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Missions after Higgs Discovery

  Electroweak phase transition - Higgs self-interaction
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interactions 
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Within the SM structure

After discovering the 125 GeV Higgs particle in 2012, 
we are compelled to fully test them, which requires 

precision measurements on the Higgs properties
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Missions after Higgs Discovery

Searching for physics Beyond the SM
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  Introduce new members in the Higgs sector

One way to do that - Higgs measurements

  How to remove the instability of the SM EW vacuum around O(10^11) GeV

  How to stabilize the SM Higgs mass at quantum level?  

  What is dark matter (DM)?

  Why is there more baryonic matter than antimatter in the Universe nowadays?

  How is the non-zero but tiny neutrino mass generated? 

Searching for physics Beyond the SM
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Higgs Boson - a Powerful Tool to Probe for NP 

Search for non-
standard Higgs bosons

Search for exotic productions 
and decays (absent in the SM)

Colliders
Measure the SM Higgs 

interactions 

Measure Higgs CP-
properties 

Monday, August 11, 2014
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Not Easy for the LHC!

For example: TeV scale new physics typically indicates % level 
deviation, which defines the target precision required for the 
Higgs coupling measurements 

[Snowmass’13]

Monday, August 11, 2014
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Higher Precision

LHC: can do some first measurements, but not enough

  The uncertainties are generally around or above 5% at the LHC (HL-LHC may raise 
this to 2% level)

  Yukawa couplings (except bb, tautau, tt) + self-couplings will be largely unexplored

Peskin’12

Monday, August 11, 2014
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Broader Energy Scale Coverage

  New physics and new particles are expected to be related to a higher energy scale

  Even if new physics or some new particle are observed at the LHC, it would imply a 
new world (new scale, e.g., SUSY, little Higgs, etc) 

  To fully explore this world, we need broader energy scale coverage 

All of these -- 

expected tasks for Higgs factory and pp collider of next generation!
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Standard Higgs Couplings
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Higgs Production in Non-polarized e+e- Collisions 

 CEPC energy domain: dominated by the Zh production
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Sensitivities at Circular e+e- Collider Snowmass’13

  Good: the precision is lifted to 1% level or even lower

  Bad (CEPC): no direct access to the htt coupling due to kinematics limitation

Monday, August 11, 2014



VLVL, f f̄ → nVL (n ≥ 2)
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Role of  the SppC

  SppC: designed to measure Higgs physics, and new physics of TeV 
scale or above

  The scales of the mass generation of W/Z and SM fermions can be 
estimated by requiring perturbative Unitarity, e.g.,

  The strongest model-independent upper bounds may come from n > 2 

Dicus and He’04

Note, no Higgs boson is assumed here
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 Example I: Higgs Gauge Coupling

  WW have a cm energy ~ 10-30 TeV for 50-100 TeV pp collider, so the 
SppC may directly probe for physics leading to a deviation as small as   

∆κ ∼ O(10−3)

Ren & He
Unitarity Violation
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  a number comparable to the CEPC sensitivity 
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He, TL and Ren

 Example II: Higgs-Top-Top Coupling

  No fundamental symmetry or principle to protect the SM Yukawa couplings

  Easy to get 10% or even larger deviation of top Yukawa couplings in NP

  The SppC may directly probe for physics leading to a deviation which is at 
least comparable to the ILC500 sensitivity (~14%)

Given this fact, high-energy collider like the SPPC may play an important and even crucial role in probing the mass origin of the SM fermions. 

If any deviation in these cases is observed at the CEPC or at the ILC500, the 
related NP can be directly probed at the SppC.
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  Higgs Self-coupling  

W. Yao’13, McCullough’13, Snowmass’13
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Higgs CP-properties
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19The CP-violating phase in charge of EWBG need to enter Higgs couplings

Physics Motivation - EW Baryogeneis  

  Baryon number violation: EW sphaleron 
  C and CP violation 
  Departure from equilibrium: strong 

enough 1st order EW phase transition

Sakharov conditionsʼ67

[A Cohen et al’93, Huet and Nelson’96]
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  CP Properties of  the 125 GeV Higgs Boson   

[Snowmass’13]

Note: required target precisions are different for different modes 

∆L = −h

v

�
a1m

2
V V µV �

µ + a2FµνF
�µν + a3Fµν F̃ �µν

�
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  CP Properties of  the 125 GeV Higgs Boson   

[R. Harnik et. al.’13]

 It seems more effective to use a coupling for which the CP even 
and CP odd components are on the same footing to measure Higgs 
CP-properties

CEPC (3/ab) by F. YuLarge Hadron Collider

∆L = −mf

v
hf̄(b1 + ib2γ5)f

 0.2

3.3
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Exotic Higgs Decays
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Motivation

The SM Higgs width is tiny for mh ~ 125 GeV

  About three orders smaller than the Z or W widths (~ 4MeV only) !
  A small non-standard Higgs coupling or a higher-dim operator of high 

new physics scale (> TeV) may lead to sizable effect.   
  So exotic decays of the 125GeV Higgs provide a natural and efficient 

way for probing new physics 

For more details on exotic Higgs decays, see the talk by S. Gori 
Monday, August 11, 2014
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  Example 1: if ONP = SS is an operator for light DM candidate s, h -> ss or 
invisible is kinematically turned on

           : one of the two gauge-invariant dim-2 operators in the SM [Patt and 

Wilczek’06] For gauge-singlet NP operator, we have
H

†
H

Examples: Sub-EW Scale DM (h -> visible, semivisible)

h2

χ̃1

χ̃2

χ̃1

h
1 , a

1

f

f̄

TextText
h1, a1, Z/Z∗

[J. Huang, TL, L. T. Wang and F. Yu’13, ’14]

  EXample 2:  PQ limit of the NMSSM 

                h-> LSP (O(1-10) GeV singlino-like DM) + NLSP (bino-like) 

  Collider signature: h -> semivisible (MET + visible objects)

[N. Weiner, S. Chang’07]
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 Rich Decay Topologies and Collider Signatures 

[D. Curtin et. al.’13]

h → MET
h → γ + MET
h → 2γ + MET
h → 2l + MET
h → 4l + MET
h → 1lepton− jet + MET
h → 2lepton− jets + MET
h → 2b + MET
h → 2τMET

h → 4b

h → 2b2τ

h → 2b2µ

h → 4τ, 2τ2µ

h → 4j

h → 2γ2j

h → 4γ

h → ZZD → 4l

h → ZDZD → 4l

h -> invisible, semi-visible, visible

Monday, August 11, 2014



ATLAS HL-ATLAS CMS HL-CMS

Br(h→ inv)(%) 23-32 8-16 17-28 6-17

ILC250 ILC250 (LU) e+e−(10/ab)
Br(h→ inv)(%) 0.9 0.4 0.19

LHC and e + e− collider: Zh, with h→ inv

26

At the CEPC 

  LHC: many of them are difficult to detect

  CEPC: wonderful site for fully exploring exotic Higgs decays! 

  Dedicated analyses are absent (except invisible Higgs decay)

About two order improvement!
[ILC’13, Snowmass’13]
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New Higgs Resonances
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  New Members in the Higgs Sector   

  Symmetry or physics requirement => an enlarged Higgs sector 

  Can be electrically neutral, singly charged, doubly charged. 

  A long list of models: 
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enhancement of two orders at SppC (100TeV) vs. LHC

J. Hajar, TL
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  At the SppC, 1-10 TeV range expected to be probed (in progress)

A. Djouadi, 2013
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 At Circular e+e- Collider (240 GeV)

  Circular e+e- collider (240 GeV, 10/ab) can measure sigma[hZ] to 0.4%

  Estimate: can probe the Higgs self-coupling to 28%

McCullough’13
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