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Outline	  
	  

2	  

This	  talk	  will	  focus	  on	  the	  2HDM	  H	  à	  WW	  à	  eνµν	  results	  made	  
public	  in	  March	  by	  ATLAS:	  hRps://cds.cern.ch/record/1525887	  

	  

•  Theory	  
–  Mo>va>on	  
–  Phenomenology	  of	  the	  
	  	  	  	  	  Two-‐Higgs-‐Doublet	  Model	  
–  Calcula>on	  of	  cross	  sec>ons	  
	  	  	  	  	  and	  branching	  ra>os	  

•  Event	  selec>on	  
•  Usage	  of	  Neural	  Networks	  
•  Results	  of	  the	  WW	  2HDM	  analysis	  
•  Charged	  Higgs	  searches	  and	  MSSM	  



ATLAS	  Detector	  
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L	  =	  13	  ]-‐1	  @	  8	  TeV	  

Conf	  Note	  

>	  93%	  recorded	  data	  
	  	  	  good	  for	  physics	  

ALICE,	  ATLAS,	  CMS,	  LHCb,	  LHC-‐forward,	  MoEDAL	  and	  TOTEM	  



CMS	  Detector	  
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ALICE,	  ATLAS,	  CMS,	  LHCb,	  LHC-‐forward,	  MoEDAL	  and	  TOTEM	  
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Mo>va>on	  for	  2HDM	  
	  

	  
	  

à  Need	  addi>onal	  source	  of	  CP	  viola>on	  
à  More	  degrees	  of	  freedom	  available	  for	  example	  in	  2HDM	  
By	  adding	  a	  second	  Higgs	  doublet	  to	  the	  SM,	  the	  2HDM	  is	  one	  of	  the	  easiest	  
extension	  of	  the	  SM.	  

6	  

CP-‐symmetry	  viola>on	  
•  The	  amount	  of	  CP-‐viola>on	  in	  the	  

CKM	  matrix	  is	  enough	  to	  explain	  the	  
observed	  size	  of	  CP-‐viola>on	  in	  the	  B	  
and	  K	  meson	  system.	  

•  However,	  it	  is	  too	  small	  to	  generate	  
the	  observable	  baryon	  asymmetry	  in	  
the	  Universe.	  

•  Higgs-‐like	  boson	  discovered	  at	  mh	  =	  125	  GeV,	  announced	  on	  July	  4th,	  2012	  
•  Arising	  ques>on:	  Is	  it	  the	  SM	  Higgs	  boson	  or	  is	  it	  part	  of	  a	  richer	  scalar	  sector?	  
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Parameters	  of	  2HDMs	  
	  

•  2	  parameters:	  mixing	  angles	  α	  and	  β	

	


•  Exclusion	  limits	  on	  H	  depend	  on	  α,	  β	  and	  mH	  
à  It	  makes	  sense	  to	  choose	  several	  values	  of	  tan	  β	  
	  	  	  	  	  and	  plot	  exclusion	  limits	  in	  the	  cos	  α	  vs.	  mH	  plane	   7	  
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•  The	  soily	  broken	  Z2	  symmetric	  2HDM	  poten>al:	  
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2HDM	  
neutral/CP-‐even	  scalars:	  
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Type	  I	  and	  Type	  II	  of	  the	  2HDMs	  
	  

•  2	  models	  with	  natural	  flavour	  conserva>on:	  "type	  I"	  and	  "type	  II"	  
2HDM	  
–  In	  the	  type	  I	  2HDM,	  all	  quarks	  couple	  to	  just	  one	  of	  the	  Higgs	  doublets	  
–  In	  the	  type	  II	  2HDM,	  the	  Q	  =	  2/3	  right-‐handed	  quarks	  couple	  to	  one	  

Higgs	  doublet	  and	  the	  Q	  =	  −1/3	  right-‐handed	  	  quarks	  couple	  to	  the	  
other.	  
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Tree-‐level	  couplings	  of	  the	  
neutral	  Higgs	  bosons	  to	  
vector	  bosons,	  up-‐	  and	  
down-‐type	  quarks	  in	  the	  
type	  I	  and	  type	  II	  2HDM	  
models.	  
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Coupling	  

MSSM	  is	  a	  Type	  II	  2HDM	  at	  tree	  level	  

Relevant	  couplings	  



The	  Fermiophobic	  Higgs	  Model	  
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Type	  I	  has	  a	  fermiophobic	  limit	  
for	  cos(α)	  =	  0	  and	  cos(β)	  =	  0	  
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Coupling	  

à	  0	   Exclusion:	  110	  GeV	  –	  194	  GeV	  

Aier	  the	  discovery	  of	  the	  Higgs-‐like	  boson	  the	  purely	  
fermiophobic	  scenario	  is	  no	  longer	  realis>c	  because	  the	  new	  
par>cle	  couples	  most	  probably	  to	  fermions	  and	  bosons	  

arXiv:1207.1130	  [hep-‐ex]	  

More	  about	  the	  
fermiophobic	  searches	  
à	  Talk	  from	  Adrian	  Perieanu	  
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Analysis	  Strategy	  
	  

•  Search	  for	  H	  in	  the	  decay	  mode	  
HàWWàeνµν	


•  Include	  h	  as	  a	  "measured"	  
	  	  	  	  part	  of	  the	  signal	  hypothesis	  
•  Ensure	  consistent	  treatment	  of	  h	  and	  H	  in	  the	  
model	  wrt	  the	  parameters	  of	  the	  model	  
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For	  this	  analysis	  we	  assume:	  
The	  boson	  found	  at	  mh	  =	  125	  GeV	  is	  the	  h	  of	  a	  2HDM.	  

	  

2HDM	  
neutral/CP-‐even	  scalars:	  

Ø  h	  =	  light	  scalar	  	  -‐	  
Ø  H	  =	  heavy	  scalar	  

+	  A,	  H±	  



•  In	  the	  general	  2HDM	  scenario	  both	  produc>on	  modes	  
are	  relevant:	  

è	  Analysis	  contains	  the	  0	  jet	  channel	  and	  the	  2	  jet	  channel.	  	  

Experimental	  Channels	  
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gg-‐fusion	   VBF	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  +	  	  	  	  	  	  	  VH	  (VH/VBF	  ≈	  2	  %)	  

+	  



Scaling	  of	  Cross-‐Sec>ons	  and	  Branching	  Ra>os	  
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BRh/H(H → WW) =
Γ(H → WW )

Γtotal

=

ΓSM(H → WW)(ξv
h/H

)
2

ΓSM(H → V V )× (ξv
h/H

)2 + ΓSM(H → bb)× (ξd
h/H

)2

=

BRSM(H → WW)(ξv
h/H

)
2

BRSM(H → V V )× (ξv
h/H

)2 + BRSM(H → bb)× (ξd
h/H

)2

We	  need	  to	  calculate	  the	  expected	  event	  yields	  as	  a	  func>on	  
of	  the	  couplings	  for	  both	  Higgs	  bosons	  h	  and	  H.	  

xs	  for	  VBF	  in	  2HDM:	  

xs	  for	  ggF	  in	  2HDM:	  

Decay:	  

σh/H(V V → h/H) = σSM (V V → h/H)× (ξV
h/H

)2

Using	  SusHi	  where	  2HDM	  op>on	  is	  available	  
Robert	  Harlander	  et	  al.	  arXiv:1212.3249	  
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σ	  x	  BR	  for	  the	  heavy	  Higgs	  boson	  H	  
	  

σH(ggF → H)× BRH(H → WW ) σH(WW → H)× BRH(H → WW )

Parameter	  fixed	  at	  
Type	  I	  and	  tan	  β	  =	  1	  

06	  June	  2013	   14	  	  	  SM:	  	  9.5	  	  	  	  	  	  	  	  	  	  	  5.3	  	  	  	  	  	  	  	  	  	  3.4	  	  	  	  	  	  	  	  	  	  	  2.5	  	   	  	  SM:	  	  	  	  0.9	  	  	  	  	  	  	  	  	  	  	  0.6	  	  	  	  	  	  	  	  	  	  0.4	  	  	  	  	  	  	  	  	  	  	  0.3	  	  

Type	  I	  
tan	  β	  =	  1	  

Type	  I	  
tan	  β	  =	  1	  

[GeV]	   [GeV]	  

Gluon	  fusion	  	  

Vector	  boson	  fusion	  
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Parameter	  fixed	  at	  
Type	  I	  and	  mh	  =	  125	  GeV	  

Type	  I	  

Type	  I	  

Gluon	  fusion	  	  
Vector	  boson	  fusion	  
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Object	  defini>on	  
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Using	  L	  =	  13	  ]-‐1	  of	  8	  TeV	  pp	  data	  from	  ATLAS	  

Electron	  Selec>on	  
Calorimeter	  clusters	  matched	  to	  tracks	  
Track	  must	  match	  primary	  vertex	  and	  

must	  be	  isolated	  

Energy	  taken	  
from	  the	  

calorimeter	  clusters	  

Posi>on	  taken	  
from	  the	  
track	  

Muon	  Selec>on	  
Matched	  tracks	  from	  Inner	  Detector	  

and	  Muon	  Spectrometer	  
Energy	  from	  ID	  must	  agree	  with	  MS	  

Tracks	  must	  be	  isolated	  

Jet	  Selec>on	  
An>-‐kt	  algorithm	  with	  R	  =	  0.4	  
Jets	  must	  have	  highest	  pT	  tracks	  
associated	  to	  Primary	  Vertex	  	  



Preselec>on	  
	  

18	  

Preselec>on	  cuts	  are	  in	  common	  with	  SM	  Hà	  WW.	  
These	  cuts	  remove	  large	  amount	  of	  background	  before	  moving	  to	  Neural	  Networks.	  

	  	  

Emiss
T,rel =

�
Emiss

T sin(∆φmin) if ∆φmin < π/2

Emiss
T if ∆φmin ≥ π/2

Emiss
T,rel > 25 GeV to supress QCD, Z+jets, Drell-Yan ττ events

∆φmin is the min angle between ET,miss and a lepton or jet

Invariant	  mass	  of	  the	  
two	  leptons:	  m(ll)>10GeV	  

pT(l2)>15GeV,	  |ηe|<2.47	  

pT(l1)>25GeV,	  |ηµ|<2.4	  



Analysis	  channels	  
	  

•  Addi>onal	  cuts	  aier	  the	  
preselec>on(à	  common	  
selec>on	  for	  all	  jet	  bins	  as	  in	  WW	  
SM	  analysis)	  :	  

–  0	  jets	  
–  |	  Δφ(l1,l2)	  |	  <	  2.4	  
–  m(ll)	  <	  75	  GeV	  

•  6	  Input	  variables	  
Choice	  of	  variables	  was	  op>mised	  
according	  to	  exclusion	  power	  

•  Evaluate	  Neural	  Network	  in	  
–  WW	  control	  regions	  
–  Signal	  regions	  

19	  

•  Addi>onal	  cuts	  aier	  the	  
preselec>on	  (à	  common	  
selec>on	  for	  all	  jet	  bins	  as	  in	  WW	  
SM	  analysis):	  

–  2	  jets	  
–  Btag	  veto	  
–  Opp.	  Hemispheres	  
–  mT	  <	  180	  GeV	  
–  m(ll)	  <	  80	  GeV	  

•  9	  Input	  variables	  
Choice	  of	  variables	  was	  op>mised	  
according	  to	  exclusion	  power	  

•  Evaluate	  Neural	  Network	  in	  
–  Top	  control	  regions	  
–  Signal	  regions	  
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•  We	  trained	  the	  2HDM	  signal,	  which	  is	  the	  light	  Higgs	  boson	  plus	  the	  heavy	  
Higgs	  boson	  in	  the	  case	  of	  the	  2HDM,	  against	  the	  background	  processes.	  
The	  SM	  signal	  did	  not	  go	  into	  the	  training	  and	  the	  limit	  calcula>on.	  

•  The	  SM	  signal	  with	  a	  mass	  of	  125	  GeV	  was	  only	  used	  in	  the	  distribu>ons	  
of	  the	  input	  variables	  and	  the	  NN	  output	  to	  illustrate	  the	  modeling	  and	  
comparing	  with	  the	  SM	  WW	  analysis.	  

•  We	  fiRed	  the	  processes	  with	  the	  SM	  signal	  included	  separately.	  The	  
SM	  signal	  fit	  value	  is	  

•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  the	  0	  jet	  channel	  (SM	  WW	  analysis	  =	  1.5	  ±	  0.6)	  
•  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  in	  the	  2	  jet	  channel	  

µ̂ = 1.58± 0.75
µ̂ = 1.30± 1.12

Signal	  processes	  
for	  training	  (here	  for	  
tanβ	  =	  3,	  α	  =	  π/2)	  

Background	  processes	  
for	  training	  
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Significance	  of	  
difference	  between	  
data	  and	  
expecta5on	  
Following	  the	  
advice	  of	  the	  
sta>s>cs	  forum:	  
hRp://arxiv.org/
abs/1111.2062	  
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Diboson	  CR	  with	  SM	  signal	  (0	  jet	  bin)	  
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•  The	  WW	  control	  region	  is	  defined	  through	  all	  events	  passing	  the	  
full	  selec>on	  but	  we	  require:	  m(ll)	  >	  80	  	  

•  To	  reduce	  Z+jets	  an	  addi>on	  cut	  has	  been	  required:	  PT(ll)	  >	  30	  GeV	  
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Top	  control	  region	  with	  SM	  signal	  	  (2	  jet	  bin)	  
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•  The	  top	  control	  region	  is	  defined	  through	  all	  events	  passing	  the	  full	  
selec>on	  but	  instead	  of	  the	  b-‐jet	  veto,	  	  at	  least	  1	  b-‐tagged	  jet	  is	  required.	  

•  Using	  top	  CR	  to	  fit	  the	  top	  MC	  simultaneously	  during	  the	  limit	  calcula>on.	  
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Weights	  

Weights	  

6	  hidden	  nodes	  
Sigmoid	  func>on	  

mT =
�

(ET(��) + ET(νν))2 − (pT(��) + pmiss
T )2 ET(��) =

�
p2
T(��) +m2(��)with	  

Training	  
in	  0	  jet	  bin:	  
ggH	  as	  signal	  
VBF	  not	  included	  

mT

m(ll)
pT(ll)
|∆Y(ll)|
Emiss
T,rel

|η(l1)|

•  The	  contribu>on	  of	  VBF	  is	  very	  low	  in	  
the	  0	  jet	  bin	  

à  Signal	  produc>on	  mainly	  through	  ggH	  
•  Adding	  2	  jet	  bin	  to	  include	  the	  VBF	  

produc>on	  and	  gain	  sensi>vity.	  	  

Neural	  Network	  
	  

m(jj)
m(ll)
mT

ptotT
pT(l2)
|η(l1)|
pT(j1)
m(j1)
cos θ(l1, l2)

0	  jet	  bin	   2	  jet	  bin	  

ptotT = |ptot
T | = |p�1

T + p�2
T + pj1

T + pj2
T + pmiss

T |

Training	  
in	  2	  jet	  bin:	  
VBF	  as	  signal	  
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Using	  three	  networks	  
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Three	  neural	  networks	  have	  been	  used	  
for	  the	  0	  and	  2	  jet	  bin	  respec>vely	  
	  
•  NN	  @	  150	  GeV:	  135	  GeV	  –	  160	  GeV	  
•  NN	  @	  180	  GeV:	  165	  GeV	  –	  200	  GeV	  
•  NN	  @	  240	  GeV:	  220	  GeV	  –	  300	  GeV	  

Signal	  samples	  are	  available	  in	  steps	  of	  MH	  =	  	  	  	  	  	  	  	  	  	  	  5	  GeV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  20	  GeV	  

The	  mass	  resolu>on	  in	  the	  WWàeνµν	

decay	  channel	  is	  very	  limited.	  
The	  combina>on	  of	  three	  networks	  is	  
sufficient	  to	  cover	  the	  whole	  mass	  range	  
without	  loosing	  sensi>vity	  (∼	  1%).	  
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Templates	  of	  the	  NN	  Output	  Distribu>on	  
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NN	  Output	  in	  the	  0-‐Jet	  Channel	  
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NN	  Output	  in	  the	  2-‐Jet	  Channel	  
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Evaluate	  NN	  for	  the	  2	  jet	  bin	  
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Rate	  and	  shape	  systema>cs	  
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rate uncertainties 

shape uncertainties 

Ø  Rate systematics give histogram 
templates freedom to move vertically 
only. All bins move in a synchronous, 
proportional way. 

Ø  Shape systematics allow templates 
to ‘slide horizontally’ (bin by bin). 
→	  distor>on 

Rate	  systema>cs	  



Exclusion	  limit	  in	  the	  cos	  α	  vs.	  mH	  plane	  
	  

•  Use	  CLs	  method	  to	  compute	  confidence	  level	  for	  
	  	  	  	  each	  triplet	  (tan	  β,	  cos	  α,	  mH)	  
•  Plot	  exclusion	  contours	  in	  the	  cos	  α	  vs.	  mH	  plane	  	  

32	  06	  June	  2013	  
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Charged	  Higgs	  
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Searches	  for	  charged	  Higgs	  bosons	  
can	  also	  provide	  limits	  on	  2HDM's.	  

Branching	  ra>os	  for	  various	  decay	  
modes	  of	  the	  charged	  Higgs	  boson	  

H+	  in	  the	  Type	  II	  2HDM.	   H+	  à	  τν	


arXiv:1212.3572	  [hep-‐ex]	  

arXiv:1002.4916	  [hep-‐ex]	  

•  W	  bosons	  decay	  equally	  to	  the	  3	  lepton	  genera>ons	  
•  H+	  may	  predominantly	  decay	  into	  τν	  
•  Ra>os	  between	  e+τhad	  and	  e+µ,	  as	  well	  as	  between	  	  

µ+τhad	  and	  µ+e final	  states	  are	  measured	  
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arXiv:1205.5736	  [hep-‐ex]	  



High-‐mass	  Higgs	  searches	  
	  

06	  June	  2013	   38	  

The	  2HDM	  as	  well	  as	  singlet	  model	  predicts	  the	  existence	  of	  
addi>onal	  resonances	  at	  high	  mass	  

 (GeV)Hm
200 400 600 800 1000

SM
!/

!
95

%
 C

L 
lim

it 
on

 

-110

1

10

210
Observed
Expected

! 1±Expected 
! 2±Expected 

-1 5.3 fb"=8 TeV, Ls     -1 5.1 fb"=7 TeV, LsCMS       

 WW/ZZ#H 

•  For	  special	  parameters	  the	  
heavy	  Higgs	  boson	  is	  	  	  	  	  
SM-‐like.	  

•  Decay	  channels:	  	  	  	  	  	  	  
HàWW	  &	  HàZZ	  

•  Exclusion	  range:	  	  	  	  	  	  	  	  	  	  	  	  	  
145	  <	  mH	  <	  710	  GeV	  

arXiv:1304.0213	  [hep-‐ex]	  
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•  Type	  II	  2HDM	  describes	  the	  Higgs	  sector	  of	  the	  MSSM.	  
•  Unlike	  the	  2HDM,	  the	  MSSM	  predicts	  a	  partner	  for	  every	  SM	  par>cle.	  
•  In	  the	  MSSM	  the	  Higgs	  sector	  is	  defined	  by	  2	  parameters:	  tanβ	  and	  mA	  

CMS	  PAS	  HIG-‐12-‐011	  

 [GeV]AM
100 150 200 250 300 350

β
ta

n 

0

10

20

30

40

50

60

70  = 7 TeVs, -1CMS 2011, L=2.7-4.8 fb
95% CL Exclusion Regions

Observed
Median expected

 expected rangeσ1
 expected rangeσ2

Median expected all-hadronic
Median expected semileptonic

 scenariomax
hMSSM m

 = -200 GeVµ

arXiv:1302.2892	  [hep-‐ex]	  

g
h / H / A

o oo

_

g

b

b

b

b

_

oo og

g

t t

_

t

h / H / A

Excludes	  16	  <	  tanβ	  <	  26	  for	  
Higgs	  masses	  from	  115	  to	  175	  GeV	  

ppàbH+X	  
h/H/Aàbb	   CMS	  PAS	  HIG-‐12-‐050	  

h/H/A	  à	  ττ	
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•  First	  dedicated	  2HDM	  analysis	  at	  LHC	  (ATLAS-‐CONF-‐2013-‐027	  
–  Analysis	  with	  13	  ]-‐1	  
–  Calculated	  exclusion	  limits	  in	  the	  cos	  α	  vs.	  mH	  plane	  for	  different	  values	  of	  

tanβ	  
à  Can	  exclude	  large	  parameter	  range	  for	  the	  Type	  I	  and	  Type	  II	  2HDM	  

•  Constraints	  of	  the	  BR	  of	  the	  charged	  Higgs	  boson	  H+	  

•  High-‐mass	  Higgs	  searches	  à	  Exclude	  SM-‐like	  resonances	  
•  Exclusion	  limits	  of	  the	  MSSM	  in	  the	  tanβ	  vs	  mA	  plane.	  
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BRh/H(H → WW) =
Γ(H → WW )

Γtotal

=

ΓSM(H → WW)(ξv
h/H

)
2

ΓSM(H → V V )× (ξv
h/H

)2 + ΓSM(H → bb)× (ξd
h/H

)2

=

BRSM(H → WW)(ξv
h/H

)
2

BRSM(H → V V )× (ξv
h/H

)2 + BRSM(H → bb)× (ξd
h/H

)2

•  We	  need	  to	  calculate	  the	  expected	  event	  yields	  as	  a	  func>on	  of	  the	  couplings	  
for	  both	  Higgs	  bosons	  h	  and	  H.	  

•  Signal	  is	  simulated	  by	  rescaling	  the	  cross	  sec>ons	  and	  branching	  ra>os	  of	  the	  
SM	  Higgs	  according	  to	  the	  three	  2HDM	  parameters:	  α,	  β,	  mH.	  	  

xs	  for	  VBF	  in	  2HDM:	  

xs	  for	  ggF	  in	  2HDM:	  

σh/H(V V → h/H) = σSM (V V → h/H)× (ξV
h/H

)2

σh/H(ggF → h/H) = σSM (ggF → h/H)× {wt(ξ
u

h/H
)2 + wb(ξ

d

h/H
)2 + wtbξ

u

h/H
ξd
h/H

}

Decay:	  

top	  

boRom	  

V ∗

V ∗

q

q

q

q

H



Decay	  width	  for	  2HDM	  (Type	  I)	  
heavy	  Higgs	  boson	  	  
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In	  the	  Type	  I	  2HDM	  
the	  decay	  width	  
remains	  below	  8	  GeV.	  
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Decay	  width	  for	  2HDM	  (Type	  II)	  
heavy	  Higgs	  boson	  	  

	  

06	  June	  2013	   44	  

Hm
150 200 250 300

)
co

s(

-1

-0.5

0

0.5

1

0

1

2

3

4

5

6

7

8

 [GeV]total
H = 6tan

Hm
150 200 250 300

)
co

s(

-1

-0.5

0

0.5

1

0

1

2

3

4

5

6

7

8

 [GeV]total
H = 20tan

Hm
150 200 250 300

)
co

s(

-1

-0.5

0

0.5

1

0

2

4

6

8

10

12
 [GeV]total

H = 50tan

Hm
150 200 250 300

)
co

s(
-1

-0.5

0

0.5

1

0

1

2

3

4

5

6

7

8

 [GeV]total
H = 1tan

Hm
150 200 250 300

)
co

s(

-1

-0.5

0

0.5

1

0

1

2

3

4

5

6

7

8

 [GeV]total
H = 3tan

In	  the	  Type	  II	  2HDM	  
the	  decay	  width	  
remains	  below	  12	  GeV.	  
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