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Outline	  

•  Assump>ons	  and	  framework	  for	  SM	  Higgs	  
•  Exclusion	  limits	  (Brazil	  band	  plots)	  
•  Higgs	  discovery	  
•  Ruling	  out	  BSM	  theories	  
•  Results	  for	  
– MUED	  
– 4DCHM	  

•  Conclusions	  
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Higgs	  physics	  assump>ons	  

•  Negligible	  interference	  with	  background	  
•  Narrow-‐width	  approxima>on	  
– Produce	  on-‐shell	  Higgs	  (PDFs	  become	  simple	  
factors)	  

– Mul>ply	  by	  decay	  branching	  ra>o	  (BR)	  to	  find	  
complete	  pp	  →	  h	  →	  XX	  cross-‐sec>on	  

•  NWA	  →	  1%	  error.	  Must	  go	  beyond	  when	  
sta>s>cal	  errors	  fall	  
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Kauer	  and	  Passarino,	  arXiv:1110.1613	  

	  Kauer,	  arXiv:1201.1667	  



Higgs	  produc>on	  

Gluon-‐gluon	  fusion	  
87%	  

Higgs	  Strahlung	  
4.8%	  

Vector	  boson	  fusion	  (VBF)	  
7%	  

Associate	  top	  produc>on	  
0.58%	   4	  

√s	  =	  8	  TeV	  
Mh	  =	  125	  GeV	  



Higgs	  produc>on	  
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Higgs	  produc>on	  
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Higgs	  decay	  
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Channel	   Branching	  

bb	   58	  %	  

WW	   22	  %	  

gg	   8.6	  

𝜏𝜏	   6.3	  %	  

cc	   2.91	  %	  

ZZ	   2.6	  %	  

𝛾𝛾	   0.22	  %	  

(h	  →	  WW	  →	  2ℓ𝓁2ν)	  



Higgs	  to	  two	  photons	  

8	  

𝛾	  

𝛾	  𝛾	  

𝛾	  

𝛾	  

𝛾	  

-‐7	   4/3	  

-‐7	  :	  3⨉(2/3)2	  ⨉	  (4/3)	  

-‐3.9	  :	  1	  

•  SM-‐like	  par>cles	  don’t	  
decouple	  as	  m	  →	  ∞	  

•  Par>cles	  which	  get	  mass	  
from	  elsewhere	  do	  
decouple	  

(amplitude	  level)	  



9	  h#p://dangelo.deviantart.com/art/Grunge-‐Brazilian-‐flag-‐189016067	  
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CM
S-‐HIG-‐11-‐032,	  conference	  note,	  Feb	  2012	  



•  Measure	  n	  events	  
•  Assume	  hypothesis	  predic>ng	  	  	  	  	  +	  

	  	  	  
•  	  	  	  	  	  
•  CL	  =	  1	  -‐	  p	  

P (n|s̄ +

¯b) ⇠ exp

"
�

(n � s̄ � ¯b)2

2(s̄ +

¯b)

#

Tes>ng	  our	  hypothesis	  

s̄ b̄

p =
R n
0 P (n|s̄ + b̄) dn

	  	  	  	  	  =	  𝜀	  L	  𝜎	  s̄
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Tes>ng	  our	  hypothesis	  
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CM
S-‐HIG-‐12-‐045,	  conference	  note,	  N

ov	  2012	  



Tes>ng	  our	  hypothesis	  

•  Model:	  Higgs	  produc>on	  cross-‐sec>ons	  
uniformly	  enhanced	  by	  factor	  μ	  =	  σ/σSM	  

•  	  	  	  =	  μ	  𝜀	  L	  𝜎	  
•  Given	  data	  n	  we	  can	  calculate	  exclusion	  CL	  for	  
different	  hypotheses	  (mh,	  μ)	  
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s̄
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Brazil	  band	  plots	  



Brazil	  band	  plots	  
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•  Fix	  mh	  
•  Calculate	  p	  for	  
various	  μ	  

•  Plot	  μ	  for	  which	  
CL	  ≡	  1	  -‐	  p	  =	  95%	  

•  All	  μ	  above	  this	  
μ95%	  are	  excluded	  
at	  95%	  CL	  

Observed	  limits	  



Expected	  limits	  

•  Imagine	  that	  the	  
observed	  n	  =	  	  

•  Find	  μ95%	  in	  this	  
case	  

16	  



Expected	  limits	  

•  Imagine	  that	  the	  
observed	  n	  =	  	  

•  Find	  μ95%	  in	  this	  
case	  

•  Then	  	  
	  	  n	  =	  	  	  	  ±	  √	  
and	  
	  	  n	  =	  	  	  	  ±	  2√	  
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Separate	  channels	  
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CM
S-‐HIG-‐12-‐020,	  conference	  note,	  July	  2012	  	  



Discovery	  significance	  
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•  	  	  
•  Why	  mh	  
dependence?!	  

•  	  	  	  =	  𝜀b(mh)	  ⨉	  L	  𝜎b	  
•  n	  also	  depends	  on	  
cuts	  

pb =
R1
n P (n|b̄) dn

b̄

CMS-‐HIG-‐12-‐045,	  conference	  note,	  Nov	  2012	  
*In	  the	  original	  talk,	  I	  showed	  the	  wrong	  
graph	  here.	  I	  explain	  this	  on	  the	  penul>mate	  
slide.	  



Characterising	  the	  excess	  
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CMS-‐HIG-‐12-‐045,	  conference	  note,	  Nov	  2012	  



Characterising	  the	  excess	  
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CMS-‐HIG-‐12-‐045,	  conference	  note,	  Nov	  2012	  



•  If	  one	  produc>on	  process	  dominates…	  

•  If	  several	  produc>on	  processes	  are	  significant	  we	  
must	  be	  told	  efficiencies!	  

µXX =
nXX

nSM

XX

=
L✏XX�

prod

⇥ BR (h ! XX)

L✏XX�SM

prod

⇥ BRSM(h ! XX)

Calcula>ng	  μ	  
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Excluding	  BSM	  models	  

•  For	  n	  ≫	  1…	  

•  Mul>ply	  likelihoods	  of	  different	  channels	  and	  
experiments	  →	  sum	  exponents	  
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Excluding	  BSM	  models	  
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Minimal	  Universal	  Extra	  Dimensions	  

•  1	  extra	  dimension	  on	  S1/Z2	  	  
orbifold	  (chiral	  interac>ons)	  

•  Ac>on	  5D	  Lorentz	  invariant	  at	  cutoff	  scale	  
•  KK	  photon	  is	  natural	  DM	  candidate	  
•  KK	  partners	  of	  SM	  vectors	  and	  fermions	  
contribute	  to	  loops	  

•  gg	  →	  h	  enhanced;	  h	  →	  𝛾𝛾	  suppressed	  
•  R-‐1	  is	  only	  new	  parameter	  

25	  
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Bélanger,	  Belyaev,	  Brown,	  Kakizaki,	  Pukhov	  [arxiv:1209.0753]	  



Minimal	  Universal	  Extra	  Dimensions	  
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Minimal	  Universal	  Extra	  Dimensions	  
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Minimal	  Universal	  Extra	  Dimensions	  
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Constraining	  MUED	  
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29	  Bélanger,	  Belyaev,	  Brown,	  Kakizaki,	  Pukhov	  [arxiv:1209.0753]	  

95%	  CL	  limits	  on	  parameter	  space	  

Theore>cal	  uncertain>es	  
due	  to	  radia>ve	  mass	  
correc>ons	  



Constraining	  MUED	  
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Bélanger,	  Belyaev,	  Brow
n,	  Kakizaki,	  Pukhov	  (2013)	  [arxiv:1209.0753]	  



4D	  Composite	  Higgs	  Model	  

•  New	  strongly	  interac>ng	  sector	  possessing	  global	  
symmetry	  

•  Symmetry	  is	  spontaneously	  broken	  
•  Four	  of	  the	  (pseudo)	  Nambu-‐Goldstone	  bosons	  
form	  the	  SM	  Higgs	  	  
doublet	  

•  Makes	  Higgs	  naturally	  light	  
•  New	  top-‐	  and	  bo#om-‐like	  	  
quarks	  and	  W’/Z’s.	  Also	  exo>cally	  charged	  quarks	  
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Barducci,	  Belyaev,	  Brown,	  De	  Cur>s,	  More|,	  Pruna,	  in	  perpara;on	  



4D	  Composite	  Higgs	  Model	  
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Constraining	  4DCHM	  
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Constraining	  4DCHM	  
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Conclusions	  
•  Higgs	  physics	  can	  place	  powerful	  constraints	  
on	  BSM	  models	  

•  Model	  dependent	  tests	  must	  be	  performed	  to	  
properly	  test	  plausible	  models	  of	  new	  physics	  

•  I	  am	  inves>ga>ng	  Higgs	  physics	  of	  
– MUED	  [1209.0753]	  
– 4DCHM	  [in	  prepara>on]	  
– Technicolor	  models	  (Sasha,	  Mads	  Fandsen,	  
Roshan	  Foadi,	  Tuomas	  Hapola)	  

– E6SSM	  (Sasha,	  Patrik,	  Marco	  Pruna)	  
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Outlook	  

•  Higgs	  couplings	  are	  poorly	  resolved	  at	  
present,	  but	  will	  errors	  decrease	  with	  new	  
data	  

•  Experimentalists	  will	  need	  to	  release	  more	  
informa>on	  (Likelihoods?	  Efficiencies?)	  as	  
precision	  becomes	  important	  

•  Will	  need	  to	  move	  beyond	  NWA	  
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Expected/observed	  graph	  confusion	  
In	  the	  original	  talk,	  I	  showed	  the	  wrong	  graph	  on	  slide	  	  19.	  
I’ve	  fixed	  this	  now,	  but	  here	  I	  show	  and	  explain	  the	  
incorrect	  graph…	  
	  
This	  graph	  is	  made	  before	  taking	  any	  data.	  For	  each	  Higgs	  
mass,	  we	  imagine	  that	  the	  number	  of	  observed	  events	  is	  
exactly	  equal	  to	  the	  signal-‐plus-‐background	  expecta>on	  
for	  that	  value	  of	  mH.	  We	  then	  work	  out	  the	  probability	  that	  
the	  background	  could	  fluctuate	  up	  to	  that	  hypothe>cal	  
value	  and	  plot	  this	  p	  value.	  
	  
The	  graph	  tells	  us	  which	  Higgs	  mass	  hypotheses	  we	  might	  
expect	  to	  be	  able	  to	  exclude	  with	  the	  given	  integrated	  
luminosity.	  For	  example,	  in	  the	  ZZ	  channel,	  even	  if	  the	  
number	  of	  observed	  events	  exactly	  corresponded	  to	  the	  
mH	  ~	  160	  GeV	  predic>on,	  that	  number	  would	  not	  be	  
different	  enough	  from	  the	  background-‐only	  predic>on	  to	  
exclude	  the	  background	  at	  5	  sigma.	  But	  when	  you	  combine	  
all	  the	  channels,	  we	  would	  expect	  to	  be	  able	  to	  “discover”	  
a	  Higgs	  of	  any	  mass	  up	  to	  ~500	  GeV.	  
	  
It	  shows	  that	  a	  SM	  Higgs	  with	  mH	  ~	  160	  GeV	  would	  be	  the	  
easiest	  to	  discover	  by	  combining	  all	  the	  channels.	    (GeV)Hm

100 200 300 400 1000

Lo
ca

l p
-v

al
ue

-2010

-1510

-1010

-510

1 σ1
σ2
σ3
σ4
σ5

σ6

σ7

σ8
Expected p-values

Combined
 bb→H 
ττ →H 
γγ →H 

 WW→H 
 ZZ→H 

Expected p-values
Combined

 bb→H 
ττ →H 
γγ →H 

 WW→H 
 ZZ→H 

CMS Preliminary -1 12.2 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

600

Expected p-values
Combined

 bb→H 
ττ →H 
γγ →H 

 WW→H 
 ZZ→H 

CMS Preliminary -1 12.2 fb≤ = 8 TeV, L s  -1 5.1 fb≤ = 7 TeV, L s

37	  



CLs	  beginning	  of	  backup	  slides	  

38	  


