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Some	
  mo<va<ons	
  to	
  study	
  
Supersymmetry	
  

1.  Gauge	
  Coupling	
  Unifica<on	
  
2.  “Obvious”	
  space-­‐<me	
  symmetry	
  extension	
  to	
  explore	
  
3.  String	
  theory	
  seems	
  to	
  like	
  it	
  
4.  Source	
  of	
  dark	
  maVer	
  (R-­‐parity)	
  
5.  Radia<ve	
  electroweak	
  symmetry	
  breaking	
  
6.  Can	
  solve	
  gauge	
  hierarchy	
  problem	
  
7.  Rich,	
  calculable,	
  self-­‐consistent	
  beyond-­‐the-­‐SM	
  theory	
  

Other	
  reasons:	
  QFT	
  laboratory,	
  etc.	
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The	
  Par<cle	
  Spectrum	
  of	
  Minimal	
  
Supersymmetry	
  

SUSY	
  Primer:	
  Mar<n,	
  hep-­‐ph/9709356	
  
Superpartners	
  highlighted	
  in	
  red.	
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Mixed	
  States:	
  
Charginos	
  of	
  the	
  MSSM	
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Mixed	
  States:	
  
Neutralinos	
  of	
  the	
  MSSM	
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SUSY	
  breaking	
  resides	
  in	
  <F>	
  of	
  chiral	
  mul<plet	
  

This	
  leads	
  to	
  gravi<no	
  mass:	
  

Gaugino	
  masses:	
  	
  

Scalar	
  masses:	
  

Descrip<on	
  of	
  SUSY	
  Breaking	
  

Gravi<no	
  is	
  spin	
  3/2	
  
par<cle.	
  ψ is	
  the	
  
absorbed	
  ±1/2	
  spin	
  
component	
  (golds<no).	
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Challenges	
  for	
  Low-­‐Energy	
  SUSY	
  

Throw	
  a	
  dart	
  into	
  Minimal	
  SUSY	
  parameter	
  space,	
  
And	
  what	
  do	
  you	
  get?	
  

Observable	
  predic8ons	
  would	
  be	
  wildly	
  	
  
Incompa8ble	
  with	
  experiment.	
  

Briefly	
  review	
  these	
  challenges	
  ….	
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Flavor	
  Changing	
  Neutral	
  Currents	
  

Random	
  superpartner	
  masses	
  and	
  mixing	
  angles	
  	
  
would	
  generate	
  FCNC	
  far	
  beyond	
  what	
  is	
  measured:	
  

However:	
  heavy	
  scalars	
  would	
  squash	
  these	
  FCNCs	
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CP	
  Viola<on	
  

Supersymmetry	
  has	
  many	
  new	
  sources	
  of	
  CP	
  viola<on:	
  

Large	
  unless	
  CP	
  angle	
  small	
  or	
  scalar	
  masses	
  heavy.	
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Proton	
  Decay	
  

Perhaps	
  less	
  troublesome….	
  Proton	
  decay	
  can	
  be	
  problema<c,	
  
even	
  in	
  R-­‐parity	
  conserving	
  supersymmetry.	
  

Dim-­‐5	
  operator	
  suppressed	
  by	
  heavy	
  triplet	
  or	
  
Much	
  heavier	
  scalar	
  mass	
  superpartners	
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Model	
  Building	
  

Many	
  clever	
  solu<ons	
  exist	
  to	
  overcome	
  these	
  challenges.	
  	
  
	
  
To	
  me,	
  the	
  most	
  challenging	
  one	
  is	
  the	
  flavor	
  problem.	
  
	
  
Very	
  simple	
  mSUGRA	
  idea	
  is	
  minimal	
  solu<on	
  (see	
  next	
  
slide)	
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mSUGRA	
  /	
  CMSSM	
  

M1/2	
  =	
  Common	
  Gaugino	
  mass	
  at	
  GUT	
  scale	
  
	
  
M0	
  =	
  Common	
  scalar	
  masses	
  at	
  GUT	
  scale	
  
	
  
A0	
  =	
  Common	
  tri-­‐scalar	
  interac<on	
  mass	
  at	
  GUT	
  scale	
  
	
  
Tanβ = Ra<o	
  of	
  Hu	
  to	
  Hd	
  vacuum	
  expecta<on	
  values	
  
	
  
Sgn(µ)	
  =	
  Sign	
  of	
  the	
  HuHd	
  µ-term	
  in	
  the	
  superpoten<al	
  



Third	
  genera<on:	
  

Mar<n,	
  Ramond	
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Renormaliza<on	
  Group	
  Flow	
  

KKRW,	
  ‘93	
  



SUSY	
  Limits	
  at	
  LHC	
  

LHC	
  running	
  well,	
  and	
  has	
  done	
  many	
  searches	
  for	
  SUSY.	
  
	
  
Energy	
  of	
  7	
  TeV	
  makes	
  search	
  reach	
  limited,	
  yet	
  s<ll	
  interes<ng.	
  
	
  
Higgs	
  search	
  more	
  likely/instruc<ve	
  perhaps	
  at	
  this	
  stage	
  (that	
  
is	
  to	
  come	
  later)	
  
	
  
	
  



From	
  arXiv:1109.6606	
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Two	
  Higgs	
  Doublets	
  of	
  Supersymmetry	
  

Supersymmetry	
  requires	
  two	
  Higgs	
  doublets.	
  One	
  to	
  give	
  
mass	
  to	
  up-­‐like	
  quarks	
  (Hu),	
  and	
  one	
  to	
  give	
  mass	
  to	
  down	
  
quarks	
  and	
  leptons	
  (Hd).	
  
	
  
8	
  degrees	
  of	
  freedom.	
  3	
  are	
  eaten	
  by	
  longitudinal	
  
components	
  of	
  the	
  W	
  and	
  Z	
  bosons,	
  leaving	
  5	
  physical	
  
degrees	
  of	
  freedom:	
  H±,	
  A,	
  H,	
  and	
  h.	
  
	
  
As	
  supersymmetry	
  gets	
  heavier	
  (m3/2	
  >>	
  MZ),	
  a	
  full	
  doublet	
  
gets	
  heavier	
  together	
  (H±,A,H)	
  while	
  a	
  solitary	
  Higgs	
  boson	
  
(h)	
  stays	
  light,	
  and	
  behaves	
  just	
  as	
  the	
  SM	
  Higgs	
  boson.	
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Coupling	
  of	
  the	
  neutral	
  scalar	
  Higgses	
  

Haber et al. ‘01 

Heavy	
  Higgs	
   Light	
  Higgs	
  

Tanβ=vu/vd	
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Higgs	
  mass	
  limits	
  

From	
  LEP	
  2	
  	
  	
  	
  	
  	
  	
  mh	
  >	
  114	
  GeV	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
From	
  LHC	
  114	
  <	
  mh	
  <	
  140	
  GeV	
  (approximately)	
  
	
  
Perhaps	
  a	
  signal	
  at	
  ~	
  125	
  GeV	
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Understanding	
  Lightest	
  Higgs	
  Mass	
  Computa<on	
  

Higgs	
  Self-­‐	
  
coupling	
  

SUSY	
  
SM	
  

Mt	
   MSUSY	
   Q	
  [energy	
  scale]	
  

hsm	
  

hsm	
  

hsm	
  

hsm	
  

t	
  
t	
  

t	
  
t	
   =	
  yt	
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Higgs	
  boson	
  mass	
  

Log-­‐sensi<vity	
  keeps	
  mh	
  below	
  the	
  Precision	
  EW	
  bound	
  (~	
  200	
  GeV)	
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Lightest Higgs Mass in the MSSM	



Tobe, JW, ‘02	



mh	
  =	
  125	
  GeV?	
  
	
  
SUSY	
  scalar	
  masses	
  
then	
  >	
  ~few	
  TeV?	
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Naturalness	
  
Naturalness	
  is	
  strained	
  if	
  MSUSY	
  becomes	
  too	
  large.	
  
	
  
From	
  the	
  EW	
  scalar	
  poten<al	
  of	
  supersymmetry,	
  
the	
  minimiza<on	
  condi<ons	
  yield	
  

This	
  is	
  of	
  the	
  generic	
  form	
  of	
  one	
  large	
  number	
  
subtrac<ng	
  another	
  and	
  gewng	
  a	
  small	
  number:	
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Example	
  of	
  extreme	
  finetuning	
  
Bush	
  v.	
  Gore	
  Florida	
  vote	
  in	
  2000	
  U.S.	
  Presiden<al	
  elec<on:	
  
	
  
M1

2	
  =	
  Bush’s	
  votes	
  =	
  2,912,790	
  
M2

2	
  =	
  Gore’s	
  votes	
  =	
  2,912,253	
  
	
  
Normalizing	
  M1

2	
  -­‐	
  M2
2	
  =	
  MZ

2	
  (mul<ply	
  by	
  15.5)	
  one	
  gets	
  the	
  
scale	
  of	
  ‘supersymmetry	
  masses’	
  of	
  this	
  elec<on	
  to	
  be	
  
	
  
Sqrt[15.5*	
  M1

2]	
  =	
  6.7	
  TeV	
  	
  	
  	
  	
  [Well above Higgs mass needs.]	
  
	
  
Obama-­‐McCain	
  a	
  “250	
  GeV”	
  elec8on.	
  
Sarkozy-­‐Royal	
  a	
  “270	
  GeV”	
  elec8on.	
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What	
  about	
  ....	
  

...making	
  scalar	
  superpartners	
  (squarks	
  and	
  sleptons)	
  
much,	
  much	
  heavier	
  than	
  fermionic	
  superpartners	
  
(charginos,	
  neutralinos	
  and	
  gluinos).	
  
	
  
This	
  goes	
  under	
  the	
  names	
  of	
  Split	
  Supersymmetry	
  
(Arkani-­‐Hamed,	
  Dimopolous,	
  Giudice,	
  Romanino)	
  or	
  PeV	
  
Scale	
  supersymmetry	
  (JW).	
  
	
  
Let’s	
  try	
  to	
  build	
  a	
  ra<onale	
  for	
  this	
  "unnatural"	
  approach.	
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EW-­‐Scale	
  Naturalness	
  

Appeals	
  to	
  naturalness	
  are	
  murky	
  and	
  controversial.	
  
Incompa<ble	
  views	
  can	
  be	
  reasonable.	
  
	
  
Agnos<c	
  approach:	
  Delete	
  all	
  reference	
  to	
  naturalness	
  
and	
  ask	
  what	
  is	
  the	
  “best”	
  susy	
  model	
  consistent	
  data.	
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Arbitrary	
  heavy	
  SUSY?	
  

A|er	
  dele<ng	
  naturalness	
  from	
  considera<on,	
  we	
  should	
  
not	
  conclude	
  that	
  SUSY	
  is	
  at	
  some	
  arbitrarily	
  large	
  
scale,	
  where	
  it	
  can’t	
  cause	
  harm.	
  
	
  
We	
  wish	
  to	
  retain	
  good	
  things	
  about	
  SUSY:	
  

• Gauge	
  Coupling	
  unifica<on	
  
• Light	
  Higgs	
  boson	
  mass	
  predic<on	
  
• Cold	
  Dark	
  MaVer	
  



28	
  

Gauge	
  Coupling	
  
Unifica<on	
  

Mar<n,	
  97	
  

Unifica<on	
  success	
  sensi<ve	
  to	
  -­‐inos,	
  
but	
  not	
  scalars	
  [Giudice,	
  Romanino;	
  etc.]	
  

Generic	
  
quantum	
  
correc<on	
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Weinberg	
  ‘83	
  :	
  LSP	
  is	
  stable	
  -­‐-­‐	
  Problem?	
  No	
  -­‐-­‐	
  Might	
  be	
  good	
  
	
  
Goldberg	
  ‘83	
  :	
  LSP	
  Majorana	
  -­‐-­‐	
  Good	
  CDM	
  Candidate	
  

LSPs	
  annihilate	
  as	
  universe	
  expands	
  un<l	
  they	
  can’t	
  
find	
  each	
  other	
  any	
  more	
  (freeze-­‐out	
  T	
  ~	
  m/20)	
  

Relic	
  Abundance	
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CDM	
  Limits	
  and	
  SUSY	
  Mass	
  

Leads	
  to	
  upper	
  bound	
  constraint	
  on	
  
lightest	
  susy	
  mass	
  (neutralino),	
  but	
  others	
  
can	
  be	
  much	
  heavier	
  (squarks	
  and	
  
sleptons).	
  

Experiment	
  tells	
  us	
  

0.09 < !CDMh
2 < 0.13
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Where	
  we	
  are	
  at	
  
Ignoring	
  Naturalness	
  
	
  
Elimina<ng	
  bad	
  things:	
  	
  
1.  FCNC	
  
2.  Proton	
  decay	
  strains	
  
3.  CP	
  Viola<on	
  
4.  Too	
  light	
  Higgs	
  mass	
  

Preserving	
  good	
  things:	
  
•  SUSY	
  
•  Light	
  Higgs	
  predic<on	
  
•  Gauge	
  Coupling	
  Unifica<on	
  
•  Dark	
  MaVer	
  

Accomplished	
  by	
  large	
  
scalar	
  susy	
  masses,	
  
but	
  light	
  fermion	
  susy	
  
masses	
  (gauginos,	
  	
  higgsinos)	
  

Good	
  theory	
  for	
  this?	
  Yes.	
  
The	
  -­‐ino	
  masses	
  charged	
  
under	
  symmetries	
  (R	
  and	
  PQ)	
  
whereas	
  scalars	
  are	
  not.	
  
[Split	
  SUSY	
  literature.]	
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Where	
  we	
  are	
  at	
  
Ignoring	
  Naturalness	
  
	
  
Elimina<ng	
  bad	
  things:	
  	
  
1.  FCNC	
  
2.  Proton	
  decay	
  strains	
  
3.  CP	
  Viola<on	
  
4.  Too	
  light	
  Higgs	
  mass	
  

Preserving	
  good	
  things:	
  
•  SUSY	
  
•  Light	
  Higgs	
  predic<on	
  
•  Gauge	
  Coupling	
  Unifica<on	
  
•  Dark	
  MaUer	
  

Accomplished	
  by	
  large	
  
scalar	
  susy	
  masses,	
  
but	
  light	
  fermion	
  susy	
  
masses	
  (gauginos,	
  	
  higgsinos)	
  

Good	
  theory	
  for	
  this?	
  Yes.	
  
The	
  -­‐ino	
  masses	
  charged	
  
under	
  symmetries	
  (R	
  and	
  PQ)	
  
whereas	
  scalars	
  are	
  not.	
  
[Split	
  SUSY	
  literature.]	
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Non-­‐singlet	
  SUSY	
  breaking	
  

SUSY	
  breaking	
  accomplished	
  by	
  non-­‐singlet.	
  
Scalars	
  don’t	
  care:	
  

On	
  the	
  other	
  hand,	
  gauginos	
  do	
  care:	
  

Assuming	
  cosmological	
  constant	
  =	
  0	
  (I.e.	
  <ny)	
  	
  
the	
  gravi<no	
  mass	
  is	
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Mass	
  Spectrum	
  
In	
  this	
  case,	
  leading	
  contribu<on	
  to	
  gaugino	
  	
  
mass	
  can	
  be,	
  e.g.,	
  the	
  AMSB	
  contribu<on:	
  

(Randall,	
  Sundrum;	
  
Giudice,	
  Luty,	
  Murayama,	
  RaUazzi)	
  

The	
  complete	
  spectrum	
  is	
  

LSP	
  is	
  Wino!	
  

(Heavy	
  scalars)	
  

(light	
  gauginos)	
  



Higgs	
  mass	
  in	
  Split	
  SUSY	
  

Giudice,	
  Strumia,	
  1108.6077	
  5	
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Wino	
  Dark	
  MaUer	
  
Winos	
  annihilate	
  very	
  efficiently	
  

Mass	
  must	
  be	
  quite	
  high	
  to	
  be	
  good	
  CDM	
  

~2.7	
  TeV	
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Thermal	
  CDM	
  and	
  PeV	
  Scale	
  SUSY	
  

If	
  Wino	
  is	
  the	
  CDM,	
  the	
  SUSY	
  breaking	
  mass	
  is	
  about	
  a	
  PeV	
  

 

mG! ~ mscalars ~ 1PeV
M 2 ~ 2 TeV , M1 ~ 6 TeV , M 3 ~ 14 TeV

This	
  case:	
  liUle	
  hope	
  for	
  the	
  LHC	
  

Best	
  hope:	
  Wino	
  annihila<ons	
  in	
  
the	
  galac<c	
  halo	
  into	
  detectable	
  
monochroma<c	
  photons.	
  	
  	
  

(enters	
  photon	
  
detector)	
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But	
  …the	
  gravi<no	
  is	
  very	
  heavy	
  

It	
  decays	
  very	
  rapidly	
  …	
  well	
  before	
  BBN	
  
	
  
Non-­‐thermal	
  CDM	
  source:	
  
Infla<on	
  -­‐>	
  many	
  gravi<nos	
  -­‐>	
  gravi<no	
  decays	
  to	
  Winos	
  
-­‐>	
  Good	
  CDM	
  (even	
  if	
  thermal	
  predic<on	
  <ny)	
  

 
!LSP

G! " 30 M 2

100GeV
"

#$
%

&'
T13(1( 0.03lnT13), where T13 =

TR
1013GeV

 TR ! 10
11GeV M 2 ~ 100GeVworks	
  well	
  for	
  

Thus	
  any	
  Wino	
  mass	
  less	
  than	
  2.7	
  TeV	
  limit	
  
can	
  be	
  good	
  CDM.	
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Collider	
  Implica<ons	
  of	
  Heavy	
  Flavor	
  Supersymmetry	
  

Example	
  spectrum:	
  

 

M 2 = 100GeV (wino)
M1 = 300GeV (bino)
M 3 = 700GeV (gluino)
mG! ~ µ ~ mscalars ~ 36TeV

• Scalars	
  are	
  out	
  of	
  reach	
  
• Binos	
  are	
  not	
  produced	
  
• Higgs	
  mass	
  predicted	
  to	
  be	
  above	
  current	
  limit	
  (but	
  <140	
  s<ll)	
  
• Wino	
  and	
  gluino	
  produc<on	
  give	
  colliders	
  hope	
  

W+,W-­‐,W0	
  winos	
  -­‐-­‐	
  	
  LSP	
  

Bino	
  –	
  not	
  
produced!	
  

Gluinos	
  –	
  best	
  hope	
  

Very	
  heavy	
  squarks/sleptons	
  –	
  flavour	
  
masses	
  

In
cr
ea
sin

g	
  
m
as
s	
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Wino	
  Mass	
  Spliwngs	
  1/2	
  

GhergheUa,	
  Giudice,	
  JW,	
  98	
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Wino	
  Mass	
  Spliwng	
  2/2	
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Wino	
  Produc<on	
  and	
  Decays	
  

The	
  mass	
  spliwng	
  between	
  charged	
  and	
  neutral	
  is	
  <ny.	
  

As	
  it	
  stands,	
  difficult.	
  LEP	
  has	
  limits	
  (next	
  slide).	
  
Hadron	
  colliders	
  cannot	
  trigger	
  on	
  sox	
  pions.	
  
Trigger	
  on	
  ini<al	
  state	
  gluon	
  (Tevatron/LHC).	
  	
  
Can	
  this	
  be	
  done?	
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LEP	
  Searches	
  

Wino	
  mass	
  limit	
  
From	
  LEP	
  is	
  
~	
  90	
  GeV	
  with	
  
Small	
  mass	
  	
  
Spliwng.	
  

ALEPH	
  Collabora<on,	
  
hep-­‐ex/0203020	
  

	
  e+	
  

	
  e-­‐	
  
Z	
  

χ+	



χ-	



γ	



ISR	
  Analysis	
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Gluino	
  Produc<on	
  and	
  Decays	
  

Main	
  decay	
  is	
  three-­‐body	
  through	
  off-­‐shell	
  squark	
  

*	
  

(Toharia,	
  JW	
  for	
  more	
  
details	
  on	
  gluino	
  decays	
  
within	
  this	
  scenario)	
  

Pythia	
  output	
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Preference	
  for	
  3rd	
  genera<on	
  

*	
  

The	
  lighter	
  the	
  squark	
  
the	
  higher	
  the	
  BR	
  to	
  
its	
  corresponding	
  quark	
  

(ai

There	
  is	
  a	
  generic	
  
preference	
  for	
  decays	
  
into	
  3rd	
  genera<on	
  
quarks.	
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High	
  mul<plicity	
  tops+MET	
  events	
  

Simplest	
  event	
  type:	
  4	
  top	
  quarks	
  	
  
plus	
  missing	
  energy.	
  Can	
  the	
  missing	
  
energy	
  be	
  measured?	
  

6	
  tops	
  +	
  2	
  b’s	
  +	
  2	
  pions	
  +	
  MET	
  

Combinatoric/experimental	
  
Challenge.	
  



Comments	
  

Inputs:	
  
1.	
  SUSY	
  partners	
  heavier	
  than	
  LHC	
  7	
  
2.	
  Direct	
  limits	
  suggest	
  114	
  <	
  mhiggs	
  <	
  140	
  GeV	
  
3.	
  Perhaps	
  mhiggs	
  =	
  ~	
  125	
  GeV	
  
	
  
Outputs:	
  
1.	
  Perhaps	
  high	
  non-­‐minimality	
  for	
  "natural	
  SUSY"	
  
2.	
  Dele<ng	
  naturalness	
  as	
  criterion	
  -­‐>	
  Split	
  SUSY	
  
3.	
  In	
  case	
  2,	
  LHC	
  discovery	
  hope	
  likely	
  rests	
  in	
  mul<-­‐top	
  produc<on	
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Comments	
  
	
  
General	
  lesson:	
  high-­‐scale	
  hypotheses	
  can	
  have	
  very	
  
significant	
  effect	
  on	
  low-­‐scale	
  phenomenology	
  –	
  even	
  
“subtle	
  hypotheses”.	
  
	
  
Tri-­‐Yukawa	
  unifica<on	
  leaves	
  dis<nc<ve	
  implica<ons	
  
on	
  the	
  low-­‐energy	
  spectrum.	
  
	
  
The	
  spectrum	
  needed	
  looks	
  like	
  a	
  “split	
  susy”	
  or	
  
“par<al	
  split	
  susy”	
  scenario	
  –	
  independent	
  of	
  the	
  
Higgs	
  boson	
  mass	
  issues!	
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SM Higgs Boson 
EWSB accomplished by a single Higgs boson.	



Higgs mass is only free parameter. 2 



What is special about the 
Higgs Boson in the SM? 

“It gives elementary particles their masses.” 
 
“It has not been found yet.” 
 
“It is the only fundamental Lorentz scalar particle in 
nature.” 
 
“It condenses.” 
 
All true, but there is another reason… 
 
 
 

3 



Relevant Invariant Operator 

The |H|2 operator is the only gauge-invariant, 
Lorentz invariant relevant operator in the 
Standard Model. 

Other relevant operators include: 
Neutrino physics. 

Lepton # 
Not in SM. Lorentz spinor Lorentz Tensor 4 



Challenges of being  
sensitive to  New Physics 

The Standard Model matter and gauge states 
saturate dimensionality of the lagrangian.  
 
  

Any new states coupled in may come with a large 
suppression scale: 

5 



Opportunities with Higgs 
Relevant Operator 

The |H|2 operator gives us a chance to see states 
that we would otherwise never see.   
 
Generic couplings of Higgs to SM singlets, hidden 
sectors, etc 
 
 (Generic coupling) 

(Possible coupling with extra U(1)hid) 
6 



7 

Why more stuff? 
"There are more things in heaven and 
earth, Horatio, than are dreamt of in your 
philosophy.” -Hamlet 
 
The SM is merely a description 
of the particles that make up 
our bodies, and copies of those 
particles, and the forces 
between those particles. 

Copernicus (NASA photo) 

Copernicus Monument in Toruń  
by Christian Friedrich Tieck (1853) 

There is a definite scale in nature whose 
origin we do not understand:  MZ.  

 
No strong reason to believe that SM is 

alone at that mass scale. 

Why at  
our scale? 



Simple, Non-Trivial Hidden World 

Probably simplest theory is a Hidden-Sector 
Abelian Higgs Model. 
 
A complex scalar charged under U(1)X. The particle 
spectrum is a physical Higgs boson and an X 
gauge field. 
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Lagrangian 
Consider the SM lagrangian plus the following: 
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Canonical Kinetic Terms 
First, we make kinetic terms canonical by 

The covariant derivative is shifted to 

10 



Gauge Boson Eigenstates 
Diagonalize to mass eigenstates A, Z, and Z’ by 

Where, 

11 



Higgs Masses and Mixings 

12 



Feynman Rules 
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Kinetic Mixing Origin 
No position on how kinetic mixing occurs. Often,  

“Kinetic messengers” can induce it if not there 
at the start. 

14 



Precision EW Effects of 
Kinetic Mixing 

Data limits suggest that 
Υ < 1. 

Kumar, JW 
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Collider Searches for Z’ 

Kumar, JW 0606183 

Undetectable 
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Higgs and Precision EW 

When the Higgs bosons mix, neither state 
couples with full SM strength. The precision 
EW bound on the log is shared: 

It is relatively easy to get high-mass Higgs when 
mixing angle is rather small. Precision EW can 
always be accommodated by adding new stuff. 

17 



Perturbative Unitarity of VV Scattering 

Bowen, Cui, JW 0701035 
18 

125 GeV 



Two Paths to LHC Discovery 

Within this framework, we studied two ways to find  
Higgs boson at the LHC: 
 
1)  Narrow Trans-TeV Higgs boson signal 

2)  Heavy Higgs to light Higgs decays 

19 



Narrow Trans-TeV Higgs Boson 

When the mixing is small, the heavy Higgs has 
smaller cross-section (bad), but more narrow (good).  

Investigate Point C example 
20 



Two Signals 

1) 

21 



H->WW->jjlν	



H->WW 
(solid) 
 
WWjj 
(dashed) 
 
ttjj  
(dotted) 

Between 1.0 & 
1.3 TeV 13 
signal events in 
100 fb-1 vs. 7.7 
bkgd 

Techniques: Atlas & CMS 
TDRs and Iordanidis, 
Zeppenfeld, ‘97 
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Difference from SUSY heavy Higgs boson 

SUSY heavy Higgs has qualitatively different behavior: 

Haber et al. ‘01 

Heavy Higgs decays 
mostly into tops or 
bottoms (or susy 
partners) depending 
on tanβ. 

23 



H decays to lighter Higgses 

We can also have a heavier Higgs boson 
decaying into two lighter ones in this scenario. 

Both Higgses suppressed with respect to SM Higgs. 24 



Higgs discovery significances 

25 



Heavy to Light Higgs rate 

30 fb-1 bkgd estimates 

Bowen, Cui, JW 

Considered discovery mode (Richter-Was et al.): 

26 



Light Higgs accidentally narrow 

Light Higgs boson especially susceptible to new decay modes. 
27 



Sources of Invisible Decay 
Many ideas lead to invisible Higgs decays -- possible 
connections to dark matter.  
 
Simplest of all is the addition of a real scalar field with Z2. 

S 

S 

H 

Example from Abelian Higgs Model with fermions: 

Joshipura et al. ‘93 ;  
Binoth, van der Bij, ‘97, etc. 
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Invisible Higgs at LHC 

Davoudiasl, Han, Logan, ‘05 
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Light Z’ and Higgs Decays 
With tiny kinetic mixing, a very low Z’ mass is possible 
in this framework. The light Higgs, however, could 
couple to it well with impunity. This leads to  
 
H->Z’Z’ -> 4 leptons signature  

H Z’ 

Z’ 

 l+ 
 l- 

 l’+ 

 l’- 
Gopalakrishna, Jung, JW, ‘08 

x 

x 

Z 

Z 
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Conclusions 
Higgs boson is a unique object that is especially sensitive to 
new physics. 
 
New physics comes from its “viability entourage”: 
supersymmetry, extra dimensions, etc., all which affect Higgs 
boson collider phenomenology. 
 
New physics comes from its gauge- and Lorentz-invariant 
window to relevant operators, e.g. |H|2|Φ|2. 
 
Collider physics alterations can show up at low energies 
(e.g., Higgs to four lepton decays), and/or at much higher 
energy (e.g., heavy hidden sector fields with tiny mixings with 
the Higgs boson) 

31 


