 +m2

m
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= g
2
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= yth
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Λ:  a cut-off.  
The energy scale of new physics.

Standard Model: include fluctuations of W boson, top quark, ....  
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Naturalness problem.

- mh2 (physical) = m02 + c Λ2 , c ≈ O(0.01) 


- What is Λ? Or where is new physics?

Some fundamental scale beyond the Standard 
Model.  Λ ≈ MPl = 1019 GeV, Munification = 1016 
GeV...? 


- Λ2 ≈ MPl2 , m02 must be very close to MPl2 . At 
the same time, they must cancel to the precision of 
10-32 to have mh2 (physical) ≈ (100 GeV)2, fine-
tuning. 


- No large cancellation ⇒ mh2 (physical) ≈ cΛ2 

Naturalness criterion leads to a prediction of the
mass scale of new physics!!



Rate for double Higgs production.
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Fig. 61: The invariant mass distribution at NNLO+NNLL [202] for a 100 TeV collider, with the corresponding
scale uncertainty. The lower panel shows the ratio with respect to the central prediction.
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Fig. 62: Comparison between the normalized mhh distributions for the SM signal. The solid and dotted lines
correspond to

p
s = 14 TeV and

p
s = 100 TeV respectively. The distributions have been computed at LO

retaining the full top mass dependence. The plots are taken from Ref. [189].

suppression is a consequence of the partial cancellation between the box and triangle diagrams that, as
we already mentioned, is present in the SM.

The invariant mass distribution at a 14 TeV collider is similar to the one at 100 TeV. The com-
parison between the two distributions is shown in Fig. 62. The position of the peak and the threshold
behavior is unchanged. The tail of the distribution, on the other hand, is significantly larger at a 100 TeV
collider, starting from mhh & 700 GeV. This modification of the tail, however, has only a small impact
on the total production rate, which is still dominated by the peak region 300 GeV . mhh . 600 GeV.

Non-standard Higgs interactions, in particular the couplings with the top (either a modified
Yukawa or the non-renormalizable interaction hhtt) and the contact interactions with the gluons (see
Eq. (40)), lead to corrections that are not suppressed at high mhh. Therefore they can significantly change
the tail of the kinematic distribution at large invariant mass. An analysis exploiting the differential mhh
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