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SM Higgs production at the LHC 
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•  Wide	  mass	  range	  
•  WW:	  

–  lνlν:	  clean	  signature	  
–  lνqq:	  highest	  rate	  

•  ZZ:	  
–  decay	  channels:4l,2l2q,2l2ν,	  2l2τ	  	  	  
–  sharp	  resoluKon:	  4l	  

•  Low	  mass	  range	  
•  ττ:	  

–  four	  decay	  channels	  
–  can	  benefit	  from	  VBF	  producKon	  

•  γγ:	  
–  Small	  BR	  
–  Sharp	  resoluKon	  	  

•  bb:	  
–  challenging	  
–  boosted	  H	  
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Summary	  of	  Analyzed	  Channels	  	  
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CMS	   ATLAS	  

Mode	   Mass	  
Range	  

Data	  Used	  
	  (/W)	  

Document	   Mass	  Range	   Data	  Used	  
	  (/W)	  

Document	  

H	  WW2l	  2ν	   110-‐600	   1.5	   HIG-‐11-‐014	   110-‐300	   1.7	   ATLAS-‐CONF-‐
NOTE-‐2011-‐134	  

H	  WW2l	  2q	   250-‐600	   1.04	  

H	  	  ZZ	  4l	   110-‐600	   1.7	   HIG-‐11-‐015	   120-‐600	   2.2	  

H	  	  ZZ	  2l2τ	   180-‐600	   1.1	   HIG-‐11-‐013	  

H	  	  ZZ	  2l2q	   226-‐600	   1.6	   HIG-‐11-‐017	   200-‐600	   1.04	  

H	  	  ZZ	  2l2ν	   250-‐600	   1.5	   HIG-‐11-‐016	   200-‐600	   1.04	  

H	  	  γγ	   110-‐150	   1.7	   HIG-‐11-‐021	   110-‐150	   1.08	  

H	  	  bb	  	   110-‐135	   1.1	   HIG-‐11-‐012	   110-‐130	   1.04	  

H	  	  ττ	   110-‐140	   1.1	   HIG-‐11-‐009	   100-‐150	   1.06	   ATLAS-‐CONF-‐
NOTE-‐2011-‐132	  

NEW	  since	  EPS	   NO	  UPDATE	  since	  EPS	  

TODAY:	  Second	  round	  of	  preliminary	  Higgs	  search	  results	  in	  2011	  	  



LHC	  Performance	  
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2.6	  /E	  

3E33	  reachable	  this	  year	  



LHC	  Detectors	  
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Tracking:	  	  	  ⏐η⏐<	  2.5,	  B	  =	  3.8T	  
	  •	  Si	  pixels	  and	  strips	  
Calorimetry:	  	  	  ⏐η⏐em	  <	  2.5	  	  ⏐η⏐had<	  5	  
	  •	  EM:	  homogeneous	  PbWO4	  crystals	  
	  •	  HAD:	  Cu-‐Zn/scint.	  +	  Fe/Quartz	  
Muon	  Spectrometer:	  	  	  ⏐η⏐<	  2.7	  
	  •	  Solenoïd	  return	  yoke	  instrumented	  	  

Tracking:	  	  	  	  ⏐η⏐<	  2.5,	  B	  =	  2T	  
	  •	  Si	  pixels	  and	  strips	  
	  •	  TransiKon	  radiaKon	  detector	  	  	  
Calorimetry:	  	  	  ⏐η⏐<	  5	  
	  •	  EM:	  sampling;	  Pb/LAr	  accordeon	  
	  •	  HAD:	  Sampling	  Fe/scint.	  +	  Cu-‐W/LAr	  
Muon	  Spectrometer:	  	  	  	  ⏐η⏐<	  2.7	  
	  •	  Air-‐core	  toroids	  with	  muon	  chambers	  	  



MulKple	  InteracKons	  Event	  
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StaKsKcal	  Analysis	  of	  the	  Channels	  	  

•  Profile	  likelihood	  test	  staKsKcs	  used	  to	  derive	  95%	  CL	  
–  Modified	  frequenKst	  approach	  –	  CLs	  prescripKon	  

•  95%	  CL	  Higgs	  cross	  secKon	  limits	  in	  units	  of	  SM	  expectaKon	  	  	  
–  Form	  joint	  likelihood	  when	  combing	  channels	  	  
–  Include	  correlated	  and	  uncorrelated	  systemaKc	  uncertainKes	  

•  Use	  CLs	  and	  Bayesian	  methods	  	  
–  Good	  agreement	  found	  	  
–  Quote	  CLs	  as	  final	  results	  	  

•  Signal	  strength	  µ=σ/σSM	  indicates	  by	  which	  factor	  SM	  Higgs	  
cross	  secKon	  would	  have	  to	  be	  rescaled	  to	  best	  match	  the	  
observed	  data	  	  
–  The	  green	  and	  yellow	  bands	  represent	  1-‐	  and	  2-‐sigma	  	  expectaKons	  in	  
the	  absence	  of	  a	  signal	  

•  p-‐value	  esKmates	  probability	  of	  upward	  background	  fluctuaKon	  
at	  least	  as	  high	  as	  the	  excess	  observed	  in	  data	  	  
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•  High	  sensiKvity	  to	  presence	  of	  Higgs	  over	  broad	  range	  [110,600]	  
•  WW	  selecKon	  in	  terms	  of	  jet	  mulKplicity:	  0-‐,	  1-‐,	  2-‐jet	  bins	  

–  Count	  jets	  with	  pT>30GeV	  
•  Background	  esKmaKon:	  

–  Data	  driven:	  Top,	  WW,	  W+jets,	  DY(ee,	  µµ)	  
–  MC	  based:	  DY(ττ),	  Wγ,	  WZ,	  ZZ	  

•  Small	  azimuthal	  angle	  between	  the	  leptons	  –	  W	  spin	  correlaKons	  –
opposite	  spins	  expected	  

•  Challenge	  to	  understand	  the	  effects	  of	  the	  event	  pile-‐up	  
•  Signal	  extracKon	  in	  CUT	  BASED	  analysis	  

–  MH	  dependent	  cut	  opKmizaKon	  with	  addiKonal	  cuts	  on	  
	  	  pT,	  MT,	  Mll,	  and	  Δφll	  

•  In	  2-‐jet	  bin:	  
–  AddiKonal	  selecKon	  for	  the	  VBF	  topology	  

•  Δηjj	  	  >	  3.5	  and	  Mjj	  >	  450	  GeV	  

H-‐>WW(*)	  Channel	  
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H-‐>WW*-‐>2l2ν	  Channel	  
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0-‐jet	  

0-‐jet	  	   1-‐jet	  	  

1-‐jet	  

	  
	  

KinemaKc	  DistribuKons	  	  axer	  WW	  selecKon	   •  WW	  Event	  selecKon:	  
–  Events	  collected	  on	  single	  and	  

double	  lepton	  triggers	  
–  Exactly	  2	  well	  idenKfied	  

isolated	  leptons	  (ee,	  eµ,	  µµ)	  
of	  opposite	  sign	  	  

•  Pt>20Gev	  for	  leading;	  	  
Pt>10GeV	  for	  trailing	  
lepton	  

–  Large	  Missing	  Energy	  (MET)	  
thus	  no	  mass	  peak	  	  

–  Reject	  events	  with	  idenKfied	  
b-‐decays	  to	  reduce	  top	  
contaminaKon	  

–  Same	  flavor	  leptons	  
inconsistent	  with	  the	  Z	  decay	  

–  Reject	  events	  with	  dileptons	  
recoiling	  against	  a	  leading	  jet	  
to	  reduce	  Z+jets	  
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H-‐>WW*-‐>2l2ν	  	  

•  Observed	  exclusion	  region	  
for	  SM	  Higgs	  with	  cut	  
based	  analysis:	  
–  [147,194]	  GeV	  at	  95%	  CL	  
–  Smaller	  than	  expectaKons	  
– MVA	  based	  analysis	  update	  
soon	  
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Cut	  based	  analysis	  
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H-‐>WW*-‐>2l2ν	  	  
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H!WW(*)!l!l! – event selection 

dilepton azimuthal angle 
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H-‐>WW*-‐>2l2ν	  
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H!WW(*)!l!l! – exclusion limit 

•! Since EPS (July 21st): improvements in the analysis (new b-tagging algorithm, 
cut optimization for mH>220 GeV) + additional data  

•! A Standard Model Higgs boson with 154<mH<186 GeV is excluded at 95% C.L. 
–! Expected exclusion mass range is 135<mH<196 GeV 

–! The observed limit is within 2" the expected one in the mass range 130 – 150 GeV 
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0-‐jet	  and	  1-‐jet	  only	  

•  Observed	  exclusion	  region	  for	  the	  SM	  Higgs:	  
–  [154,186]	  GeV	  at	  95%	  CL	  
–  Expected:	  [135,196]	  
–  Jump	  at	  220GeV	  due	  to	  change	  in	  selecKon	  	  
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•! The channel H!WW!l!qq offers acceptable signal/

background ratio at large values of mH. 

•! Search performed in the mass region 240<mH<600 GeV 

•! Selection: 

  Require exactly one high-pT lepton (e,µ) , large Et
miss,  

  exactly two high-pT jets that can be associated to a W  

  decay; 

•! " Search for peak in the ml!qq 
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H!WW!l!qq 
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•! The channel H!WW!l!qq offers acceptable signal/

background ratio at large values of mH. 

•! Search performed in the mass region 240<mH<600 GeV 

•! Selection: 

  Require exactly one high-pT lepton (e,µ) , large Et
miss,  

  exactly two high-pT jets that can be associated to a W  

  decay; 

•! " Search for peak in the ml!qq 

!"#$%&&#'$

()*)+$,+$*-$.$
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•  Large	  BR	  for	  high	  mass	  Higgs	  
•  Suffers	  from	  	  large	  W+jets	  backgrounds	  
•  SelecKon:	  a	  high	  pT	  lepton,	  large	  MET	  and	  2	  jets	  

consistent	  with	  W	  decay	  
–  Search	  for	  peak	  in	  the	  M(lνqq)	  	  

Observed	  Limit:	  ~3	  x	  SM	  



H-‐>ZZ*	  
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•  HIGGS-‐>ZZ(*)	  
–  Key	  decay	  mode	  in	  the	  SM	  Higgs	  	  search	  
	  	  

•  ZZ(*)	  -‐>	  4	  leptons	  

•  ZZ	  -‐>	  2	  leptons	  	  +	  2	  neutrinos	  

•  ZZ	  -‐>	  2	  lepton	  +	  2	  quarks	  

•  ZZ	  -‐>	  2	  leptons	  +	  2	  tau	  leptons	  	  



H-‐>ZZ*-‐>4	  leptons	  
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•  Four	  energeKc	  and	  isolated	  leptons	  
•  Two	  pairs	  make	  	  Z	  boson	  candidates	  	  

–  First	  pair:	  Z-‐>ee, µµ	  closest	  to	  Z	  mass	  
with	  120	  >m_ll>60GeV	  

–  Second	  lepton	  pair:	  (M4l>100GeV)	  
–  Baseline	  selecKon:	  120	  >	  M_Z	  >	  20	  GeV	  
–  High	  mass	  selecKon:	  120	  >	  M_Z	  >60	  GeV	  

•  Clean	  signal	  expected	  
–  Narrow	  peak	  in	  the	  mass	  spectrum	  –	  
mass	  resoluKon	  2-‐4	  GeV	  

–  Small	  backgrounds	  	  
–  Main	  background:	  ZZ,	  esKmated	  from	  
data	  and	  shape	  from	  simulaKon	  

PT	  
43	  GeV	  

PT	  
26	  GeV	  

PT	  
20	  GeV	  PT	  

48	  GeV	  

M4μ	  =	  201	  GeV	  



]2 [GeV/cHM
100 200 300 400 500 600

SM
/

95
%

 C
L 

lim
it 

on
 

0

5

10

15  Observed LimitSCL

 Expected LimitSCL

 1! Expected SCL

 2! Expected SCL

CMS preliminary 2011  = 7 TeVs at -11.66 fb

H-‐>ZZ*-‐>4l	  
•  MC	  and	  data	  agree	  
•  Expected	  signal	  as	  a	  sharp	  peak	  
•  21	  evts	  observed	  (21.2+/-‐0.8	  expected)	  
•  No	  clusters	  of	  events	  present	  
•  6	  evts	  observed	  below	  kinemaKcal	  

threshold	  (2.8+/-‐0.2	  expected)	  
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H!ZZ(*)!4l- exclusion limits 

•! Very close the SM cross-section 

•! Some Higgs mass values already excluded around mH = 200 GeV 

!"##$%$&'(('##$ )#$*+$,-./01$2-33.$.4/5674.$-8$*9!*:$

!"#!$%

H-‐>ZZ*-‐>4l	  
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H!ZZ(*)!4l 

Invariant mass leading (top) and 

sub-leading (bottom) lepton pair 

•! A total of 27 events are selected by the 
analysis algorithm: 6ee, 9eµ, 12µµ 

•! Expected: 28±4 

!"##$%$&'(('##$ ()$*+$,-./01$2-33.$.4/5674.$-8$*9!*:$

!"#!$%

•  27	  evts	  observed	  (28+/-‐4	  expected)	  

•  Exclusion	  at	  1	  x	  SM	  cross	  secKon	  



H-‐>ZZ-‐>2l	  2τ	  (new	  for	  LP)	  
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•  Z	  selecKon:	  	  
–  70	  <	  M_Z1_ll	  <	  110	  GeV	  (against	  ~bar)	  
–  75	  <M_Z2_jj	  <105	  GeV	  	  (against	  ~bar	  and	  Z+jets)	  
–  Use	  5	  angles	  of	  scalar	  H	  in	  a	  likelihood	  

discriminant	  	  	  
•  Backgrounds:	  

–  Large	  contribuKon	  from	  Z+jets	  suppressed	  by	  
MET	  cut	  

–  Small	  addiKons	  from	  VV,	  ~bar	  and	  QCD	  mulKjet	  
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•  Higher	  BR	  compared	  to	  4l	  mode	  –	  x20	  more	  events	  	  
•  Worse	  mass	  resoluKon	  with	  2jets	  –	  less	  precision	  
•  Events	  analyzed	  in	  bins	  with	  0,1,2	  b-‐jets	  

e:	  177	  GeV	  
e:	  114	  GeV	  

Jet:	  207	  GeV	  

Jet:	  207	  GeV	  

M2l2j	  =	  580	  GeV	  



H-‐>ZZ-‐>2l	  2q	  	  
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H!ZZ!llqq 

The invariant mass of the lljj 

system for the b-untagged (left) 

and b-tagged (right) selections, 

for mH = 200 and 400 GeV. The 

Higgs boson signal in the 

untagged plots has been scaled 

up by a factor of 10. 
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•! Reconstruct a Z!ll, a second Z!jj; 

•! Reconstruct then !"#$%&'($)!'!#$*&+',*'&!$

$$$-'))$-((..$/0*!"$-..$)1'(#2$!3$-45$ 

•! Good sensitivity in a wide mass range 

•! Observed limit 1.7 x SM for mH = 360 

GeV 

•! Expected limit between 2.7 – 9 times the 

SM predictions 6788$9$:;<<;88$ <=$>?$@*)'AB$C*DD)$)#',1"#)$*&$>E6>F$

DEFD?%

H-‐>ZZ-‐>2l	  2q	  	  

•  Z	  selecKon:	  	  
–  76	  <	  M_Z1_ll	  <	  106	  GeV	  (against	  ~bar)	  
–  70	  <M_Z2_jj	  <105	  GeV	  	  (against	  ~bar	  and	  Z+jets)	  
–  P_t	  jet	  >25Gev	  MET<50GeV	  
–  Veto	  third	  lepton	  

•  Backgrounds:	  
–  Large	  contribuKon	  from	  Z+jets	  suppressed	  by	  MET	  

cut	  
–  Small	  addiKons	  from	  VV,	  ~bar	  and	  QCD	  mulKjet	  

•  Observed	  limit:	  1.7	  x	  SM	  for	  mH=360GeV	  
•  Expected	  limit:	  2.7-‐9	  Kmes	  the	  SM	  

predicKons	  26/8/11	  	  Slawek	  Tkaczyk	   Scalars	  2011	   23	  

No	  b-‐tag	  

H!ZZ!llqq 

The invariant mass of the lljj 

system for the b-untagged (left) 

and b-tagged (right) selections, 

for mH = 200 and 400 GeV. The 

Higgs boson signal in the 

untagged plots has been scaled 

up by a factor of 10. 
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•! Reconstruct a Z!ll, a second Z!jj; 

•! Reconstruct then !"#$%&'($)!'!#$*&+',*'&!$

$$$-'))$-((..$/0*!"$-..$)1'(#2$!3$-45$ 

•! Good sensitivity in a wide mass range 

•! Observed limit 1.7 x SM for mH = 360 

GeV 

•! Expected limit between 2.7 – 9 times the 

SM predictions 6788$9$:;<<;88$ <=$>?$@*)'AB$C*DD)$)#',1"#)$*&$>E6>F$

DEFD?%

b-‐tag	  



H->ZZ->2l2ν 
 

•  Clean	  signature	  
•  Two	  opposite	  sign	  leptons	  with	  |Mll	  –	  MZ|<15	  GeV,	  

p_T>25	  GeV	  
•  Main	  bkgds:	  Z+jets,	  ~bar,	  VV	  	  from	  data	  and	  MC	  
•  MET	  >	  69	  –	  170GeV	  (slides	  with	  MH)	  	  

–  Suppresses	  Z+jets	  
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H!ZZ!ll!! 

•! The observed limit is slightly lower and 
a Standard Model Higgs boson in the 
range 350 GeV < mH < 450 GeV, can be 
excluded at the 95% confidence level. 

•! The expected limit is lowest around a 
Higgs boson mass of 360 GeV where it 
is 1.3 times the Standard Model Higgs 
boson cross section.  
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H->ZZ->2l2ν 
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•  Observed	  Limit:	  ([340-‐380])350-‐450	  GeV	  
excluded	  

•  Expected:	  	  1.3	  x	  SM	  Higgs	  cross	  secKon	  

CMS	  	  
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Promising	  channel	  for	  low	  mass	  	  
4	  τ	  decay	  modes	  considered	  
(eτ, µτ, eµ,	  µµ)	

VBF	  search	  included	  
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All Categories Combined

H-‐>γγ Decay	  
•  One	  of	  the	  most	  sensiKve	  channels	  at	  low	  mass	  

despite	  small	  branching	  raKo	  
•  Event	  Signature:	  two	  photons	  and	  sharp	  peak	  

in	  invariant	  mass	  distribuKon	  
•  Mass	  ResoluKon	  ~3	  GeV	  	  

–  design	  resoluKon	  0.5%	  for	  E(g)	  >	  100	  GeV	  
–  Importance	  of	  material	  distribuKon	  upstream	  	  
–  Transparence	  correcKons	  	  
–  Background	  rejecKon	  criKcal	  g/pi0	  

•  Event	  selecKon:	  
–  Two	  isolated	  photons	  with	  large	  transverse	  

momentum	  
–  Di-‐photon	  mass	  reconstrucKon	  –	  proper	  vertex	  

assignment	  -‐>	  dedicated	  algorithms	  
–  Z-‐>ll	  decays	  to	  validate	  vertex	  assignment	  and	  

energy	  scale	  and	  resoluKon	  
–  8	  CMS(5ATLAS)	  data	  categories	  depending	  on	  Pt	  

and	  mass	  resoluKon	  and	  conversion	  status	  
–  Simple	  background	  model	  	  -‐	  exponenKal	  
–  Signal	  sum	  of	  Gauss	  FuncKons	  with	  parameters	  

taken	  from	  Z-‐>ee	  data	  
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	  γ1=	  86	  GeV	  

	  γ2=56	  GeV	  
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H-‐>γγ	  Results	  
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•  SensiKvity	  between	  3.5	  –	  4.5	  Kmes	  SM	  xsec	  	  
•  Observed	  exclusion	  between	  2-‐7	  Kmes	  SM	  xsec	  
•  Limits	  set	  in	  agreement	  with	  sensiKvity	  
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VH,	  H-‐>bb	  
•  Important	  channel	  to	  get	  informaKon	  about	  the	  H	  
couplings	  to	  quarks	  

•  Dominant	  decay	  channel	  for	  light	  Higgs	  	  
–  Huge	  bb	  backgrounds	  

•  Associated	  producKon	  VH	  to	  get	  the	  boosted	  H	  
–  Be~er	  control	  of	  the	  abundant	  QCD	  backgrounds	  

•  SelecKon:	  V(W,Z)	  Pt>	  100-‐160	  GeV	  giving	  a	  boost	  to	  H	  
•  Good	  b-‐tagging	  and	  MET	  quality	  
•  Top,	  VV,	  Wjj	  background	  shapes	  from	  MC	  fit	  to	  the	  data	  	  
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Improvement	  in	  sensiKvity	  expected	  with	  higher	  boost	  	  	  



)2Higgs boson mass (GeV/c
100 200 300 400 500 600

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

1

10

210  = 7 TeVsCMS Preliminary,  Combined observed
Combined expected

)-1 bb               (1.1 fb→H 
)-1                (1.1 fbττ →H 
)-1                (1.7 fbγγ →H 
)-1 WW             (1.5 fb→H 
)-1 4l       (1.7 fb→ ZZ →H 
)-1  (1.1 fbτ 2l 2→ ZZ →H 
)-1 2l 2q  (1.6 fb→ ZZ →H 
)-1  (1.6 fbν 2l 2→ ZZ →H 

Combined observed
Combined expected

)-1 bb               (1.1 fb→H 
)-1                (1.1 fbττ →H 
)-1                (1.7 fbγγ →H 
)-1 WW             (1.5 fb→H 
)-1 4l       (1.7 fb→ ZZ →H 
)-1  (1.1 fbτ 2l 2→ ZZ →H 
)-1 2l 2q  (1.6 fb→ ZZ →H 
)-1  (1.6 fbν 2l 2→ ZZ →H 

Combined observed
Combined expected

)-1 bb               (1.1 fb→H 
)-1                (1.1 fbττ →H 
)-1                (1.7 fbγγ →H 
)-1 WW             (1.5 fb→H 
)-1 4l       (1.7 fb→ ZZ →H 
)-1  (1.1 fbτ 2l 2→ ZZ →H 
)-1 2l 2q  (1.6 fb→ ZZ →H 
)-1  (1.6 fbν 2l 2→ ZZ →H 

Higgs	  CombinaKon	  

26/8/11	  	  Slawek	  Tkaczyk	   Scalars	  2011	   31	  

•  SensiKviKes	  different	  in	  
detail	  but	  on	  average	  
similar	  



ATLAS	  Higgs	  CombinaKon	  
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•  SM	  Higgs	  excluded	  at	  95%CL:	  
–  146	  <	  MH	  <	  232	  GeV	  
–  256	  <	  MH	  <	  282	  GeV	  
–  296	  <	  MH	  <	  466	  GeV	  

•  Probability	  of	  background-‐only	  
experiment	  to	  fluctuate	  thus	  far	  

•  Observed	  below	  expected	  
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•  SM	  Higgs	  excluded	  at	  95%CL:	  
–  145	  <	  MH	  <	  216	  GeV	  
–  226	  <	  MH	  <	  288	  GeV	  
–  310	  <	  MH	  <	  400	  GeV	  

•  Probability	  to	  see	  an	  excess	  at	  least	  as	  
large	  as	  observed	  is	  0.4	  (LEE	  corrected)	  	  



SUMMARY	  
•  CMS	  and	  ATLAS	  have	  searched	  for	  the	  SM	  Higgs	  in	  8	  (7)decay	  

channels	  with	  integrated	  luminosity	  up	  to	  1.7	  (2.3)	  /W	  

•  No	  significant	  excess	  of	  signal	  like	  events	  observed	  
•  Expected	  95%	  exclusion	  range	  in	  the	  absence	  of	  signal	  130-‐440	  GeV	  
•  Observed	  95%	  exclusions	  are	  in	  ranges:	  [145-‐216],	  [226,288],	  

[310,400]	  or	  [146-‐232],	  [256,282],	  [296,466]	  
–  The	  gaps	  are	  consistent	  with	  staKsKcal	  fluctuaKons	  	  

•  IndicaKon	  of	  light	  SM	  Higgs	  boson	  in	  the	  LHC	  data	  (MH<145	  GeV)	  
	  	  

•  LHC	  data	  sample	  is	  growing	  rapidly	  and	  
determinaGon	  of	  the	  source	  of	  the	  excess	  at	  low	  
masses	  is	  imminent.	  	  
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