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IntroducCon	
  
Why	
  Higgs	
  is	
  important?	
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IntroducCon	
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Higgs	
  field	
  couples	
  to	
  all	
  parCcles	
  
Higgs	
  field	
  gets	
  a	
  VEV	
  (v)	
  by	
  EWSB	
  
	
  
Higgs	
  mechanism	
  
Yukawa	
  interacCon	
  
	
  
Dimension	
  5	
  operator	
  	
  
(neutrino	
  mass)	


mW	
  =	
  g	
  v	

mq,l	
  =	
  Yq,l	
  v	


mν	
  =	
  	
  Cν	
  v2/M	


Higgs	
  filed	
  =	
  Origin	
  of	
  Mass	




IntroducCon	
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WL
+WL

−　ElasCc	
  ScaQering	


a0(WL
+WL

−→WL
+WL

−)	
  ≈	
  	
  A	
  E4	
  	
  +	
  B	
  E2	
  +	
  C	
  	
  　(E→∞)	


A=0	
  	
  because	
  of	
  gauge	
  symmetry	
  

|a0(WL
+WL

−→WL
+WL

−)	
  |	
  <	
  1	
  	
  	
  ⇒	
  	
  mh	
  <	
  1	
  TeV	


PerturbaCve	
  Unitarity	


Unitarity	
  ViolaCon	
  if	
  A,	
  B	
  ≠	
  0	


To	
  make	
  B=0,	
  	
  diagrams	
  mediated	
  	
  
by	
  a	
  scalar	
  field	
  h	
  must	
  be	
  added	


Higgs	
  field	
  is	
  required	
  to	
  save	
  unitarity	
  	




IntroducCon	
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Higgs	
  Sector	
  in	
  the	
  SM：　	
  
	
  	
  One	
  SU(2)	
  doublet	
  	
  Φ	
  	
  

AssumpCon	
  of	
  μ2	
  <	
  0	


QuesCon:	
  
Why	
  minimal?	
  (no	
  principle)	
  
Why	
  μ2	
  <	
  0	
  
What	
  is	
  Origin	
  of	
  the	
  Higgs	
  force	
  λ?	


This	
  is	
  simple	
  but　…	
  	


⇒	
  EWSB	




In	
  2012	
  July,	
  a	
  boson	
  h	
  was	
  found	
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The	
  mass	
  is	
  126	
  GeV	
  

This	
  is	
  really	
  a	
  SM-­‐like	
  Higgs!	


It	
  couples	
  to	
  	
  
	
  	
  	
  	
  γγ,	
  WW,	
  ZZ,	
  bb,	
  ττ	
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Higgs	
  Mass	
  indicated	
  by	
  LEP/SLC	
  	
  	


New	
  ParCcle！	
ATLAS/CMS	
  July	
  2012	


Spin/Parity　０+	
  

Why	
  SM-­‐like?	




IntroducCon	
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Second	
  Higgs	
  boson?	


SM	
  Higgs	
  sector	
  =	
  just	
  a	
  guess!	


No	
  principle	
  for	
  the	
  minimal	
  Higgs	
  sector	
  of	
  the	
  SM	


Many	
  possibiliCes	
  for	
  non-­‐minimal	
  Higgs	
  sectors	


These	
  extended	
  Higgs	
  sectors	
  provide	
  source	
  for	
  	
  
	
  	
  	
  	
  ・ Baryogenesis	
  (CP	
  violaCon/1st	
  Order	
  Phase	
  TransiCon)	
  
	
  	
  	
  	
  ・	
  Dark	
  MaQer	
  	
  
	
  	
  	
  	
  ・ Neutrino	
  Mass	
  

Higgs	
  sector	
  =	
  Window	
  for	
  new	
  physics	




IntroducCon	
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Scalar	
  field	
  in	
  the	
  SM	
  is	
  problemaCc	


Problem	
  of	
  quadraCc	
  divergences	

Hierarchy	
  problem	


Ideas	
  of	
  new	
  physics	
  to	
  solve	
  the	
  problem	


・ Supersymmetry	
  
・	
  Dynamical	
  Symmetry	
  Breaking	
  (Technicolor)	
  
・	
  LiQle	
  Higgs	
  mechanism	
  
・	
  Extra	
  Dimensions	
  
・	
  …	


Higgs	
  sector	
  =	
  Window	
  for	
  new	
  physics	


Many	
  of	
  these	
  NP	
  models	
  predict	
  specific	
  extended	
  Higgs	
  sectors	




IntroducCon	
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Higgs	
  is	
  important	
  not	
  only	
  for	
  EWSB	
  but	
  also	
  as	
  
Window	
  to	
  new	
  physics	
  beyond	
  SM	
  

Discovery	
  of	
  the	
  126GeV	
  SM-­‐like	
  Higgs	
  h	
  at	
  LHC	
  is	
  	
  
a	
  great	
  step	
  to	
  determine	
  the	
  shape	
  and	
  to	
  	
  
understand	
  the	
  essence	
  of	
  the	
  Higgs	
  sector	
  

From	
  the	
  detailed	
  study	
  of	
  the	
  Higgs	
  sector,	
  we	
  can	
  	
  
determine	
  models	
  of	
  new	
  physics	
  	
  	
  	
  

New	
  era	
  has	
  just	
  started	
  !	
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Extended	
  Higgs	
  Sector	
  	
  
and	
  New	
  Physics	


11	




Higgs	
  Sector	
  	


•  LHC	
  found	
  the	
  SM-­‐like	
  Higgs	
  boson	
  h	
  !	
  

•  But,	
  the	
  “SM-­‐like”	
  does	
  not	
  necessarily	
  mean	
  the	
  SM	
  	
  

•  Non-­‐minimal	
  Higgs	
  models	
  necessarily	
  can	
  contain	
  
the	
  SM-­‐like	
  Higgs	
  boson,	
  and	
  this	
  can	
  saCsfy	
  the	
  
current	
  LHC	
  data.	
  	
  	
  

	
  
The	
  shape	
  of	
  the	
  Higgs	
  sector	
  must	
  be	
  	
  
determined	
  by	
  future	
  experiments	
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Extended	
  Higgs	
  	


If	
  the	
  Higgs	
  sector	
  contains	
  more	
  than	
  one	
  scalar	
  
bosons,	
  possibility	
  would	
  be	
  	
  
–  SM	
  +	
  Extra	
  singlets	
  	
  	
  (NMSSM,	
  B-­‐L	
  Higgs,	
  ...)	
  
–  SM	
  +	
  Extra	
  doublets	
  (SUSY,	
  CPV,	
  EW	
  Baryogenesis,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Neutrino	
  mass,	
  …)	
  
–  SM	
  +	
  Extra	
  triplets	
  	
  	
  	
  (Type	
  II	
  seesaw,	
  LR	
  models….)	
  
–  	
  ….	
  	
  

Basic	
  experimental	
  quanCCes:	
  
–  Electroweak	
  rho	
  parameter	
  	
  
–  Flavor	
  Changing	
  Neutral	
  Current	
  (FCNC)	
  

13	




Electroweak	
  rho	
  parameter	

	
  

	
  
Possibility	
  of	
  ρ≈1	
  	
  
　　１．SM	
  +	
  doublets	
  (φ)	
  +	
  singlets（S）	
  
　　	
  
	
  	
  	
  	
  	
  	
  ２．SM	
  +	
  Triplets（Δ）	
  
　　　　  a)	
  	
  vΔ	
  <<	
  vφ	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  b)	
  	
  CombinaCon	
  of	
  	
  several	
  representaCons　　　　	
  
　　　　　    	
     	
  [	
  (ex)	
  　Georgi-­‐Machasek	
  model]	
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MuliC-­‐doublets	
  (+singlets)	
  seem	
  the	
  most	
  natural	
  choice?	


Q	
  =	
  I3	
  +	
  Y/2	


vΔ	
  ≈	
  vφ	
  	
  



2	
  Higgs	
  Doublet	
  Model	
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DiagonalizaCon	




Extended	
  Higgs（2	
  cases	
  of	
  SM-­‐like	
  h）	


16	
Non-­‐decoupling	
  effect	
  

Λ:	
  	
  Cutoff	
  
M:	
  	
  Mass	
  scale	
  
	
  	
  	
  　 irrelevant	
  	
  
　 　to	
  VEV	
  

M2	


cos(β-­‐α)≈0	
  
Mixing	
  is	
  weak	
  
⇒	
  SM	
  like	


=	
  SM	
  like	
 =	
  SM	
  like	


so?	


so?	


so?	




FCNC	
  Suppression	


	
  ex)	
  	
  2	
  Higgs	
  doublet	
  models:	
  	
  	
  
	
  	
  	
  	
  to	
  avoid	
  FCNC,	
  impose	
  a	
  discrete	
  symmetry	
  	
  
              Φ1　→　+ Φ1,          Φ2  =　- Φ2	



	
  	
  	
  	
  Each	
  quark	
  or	
  lepton	
  couples	
  only	
  one	
  Higgs	
  doublet	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  No	
  FCNC	
  at	
  tree	
  level	
  

	
  Four	
  Types	
  of	
  Yukawa	
  coupling	
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Type-­‐I	
 Type-­‐II	
 Type-­‐X	
 Type-­‐Y	


MulC-­‐Higgs	
  model:	
  FCNC	
  appears	
  via	
  Higgs	
  mediaCon	
  

Classified	
  by	
  Z2	
  charge	
  assignment	

Barger,	
  	
  Hewea,	
  Phillip	
  	




Type	
  of	
  2HDM	

Type-­‐I	
  	
  	
  	
  	
  	
  	
  	
  Fermiophobic	
  2HDM	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Neutrinophillic	
  2HDM	
  	
  	
  
	
  
Type-­‐II	
  	
  	
  	
  	
  	
  	
  MSSM,	
  NMSSM,	
  other	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SUSY	
  extended	
  Higgs	
  models	
  
	
  
Type-­‐X	
  	
  	
  	
  	
  	
  	
  Lepton-­‐specific	
  2HDM	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Models	
  of	
  Neutrino	
  Masses	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Positron	
  Excess	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (models	
  with	
  light	
  H,	
  A,	
  H+)	
  	
  
	
  
Type-­‐Y	
  	
  	
  	
  	
  	
  	
  Flipped	
  2HDM	
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Neutrino Mass     
 Tree neutrino Yukawa is forbidden by Z2 

●Mixing structure is determined by  

●Universal scale is determined by the       
3-loop function factor F   

We can describe all the neutrino data  (tiny masses and angles) 
without unnatural assumption among  mass scales 

Neutrino data and LFV data require that  
  H+ should be light  (< 200 GeV) 
  NR  should be  O(1) TeV 

Aoki,	
  SK,	
  Seto	
  (09)	


Ma	
  (02)	
Goh,	
  Hall,	
  Kumar	
  (09)	


Aoki,	
  SK,	
  Tsumura,	
  Yagyu	
  (09)	




Search	
  for	
  Extended	
  Higgs	
  sectors	

Many	
  new	
  physics	
  models	
  predict	
  non-­‐minimal	
  Higgs	
  sectors	
  	
  	
  

Experimental	
  determinaCon	
  of	
  the	
  Higgs	
  sector	
  is	
  the	
  Key	
  to	
  
clarify	
  the	
  EWSB	
  and	
  also	
  to	
  explore	
  new	
  physics!	
  
	
  
•  Direct	
  Search	
  

–  Discovery	
  of	
  the	
  “second”	
  Higgs	
  boson	
  at	
  LHC	
  
	
  

•  Indirect	
  Search	
  (find	
  deviaCon	
  in	
  Higgs	
  couplings)	
  
–  How	
  we	
  can	
  extract	
  the	
  shape	
  of	
  the	
  Higgs	
  sector	
  from	
  
detailed	
  measurement	
  of	
  the	
  126GeV	
  SM-­‐like	
  Higgs	
  boson	
  h?	
  

–  It	
  is	
  a	
  solid	
  target!	
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Precision	
  measurement	
  of	
  
the	
  SM-­‐like	
  Higgs	
  boson	
  h	
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DiscriminaCon	
  of	
  models	
  via	
  coupling	
  of	
  
the	
  125GeV	
  Higgs	
  boson	
  	
  h	
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Models	
  can	
  be	
  disCnguished	
  by	
  the	
  paQern	
  in	
  	
  
deviaCons	
  of	
  the	
  SM-­‐like	
  Higgs	
  couplings	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  hγγ,	
  hgg,	
  hWW,	
  hZZ,	
  ha,	
  hff,	
  hhh	
  
Mixing	
  (h	
  ⇔ φ)	
  	
  	
  	
  
Gauge	
  couplings	
  (hVV):	
  	
  	
  
Yukawa	
  couplings	
  (hff):	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  The	
  paQern	
  of	
  deviaCon	
  strongly	
  depend	
  on	
  the	
  model	
  
	
  
Quantum	
  effects	
  	
  	
  
	
  	
  	
  Large	
  deviaCon	
  in	
  loop-­‐induced	
  processes	
  	
  (h→γγ	
  and	
  h→gg)　	
  
	
  	
  	
  	
  Large	
  quantum	
  correcCon	
  can	
  also	
  appear	
  in	
  the	
  hhh	
  coupling	
  

We	
  need	
  to	
  measure	
  the	
  Higgs	
  coupling	
  constants	
  as	
  accurately	
  as	
  possible	
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Higgs	
  coupling	
  measurement	
  at	
  the	
  LHC	
  	


Accuracy	
  is	
  typically	
  	
  
O(10)	
  %	
  
	
  
Not	
  very	
  well	
  improved	
  	
  
for	
  300→3000	
  {-­‐1	
  

due	
  to	
  systemaCc	
  errors	




InternaConal	
  Linear	
  Collider	
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M.	
  Peskin,	
  2012	


Coupling	
  measureable	
  by	
  a	
  few%,	
  and	
  hhh	
  	
  
can	
  also	
  be	
  measured	
  by	
  around	
  O(10)	
  %	
  

At	
  ILC,	
  we	
  may	
  be	
  able	
  to	
  disCnguish	
  models	
  by	
  detecCng	
  a	
  
paQern	
  of	
  deviaCons	
  in	
  the	
  h	
  couplings	
  from	
  the	
  SM	
  values!	
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Snowmass	
  White	
  Paper	
  (Aug.	
  2013)	


g(hxx)=κx	
  g(hxx)SM	


ILC	
  Higgs	
  White	
  Paper	
  
To	
  appear	
  at	
  the	
  end	
  	
  
of	
  this	
  month.	
  	


Preliminary	


Asner,	
  Barklow,	
  Fujii,	
  	
  
Haber,	
  Kanemura,	
  	
  
Miyamoto,Weiglein	
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Gauge	
  Couplings　hVV	


•  Changed	
  by	
  mixing	
  with	
  the	
  other	
  
scalars	
  

•  Sum-­‐rule	
  for	
  a	
  mulC-­‐doublet	
  
structure	
  ghVV2	
  +	
  gHVV2	
  =	
  gV2　	
  

	
  	
  	
  	
  	
  	
  sin2(β-­‐α)<1	
  ⇔	
  (ghVV/ghVVSM)2	
  <	
  1	
  
	
  
•  Higgs	
  sector	
  with	
  an	
  exoCc	
  
representaCon	
  

	
  	
  	
  	
  (ghVV/ghVVSM	
  )2	
  >	
  1	
  	
  is	
  also	
  possible!	
  
26	


SM-­‐like	
  case	
  
sin2(β-­‐α)≈1	
  

L	
  	
  ＝ g	
  sin(β-­‐α)	
  hVV	
  +	
  g	
  cos(β-­‐α)	
  HVV	


Higgs	
  triplet	
  model	
  
Georgi-­‐Machasek	
  model	
  
Models	
  with	
  a	
  septet	
  field,	
  …	
  
Hisano,	
  Tsumura	
  (13)	
  
SK,	
  Kikuchi,	
  Yagyu	
  (13)	




Yukawa	
  couplings	
  hff	

Effects	
  of	
  the	
  mixing	
  (α,	
  tanβ)	
  
change	
  Yukawa	
  couplings	
  of	
  h	
  	
  	
  

	
  
	
  

27	
Type	
  II	
 Type	
  X	


Coefficient	
  of	
  hff	
  	


S.K.,	
  K.	
  Tsumura,	
  H.	
  Yokoya	
  2013	


Nearly	
  SM-­‐like	
  case:	
  	
  sin2(β−α)=0.99	
  

hbb	
  	
  ∝　sin(β−α)	
  +	
  cotβ	
  cos(β−α)　 	
  
hττ　∝	
  	
  	
  sin(β-­‐α)	
  	
  −	
  tanβ	
  cos(β−α)　 	


hbb	
  	
  ∝　sin(β−α)	
  −	
  tanβ	
  cos(β−α)　　	
  	
  
hττ　∝	
  	
  	
  sin(β-­‐α)	
  	
  −	
  tanβ	
  cos(β−α)　　	
  	
  

Type-­‐II	


Type-­‐X	




Decoupling	
  and	
  heavy	
  Higgs	
  mass	


28	


RaCo	
  of	
  branching	
  raCos	

MSSM（α	
  is	
  a	
  funcCon	
  of	
  tanβ	
  and	
  mA）	
  

Y.	
  Okada	
  (01)	


Mass	
  scales	
  of	
  H,	
  A,	
  H+	
  can	
  be	
  determined	
  by	
  
precision	
  measurements	
  of	
  the	
  h	
  couplings	
  

Peskin	
  et.	
  al	
  (2012)	


tanβ=5	




PaQern	
  in	
  deviaCons	
  of	
  ghVV	
  and	
  Yhff	
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Singlet	
  can	
  be	
  disCnguished	
  from	
  the	
  Type-­‐I	
  2HDM　　　	
  
　　　Yhff	
  /gV	
  =1	
  in	
  the	
  singlet	
  model	
  	
  but	
  	
  Yhff	
  /gV	
  	
  ≠1	
  in	
  the	
  2HDM-­‐I	
  	


In	
  the	
  triplet	
  model,	
  quark-­‐Yukawa	
  couplings	
  are	
  universally	
  smaller,	
  	
  
Lepton-­‐Yukawa	
  deviate	
  univarsal.	
  　   gV　can	
  be	
  greater	
  than	
  1	
  
	
  
gV	
  >	
  1	
  is	
  a	
  signature	
  of	
  exoCc	
  Higgs	
  (with	
  higher	
  representaCons)	


Extended	
  Higgs	
  models	
  are	
  disCnguishable	
  by	
  	
  
precisely	
  measuring	
  hVV	
  and	
  hff	
  	
  	


cos(β-­‐α)	
  <	
  0	




FingerpCnCng	
  the	
  model	
  (2HDM)	
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Ellipse	
  =	
  68.27%	
  CL	


hbb	
  	
  vs	
  	
  hττ	



We	
  can	
  determine	
  	
  
the	
  type	
  of	
  	
  
Yukawa	
  interacion	
  	
  
in	
  the	
  2HDM	
  

SK,	
  K.	
  Tsumura,	
  K.	
  Yagyu,	
  H.	
  Yokoya	




FingerpCnCng	
  the	
  model	
  (ExoCcs)	
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Universal	
  Fermion	
  	
  
Coupling	
  (κF)	
  
VS	
  
hVV	
  coupling	
  (κV)	
  

ExoCc	
  models	
  	
  
predict	
  κV	
  >	
  1	


We	
  can	
  discriminate	
  	
  
ExoCc	
  models	


SK,	
  K.	
  Tsumura,	
  K.	
  Yagyu,	
  H.	
  Yokoya	




FingerpCnCng	
  the	
  model	
  (ExoCcs)	
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Universal	
  Fermion	
  	
  
Coupling	
  (κF)	
  
VS	
  
hVV	
  coupling	
  (κV)	
  

ExoCc	
  models	
  	
  
predict	
  κV	
  >	
  1	


We	
  can	
  discriminate	
  	
  
ExoCc	
  models	


Ellipse	
  =	
  68.27%	
  CL	


SK,	
  K.	
  Tsumura,	
  K.	
  Yagyu,	
  H.	
  Yokoya	




Measurement	
  of	
  tanβ	
  at	
  ILC	


sin(β-­‐α)	
  and	
  tanβ	
  are	
  important	
  	
  
	
  	
  	
  	
  	
  	
  hVV	
  	
  →	
  	
  sin(β-­‐α)	
  	
  
How	
  about	
  tanβ?	
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tanβ	
  determinaCon	
  
1.   Branching	
  raCo	
  of	
  H,	
  A	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  useful	
  for	
  small	
  tanβ	
  
2.   Total	
  width	
  of	
  H,	
  A	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  useful	
  for	
  large	
  tanβ	
  
3.   Decay	
  of	
  SM-­‐like	
  Higgs	
  h	
  when	
  	
  
　　sin(β-­‐α)	
  is	
  slightly	
  smaller	
  than	
  1	
  
	


Precision	
  measurement	
  of	
  the	
  h	
  decay	
  at	
  ILC	
  
is	
  very	
  useful	
  (informaCon	
  of	
  H,A	
  not	
  required)	
  	


sin2(β-­‐α)=0.98	


sin2(β-­‐α)=0.98	


Type-­‐II	
  
2HDM	


Type-­‐X	
  
2HDM	


SK,	
  Tsumura,	
  Yokoya,	
  arXiv:1305.5424	


SK,	
  Tsumura,	
  Yokoya,	
  arXiv:1305.5424	


Berger,	
  Han,	
  jiang	
  (01)	
  	
  
Gunion,	
  Han,	
  Jiang,	
  Sopczak	
  (03)	




Di-­‐photon	
  Decay	
  Width	
  	


Loop	
  induced	
  process	
  in	
  the	
  SM	
  	
  
New	
  physics	
  effect	
  enters	
  at	
  the	
  
same	
  order	
  of	
  perturbaCon	
  
	
  
New	
  physics	
  parCcles	
  which	
  
realized	
  a	
  large	
  deviaCon	
  in	
  	
  
h→γγ	
  

–  W’	
  boson	
  	
  
–  Singly/Doubly	
  charged	
  scalars	
  
–  New	
  charged	
  leptons	
  
–  SUSY	
  
–  …..	
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SM	
  loop	
  destrucCve	


In	
  MSSM,	
  stop	
  effect	


Inner	
  parameters	
  (BSM	
  mass,	
  coupling)	
  can	
  be	
  constrained	
  	
  
⇒	
  	
  Test	
  a	
  model	
  by	
  seeing	
  correlaCon	
  to	
  the	
  other	
  observable	




Self-­‐coupling	
  hhh	


Even	
  if	
  h	
  is	
  SM-­‐like	
  	
  
（sin(α-­‐β)=1）,	
  a	
  large	
  
deviaCon	
  can	
  appear	
  due	
  to	
  
non-­‐decoupling	
  loop	
  effects	
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Non-­‐decoupling	
  effect	


SM	


It	
  is	
  important	
  to	
  determine	
  the	
  structure	
  of	
  Higgs	
  potenCal	
  	


Non-­‐decoupling	
  effect	
 Decoupling	


In	
  extended	
  Higgs	
  models	
  	
  
the	
  deviaCon	
  can	
  be	
  ～	
  100%	
  
by	
  bosonic	
  loop	
  effect	
  	


2HDM	
  
Bosonic	
  loop	
  effect	


Φ	
  =	
  H,	
  A,	
  H±	


SK,	
  	
  Kiyoura,	
  Okada,	
  Senaha,	
  Yuan,	
  PLB558	
  (2003)	




EW	
  Baryogenesis	
  and	
  the	
  hhh	
  coupling	


+	
  Non-­‐decoupling	
  effect	
  	
  
	
  	
  	
  of	
  new	
  parCcles	
  

SK,	
  Okada,	
  	
  Senaha	
  (2005)	
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EW	
  Baryogenesis	
  ⇔ Nondecoupling	
  effect	
  ⇔	
  large	
  deviaCon	
  in	
  hhh	


2HDM:	
  	
  	
  	
  mh	
  =	
  125GeV:	
  Possible	


Higgs	
  PotenCal	
  at	
  Finite	
  Temperatures	
  	


Region	
  of	
  EW	
  	
  
Baryogenesis	
  

φc/Tc	
  >	
  1	


DeviaCon	
  in	
  	
  
the	
  hhh	
  coupling	
  

SM:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  mh	
  <	
  60GeV:	
  Excuded！	
  

CondiCon	
  of	
  strongly	
  1st	
  OPT	


If	
  hhh	
  can	
  be	
  measured	
  by	
  O(10)	
  %,	
  the	
  scenario	
  of	
  EW	
  Baryogenesis	
  can	
  be	
  tested	


ConnecCon	
  between	
  cosmology	
  and	
  collider	
  physics	




ProperCes	
  of	
  extra	
  Higgs	
  bosons	
  
H,	
  A,	
  H+,	
  H++	
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MSSM	
  (Type-­‐II	
  2HDM)	


38	


H,	
  A,	
  H±	
h	

HVV:	
  	
  	
  cos(β-­‐α)　<<1	
  
HAZ:	
  	
  	
  	
  sin(β-­‐α)　	
  ≈	
  1	
  
H+H-­‐γ:	
  	
  　1	


SM-­‐like	
  Higgs	
  
mh=126	
  GeV	
  	
 Extra	
  Higgs	
  bosons	


hVV:	
  sin(β-­‐α)≈1	


Ha	
  	
  	
  (Aa):	
  	
  	
  mt	
  cotβ	
  
Hbb	
  (Abb):	
  	
  mb	
  tanβ	
  
Hττ	
  	
  (Aττ):	
  	
  	
  	
  mτ	
  tanβ	
  

V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðmHþ ; tan!Þ plane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for mHþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of mHþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on mHþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðmHþ ; tan!Þ for the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
i
ðOexp

i "O2HDM
i Þ2

%2
i

, where %2
i ¼ð%exp

i Þ2þ
ð%2HDM

i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðmHþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: mHþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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BsàXsγ	


Buàτντ	


Dsàτντ	



Flavor	
  experiments	
  and	
  LHC	
  give	
  strong	
  	
  
constraints	
  on	
  MSSM	
  (Type-­‐II	
  2HDM)	


Mahmoudi,	
  Stal	
  (09)	




MSSM	
  vs	
  Type	
  X	
  2HDM	


At	
  LHC,	
  Type	
  X	
  2HDM	
  can	
  be	
  
discriminated	
  from	
  MSSM	
  (Type-­‐II)	
  by	
  
the	
  combinaCon	
  of ττ gluon	
  fusion	
  	
  

Type	
  II:	
  	
  H,	
  A	
  decay	
  into	
  bb	
  
Type	
  X： H,	
  A	
  decay	
  into	
  ττ	
  	


Aoki,	
  SK,	
  Tsumura,	
  Yagyu	
  (10)	


pp→A	
  (H)	
  → ττ	

and	
  bb	
  associate	
  (H)A	
  producCon	
  	
  	
  

pp	
  → bbA	
  (bbH)	


39	




Non-­‐SUSY	
  2HDM	


40	


V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðmHþ ; tan!Þ plane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for mHþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of mHþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on mHþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðmHþ ; tan!Þ for the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
i
ðOexp

i "O2HDM
i Þ2

%2
i

, where %2
i ¼ð%exp

i Þ2þ
ð%2HDM

i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðmHþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: mHþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðmHþ ; tan!Þ plane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for mHþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of mHþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on mHþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðmHþ ; tan!Þ for the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
i
ðOexp

i "O2HDM
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, where %2
i ¼ð%exp
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ð%2HDM

i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðmHþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: mHþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðmHþ ; tan!Þ plane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for mHþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of mHþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on mHþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðmHþ ; tan!Þ for the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
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, where %2
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i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðmHþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: mHþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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V. MODELS WITH AYUKAWA Z2 SYMMETRY

Having discussed constraints on the general model in the
previous section, we now specialize to the 2HDM with a
Yukawa Z2 symmetry. In the language of the general
model, this corresponds to universal couplings over the
fermion generations and types with tan! the only free
parameter, e.g. 1="tt ¼ 1="cc ¼ ""bb ¼ ""ss ¼ tan!
for type II couplings. The coupling patterns in the four
different models we consider are described in Table I. The
results, as shown in Fig. 10 in the ðmHþ ; tan!Þ plane, are
superimposed to combine the exclusion regions of all
flavor observables in the same figure. This also means
that some regions of the parameter space are excluded by
more than one observable, such as the high tan! region in
the type II model.

From Fig. 10, we first note the exclusion of low tan!<
1 in all four models for mHþ < 500 GeV. This exclusion
comes as a result of three observables: BRðB ! Xs#Þ, !0,
and!MBd

. The constraints at low tan! are similar between
the models, since the couplings to the up-type quarks are
universal. In the type I model, a value of tan!> 1 signals
decoupling of one Higgs doublet from the whole fermion
sector. In 2HDM types II and III, which share the same
coupling pattern for the quarks, there exists a
tan!-independent lower limit of mHþ * 300 GeV im-
posed by BRðB ! Xs#Þ. No generic lower limit on mHþ

is found in type I and type IV models. Constraints for high

tan! are only obtained in the type II model. The reason
behind this is that the leptonic and semileptonic observ-
ables require tan!-enhanced couplings "dd"‘‘ & tan2! '
1 (d ¼ d, s, b) for the contributions to be interesting. In the
2HDM III, and IV these couplings are instead always
"dd"‘‘ ¼ "1, while in type I they are proportional to
cot2!.
An alternative approach to constraining the parameter

space is to assume the 2HDM is the correct theory and
estimate the parameters by fitting to the available data. To
compare with our results in Fig. 10, we perform a basic $2

fit to the flavor data of the parameters ðmHþ ; tan!Þ for the
Z2 symmetric models. The $2 measure is constructed in the

usual way $2¼P
i
ðOexp

i "O2HDM
i Þ2

%2
i

, where %2
i ¼ð%exp

i Þ2þ
ð%2HDM

i Þ2 combines experimental and theoretical uncer-
tainties in quadrature. Parametric uncertainties are not
included. We use the eight observables listed in Table III
as independent probes of the 2HDM. Minimizing the $2,
the first observation is that the 2HDM types I, III, and IV,
do not contain enough predictive power for the flavor
observables to restrict the parameter space ðmHþ ; tan!Þ.
In all these models, the decoupling limit in one variable (or
both) is essentially the best fit. For the 2HDM II on the
other hand, we obtain a best fit point: mHþ ¼ 609 GeV,
tan! ¼ 5. The fit is illustrated in Fig. 11. The obtained
exclusion region is similar to the combination presented
in Fig. 10. At the level of 2%, charged Higgs masses
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FIG. 10 (color online). Excluded regions of the ðmHþ ; tan!Þ parameter space for Z2-symmetric 2HDM types. The color coding is as
follows: BRðB ! Xs#Þ (red), !0" (black contour), !MBd

(cyan), Bu ! &'& (blue), B ! D&'& (yellow), K ! ('( (gray contour),

Ds ! &'& (light green), and Ds ! ('( (dark green). The white region is not excluded by any of these constraints.
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BsàXsγ	


Buàτντ	


Dsàτντ	



Type-­‐I	
 Type-­‐II	
 Type-­‐X	
 Type-­‐Y	


In	
  Type-­‐I	
  and	
  Type-­‐X,	
  	
  light	
  	
  H,	
  A,	
  H+	
  can	
  be	
  allowed	
  
⇒Pair	
  ProducCon	


Constraint	
  from	
  flavor	
  physics	
 Mahmoudi,	
  Stal	
  (09)	




HA	
  ProducCon	
  (Type	
  X	
  2HDM)	

LHC	


ILC	


Diferently	
  from	
  MSSM	
  	
  
（bbH,	
  H→μμ,ττ）	
  	
  
Rather	
  hard	
  to	
  see	
  Type-­‐X	
  at	
  LHC	
  	
  

HA	
  can	
  be	
  reconstructed	
  
by	
  collinear	
  approximaCon	


τhτhμμ	
  event	
  (100	
  G-­‐1)	


4τ→2μ2τj	
 mH=130GeV	
  
mA=170	
  GeV	


MSSM	


41	


ReconstrucCon	
  of	
  invariant	
  
masses	
  of	
  the	
  two	
  ττ	
  systems	
  is	
  
possible	
  	


σ(pp→HA)	
  =	
  O(10-­‐100)	
  {	


SK,	
  Tsumura,	
  Yokoya	
  (11)	




Summary	

•  A	
  SM-­‐like	
  Higgs	
  boson	
  h	
  was	
  discovered	
  

•  The	
  Higgs	
  sector	
  remains	
  unknown	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Extended	
  Higgs	
  ⇔	
  New	
  Physics	
  
	
  
•  Detailed	
  study	
  of	
  h	
  makes	
  it	
  clear	
  the	
  shape	
  and	
  
dynamics	
  of	
  Higgs	
  sector	
  (Finger	
  prinCng	
  models)	
  

•  Direct	
  Searches	
  of	
  H,	
  A,	
  H+,	
  H++	
  at	
  LHC	
  (and	
  ILC)	
  

•  Higgs	
  is	
  a	
  good	
  probe	
  of	
  new	
  physics	
  BSM!	
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SM-­‐like	
  ≠	
  SM	




We	
  need	
  LC	
  	
  	


BIG	
  BANG	




Back	
  Up	
  Slides	
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LEP/SLC	
  did	
  not	
  require	
  SM-­‐like	
  Higgs	
  	


A	
  heavy	
  h	
  was	
  also	
  allowed	
  
by	
  non-­‐standard	
  effects	
  

46	
mA[GeV]	
 Allowed	
  
	
  SK,	
  Okada,	
  Taniguchi,	
  Tsumura,	
  2011	


New	
  	
  
Physics	
  

Case	
  of	
  the	
  2	
  Higgs	
  doublet	
  model	


mh＝５００GeV	




SUSY	
  and	
  mh=126GeV	
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Higgs	
  potenCal	
  	
 V	
  =	
  |D|2	
  +	
  |F|2	
  +	
  (so�-­‐breaking)	

MSSM	
  is	
  type-­‐II	
  2HDM（Hu,	
  Hd）	
  
Self-­‐coupling	
  comes	
  from	
  gauge	
  couplings	
  g,g’	
  	
  ⇒	
  

Loop	
  effect	


126	
  GeV	
  can	
  be	
  realized	
  by	
  	
  
Large	
  Stop	
  Masses	
  	
  OR	
  	
  	
  Large	
  Stop	
  LR-­‐mixing	


MSUSY	
  	
  ～	
  10TeV	
  	
  (Xt=0)	


Hall,	
  Pinner,	
  Ruderman	
  (2011)	


Consistent	
  with	
  the	
  data	
  	
  
But	
  tension	
  with	
  Hierarchy	
  Problem	


mh	
  <	
  mZ	
  at	
  tree	
  level	
  



Exteded	
  SUSY	
  models	
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It	
  is	
  possible	
  to	
  gain	
  mh	
  by	
  NEW	
  F-­‐term,	
  D-­‐term	
  or	
  loop	
  effects	
  

+	


+	


+	


+	


AddiCon	
  of	
  new	
  Singlet,	
  Triplet	
  

New	
  gauge	
  symmetry	
  U(1)X	
  

Loop	
  effect	
  by	
  new	
  maQer	
  parCcles	
  

Ex)	
  MSSM	
  +	
  RH-­‐Neutrino＋S＋S	


SK,	
  Shindo,	
  Yamada	
  (12)	
  

Ex)	
  NMSSM	


Endo,	
  Hamaguchi,	
  
Iwamoto,	
  Yokozaki	
  
(11)	
  

Hall,	
  et	
  al.	
  (11)	


MSSM	


F-­‐term	
  	


D-­‐term	


Loop-­‐effect	


NMSSM	


Ex)	
  	
  Strong-­‐but-­‐Light	
  Scenario	
  (for	
  EWBG)	




Mass	
  spectrum	
  of	
  parCcles	


Masses	
  of	
  parCcles	
  are	
  zero	
  in	
  the	
  Lagrangian	
  　　　	
  
Vacuum	
  gives	
  masses	
  to	
  them	
  by	
  EWSB	
  	
  

Te
ra
sc
al
e	
Neutrino	
  Masses	




120-­‐130GeV	
  

Decay	
  branching	
  raCos	
  of	
  SM	
  Higgs	


•  SM	
  Higgs	
  couples	
  to	
  
all	
  the	
  parCcles	
  

　	
  	
  [hγγ,	
  hgg（via	
  loop）	
  
	
  	
  	
  	
  	
  	
  	
  hhνν　(dim-­‐5)]	
  
	
  
•  For	
  mh=126	
  GeV,	
  
various	
  decay	
  modes	
  
can	
  be	
  available	
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