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Outline	
  for	
  Part	
  II	
  
•  Other	
  (Bronze)	
  	
  Channels	
  

•  Detailed	
  study	
  on	
  Couplings	
  

•  Higgs	
  width	
  

•  Invisibly	
  decaying	
  Higgs	
  

•  Higgs	
  and	
  Vacuum	
  Stability	
  
	
  
•  Hierarchy	
  Problem	
  &	
  SUSY	
  

•  Search	
  for	
  other	
  Higgs	
  	
  (few	
  examples)	
  
	
  
•  What	
  to	
  expect	
  in	
  the	
  future	
  ?	
  

	
  
	
  
	
  
	
  
	
  

Disclaimer:	
  completely	
  unbalanced	
  	
  
set	
  of	
  results	
  from	
  CMS	
  and	
  ATLAS	
  
and	
  no	
  fana;c	
  collec;on	
  of	
  latest	
  results	
  



Higgs	
  Couplings	
  to	
  SM	
  	
  
Couplings	
  proporUonal	
  to	
  masses	
  of	
  	
  parUcles	
  
à	
  This	
  determines	
  the	
  phenomenology	
  

and	
  via	
  	
  
loops..	
  



Higgs	
  ProducUon	
  (LHC)	
  	
  

Decreasing	
  cross	
  secUon	
  	
  

For	
  a	
  Higgs	
  of	
  125	
  GeV	
  



Higgs	
  Program	
  in	
  a	
  Glance	
  

X	
  

X	
  



Rare	
  Decays	
  

€ 

σ Brµµ /σSM < 7 @ 95% CL

€ 

σ BrZγ /σSM <11 @ 95% CL

µ+

µ-



Global	
  Understanding	
  



Detailed	
  Study	
  of	
  Couplings	
  

Taking	
  some	
  assumpUons	
  



Higgs	
  Couplings	
  

€ 

σ visible = µσ HIGGS
SM

Run	
  I:	
  	
  
Within	
  the	
  uncertainty	
  of	
  the	
  data	
  
all	
  looks	
  consistent	
  with	
  a	
  SM	
  Higgs	
  

PDG	
  2016	
  



ATLAS	
  &	
  CMS	
  
PDG	
  2016	
  

€ 

σ visible = µσ HIGGS
SM



Using	
  EFT	
  Lagrangian	
  in	
  Global	
  Fit	
  

Global	
  EFT	
  analysis	
  using	
  scale	
  factors	
  	
  κk	
  	
  	
  that	
  modify	
  SM	
  	
  couplings

One	
  can	
  build	
  the	
  rela0onships	
  between	
  different	
  
scale	
  factors	
  according	
  to	
  the	
  different	
  processes…	
  







RelaUve	
  Couplings	
  	
  
to	
  fermions/bosons	
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ATLAS A1

  95% C.L. 

  68% C.L.

 Best Fit

CMS Prel. C1

  95% C.L. 

  68% C.L.

 Best Fit 

 Stand. Model

Tevatron T1
  95% C.L. 
  68% C.L.
 Loc. Min.

That	
  would	
  imply	
  new	
  physics	
  	
  
and	
  compromise	
  vacuum	
  stability	
  

Best	
  fit	
  consistent	
  with	
  SM	
  

As	
  in	
  PDG	
  (Aug	
  2014)	
  



RelaUve	
  Couplings	
  	
  
to	
  fermions/bosons	
  

As	
  in	
  PDG	
  (Aug	
  2016)	
  



So	
  close	
  to	
  1…	
  	
  
As	
  in	
  PDG	
  (Aug	
  2016)	
  



So	
  close	
  (too	
  close)	
  to	
  1…	
  	
  
Using	
  Run	
  II	
  data	
   ATLAS-­‐CONF-­‐2018-­‐031	
  



Higgs	
  Couplings	
  vs	
  mass	
  
If	
  it	
  looks	
  like	
  a	
  duck,	
  swims	
  like	
  a	
  duck,	
  and	
  quacks	
  like	
  a	
  duck…	
  



Custodial	
  Symmetry	
  (W/Z	
  raUo))	
  

68%	
  CL	
  

Consistent	
  with	
  SM	
  	
  ρ	
  =	
  1	
  



New	
  Physics	
  in	
  Loops	
  ?	
  

Does	
  not	
  look	
  like..	
  	
  



Going	
  differenUal…	
  

Some	
  excess	
  at	
  low	
  	
  pTγγ	
  and	
  large	
  Yγγ



Going	
  differenUal…	
  

Beger	
  agreement	
  in	
  13	
  TeV	
  data	
  
(much	
  more	
  data	
  will	
  be	
  needed…..)	
  	
  

arXiv:1802.04146	
  



Higgs	
  Mass	
  

0.2%	
  precision	
  in	
  mass	
  	
  	
  



Higgs	
  width	
  

€ 

ΓH (SM) =  4.2 MeV
SensiUve	
  to	
  small	
  contribuUons	
  



Off-­‐Shell	
  Higgs	
  

€ 

Γ4 l  <  3 GeV



Higgs	
  width	
  results	
  

CombinaUon	
  of	
  on-­‐shell	
  and	
  off-­‐shell	
  	
  
	
  ΓΗ < 14.	
  4	
  MeV	
  @	
  95%	
  CL	
  

arXiv:1808.01191	
  



Invisibly	
  decaying	
  Higgs	
  	
  



Remember	
  Z	
  width..	
  

€ 

ΓZ(SM) =  2.5 GeV



Invisible	
  Higgs	
  

BR	
  (invisible)	
  <	
  75%	
  @	
  95%	
  CL	
  

€ 

σ Brinv /σSM <1.8 @ 95% CL



Invisible	
  Higgs	
  

BR	
  (invisible)	
  <	
  69%	
  @	
  95%	
  CL	
  



The	
  rotaUon	
  of	
  the	
  stars	
  around	
  the	
  	
  
center	
  of	
  the	
  galaxies	
  is	
  not	
  consistent	
  	
  
with	
  the	
  amount	
  of	
  mass	
  observed	
  	
  
(L/M	
  raUo)SUN	
  

Collisions	
  of	
  clusters	
  of	
  galaxies	
  

Large	
  distorUon	
  	
  of	
  the	
  imagines	
  of	
  distant	
  	
  
galaxies	
  due	
  to	
  gravitaUon	
  lensing	
  	
  
à	
  	
  indicaUon	
  of	
  DM	
  in	
  galaxy	
  clusters	
  

GravitaUonal	
  Lensing	
  

Considered	
  the	
  ulUmate	
  
demonstraUon	
  of	
  the	
  presence	
  of	
  Dark	
  
Mager	
  since	
  this	
  does	
  not	
  involve	
  	
  
Newton’s	
  Law	
  

Evidence	
  for	
  Dark	
  Mager	
  

Spherical	
  dark	
  mager	
  halo	
  



Higgs	
  Portal	
  
The	
  limits	
  on	
  	
  invisibly	
  decaying	
  Higgs	
  	
  
can	
  be	
  re-­‐interpreted	
  in	
  the	
  context	
  of	
  	
  
SM	
  –	
  DM	
  interacUons	
  via	
  light	
  Higgs	
  	
  
	
  mediators	
  

Note	
  the	
  LHC	
  results	
  	
  
provide	
  unique	
  access	
  to	
  	
  
light	
  DM	
  range	
  	
  	
  (	
  	
  <	
  10	
  GeV)	
  



Higgs	
  Portal	
  
Assuming	
  different	
  kind	
  of	
  DM	
  –	
  Higgs	
  InteracUons	
  



The	
  BEH	
  Mechanism	
  



Higgs	
  mass	
  and	
  Vacuum	
  Stability	
  

€ 

MH
2 = 2λv 2

If	
  too	
  	
  large	
  it	
  becomes	
  	
  
non-­‐perturbaUve	
  

If	
  too	
  negaUve	
  destabilizes	
  	
  
the	
  EWK	
  vacuum	
  	
  

€ 

MH ≈125 GeV →  λ ≈  0.13



Higgs	
  vs	
  Vacuum	
  Stability	
  	
  

What	
  this	
  really	
  means	
  ?	
  
	
  
Large	
  dependence	
  on	
  top	
  and	
  Higgs	
  masses	
  
Assumes	
  no	
  BSM	
  physics	
  enters	
  in	
  the	
  RGE	
  
	
  
This	
  really	
  means	
  that	
  the	
  SM	
  is	
  consistent	
  
all	
  the	
  way	
  to	
  the	
  Planck	
  scale..	
  	
  
	
  
Do	
  not	
  worry	
  ..	
  LifeUme	
  probably	
  larger	
  than	
  	
  
the	
  age	
  of	
  the	
  Universe.	
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Hierarchy Problem 
From EWK to Planck scale ? )GeV 100(OmGeV 174  H 22
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Already a serious problem at 5 TeV scale 
(cancellation among top, gauge and Higgs loops) 

This kind of conspiracy has name in Physics… 

SuperSymmetry ? 

TeV 5=Λ

2
HM to onscontributi relative Δ

(taken from C. Quigg, hep-ph/0704.2232) 
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SUSY?	
  …	
  LESSON	
  3	
  



SuperSymmetry in 30" 

>=>

>=>

fermion |  boson|Q
  boson|  fermion|Q

• Fermion/Boson symmetry 

• Exact cancellation between  
fermion & boson loops for Higgs   

..SUSY must be broken….. model-dependent phenomenology 

Double Spectra of Particles 

..will mix to form mass eigenstates.. 
 
Higgs sector with 2 doublets 
  

±⎯→⎯ HA,H,h, H,H DU

G	
   G	
  ~	
  



Hard	
  to	
  believe	
  in	
  SUSY	
  if	
  the	
  
Higgs	
  sector	
  stays	
  with	
  just	
  h0	
  

…Looking	
  for	
  extra	
  Higgs	
  par;cles	
  ….	
  



MSSM Higgs 

€ 

HU,HD " → "  h,H,A   and  H±

tanβ =< HU > / < HD >

M(h) <135 GeV

Tree level :   MA and tanβ  as parameters

	
  
	
  
	
  
	
  

MSSM  Higgs production cross section 
boosted compared to  SM at large tanβ 

σ(φ) ∼ 2σ(Α)

10%~ ) Br(h , 90%~ bb)Br(h

masses  low At

ττ→→



MSSM	
  Neutral	
  Higgs	
  



MSSM	
  Neutral	
  Higgs	
  



MSSM	
  Higgs	
  	
  
h	
  à	
  bb	
  



H+	
  à	
  cs	
  

Expressed	
  in	
  terms	
  of	
  limits	
  on	
  BR	
  in	
  top	
  decays	
  



H+	
  à	
  τ ν

lepton	
  +	
  jets	
  	
  

Tau-­‐ID	
  +	
  jets	
  	
  

Limits	
  on	
  top	
  BR	
  and	
  	
  
SUSY	
  MSSM	
  	
  parameters	
  



X	
  à	
  HH	
  (à	
  bbbb)	
  

Very	
  difficult	
  analysis	
  	
  
(huge	
  QCD	
  and	
  	
  gbar)	
  

3-­‐b	
  control	
  region	
  



X	
  à	
  HH	
  (γγ	
  bb)	
  
arXiv:1807.04873	
  



LHC	
  BEYOND	
  RUN	
  I+II	
  

HL-­‐LHC	
  	
  



LHC	
  Plan	
  	
  
Producción	
  	
  
174M	
  Higgs	
  



Higgs	
  signal	
  strength	
  
10	
  –	
  20	
  %	
  accuracy	
  awer	
  long	
  Ume	
  



Higgs	
  Couplings	
  
5-­‐10%	
  accuracy	
  on	
  couplings	
  



LHC-­‐HL	
  prospects	
  
Higgs	
  couplings	
  (assuming	
  SM	
  ΓH)	
  
• 	
  2-­‐5%	
  in	
  most	
  cases	
  
• 	
  10%	
  for	
  rare	
  processes	
  (Hà	
  μμ,	
  gH	
  à	
  gγγ)	
  	
  
	
  
• 	
  may	
  measure	
  Higgs	
  self	
  couplings	
  to	
  30%	
  ?	
  

ATL-­‐PHYS-­‐PUB-­‐2014-­‐019	
  
ATL-­‐PHYS-­‐PUB-­‐2014-­‐016	
  

53	
  



Higgs	
  width	
  

Bounding	
  the	
  Higgs	
  Boson	
  Width	
  	
  
Through	
  Interferometry	
  

200	
  MeV	
  	
  	
  



Higgs	
  Portal	
  to	
  DM	
  



End	
  Part	
  II	
  


