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Table 10: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the Z(nn)H M(jj) analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
W + udscg 0.024 ± 0.007 0.023 ± 0.007 0.022 ± 0.007 0.019 ± 0.006 0.014 ± 0.004 0.012 ± 0.004

Wbb+ tt 2.030 ± 0.609 1.780 ± 0.534 2.050 ± 0.615 2.360 ± 0.708 2.420 ± 0.726 2.110 ± 0.633
Z + udscg 0.180 ± 0.039 0.180 ± 0.039 0.140 ± 0.030 0.130 ± 0.028 0.120 ± 0.026 0.130 ± 0.028

Zbb 1.970 ± 0.603 1.890 ± 0.578 1.790 ± 0.548 1.710 ± 0.523 1.780 ± 0.545 1.810 ± 0.554
ST 0.460 ± 0.174 0.460 ± 0.174 0.410 ± 0.155 0.410 ± 0.155 0.460 ± 0.174 0.400 ± 0.152
VV 0.770 ± 0.292 0.460 ± 0.174 0.410 ± 0.155 0.110 ± 0.042 0.080 ± 0.030 0.070 ± 0.027
Bexp 5.434 ± 1.069 4.793 ± 0.938 4.822 ± 0.958 4.739 ± 0.969 4.874 ± 0.998 4.532 ± 0.918

S 0.669 ± 0.174 0.593 ± 0.154 0.417 ± 0.108 0.442 ± 0.115 0.326 ± 0.085 0.245 ± 0.064
Nobs 6 5 5 5 6 5

Table 11: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the W(µn)H BDT analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
W + udscg 0.661 ± 0.191 0.667 ± 0.192 0.546 ± 0.157 0.628 ± 0.181 0.697 ± 0.201 0.446 ± 0.129

Wbb 2.460 ± 0.644 2.035 ± 0.533 2.083 ± 0.545 2.698 ± 0.706 2.086 ± 0.546 2.450 ± 0.641
Z+jets 0 0.006 ± 0.006 0.190 ± 0.190 0.367 ± 0.368 0.245 ± 0.246 0.190 ± 0.190

tt 1.667 ± 0.432 1.173 ± 0.304 1.362 ± 0.353 2.239 ± 0.580 2.262 ± 0.586 2.196 ± 0.569
ST 0.608 ± 0.243 0.653 ± 0.261 0.673 ± 0.269 0.956 ± 0.382 1.007 ± 0.402 1.055 ± 0.421
VV 0.496 ± 0.195 0.355 ± 0.140 0.345 ± 0.136 0.283 ± 0.111 0.216 ± 0.085 0.159 ± 0.063
Bexp 5.892 ± 0.980 4.889 ± 0.806 5.199 ± 0.857 7.171 ± 1.206 6.513 ± 1.074 6.496 ± 1.100
WH 0.619 ± 0.173 0.587 ± 0.164 0.499 ± 0.140 0.416 ± 0.116 0.383 ± 0.107 0.281 ± 0.079
ZH 0.015 ± 0.004 0.011 ± 0.003 0.012 ± 0.003 0.011 ± 0.003 0.007 ± 0.002 0.006 ± 0.002
Nobs 9 7 6 5 11 11

Table 12: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the W(en)H BDT analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
W + udscg 0.148 ± 0.060 0.155 ± 0.063 0.241 ± 0.097 0.300 ± 0.121 0.342 ± 0.138 0.220 ± 0.089

Wbb 1.112 ± 0.302 1.378 ± 0.374 1.015 ± 0.276 1.390 ± 0.377 0.962 ± 0.261 1.063 ± 0.289
Z+jets 0 0.198 ± 0.141 0.198 ± 0.141 0.238 ± 0.170 0.198 ± 0.141 0.198 ± 0.141

tt 0.790 ± 0.198 1.254 ± 0.315 2.037 ± 0.511 2.008 ± 0.504 1.996 ± 0.501 2.533 ± 0.636
ST 0.381 ± 0.152 0.653 ± 0.261 0.658 ± 0.263 0.920 ± 0.367 1.081 ± 0.431 1.268 ± 0.506
VV 0.343 ± 0.137 0.292 ± 0.117 0.232 ± 0.093 0.201 ± 0.080 0.151 ± 0.060 0.138 ± 0.055
Bexp 2.774 ± 0.476 3.930 ± 0.658 4.381 ± 0.742 5.057 ± 0.849 4.730 ± 0.811 5.420 ± 0.954
WH 0.441 ± 0.123 0.477 ± 0.134 0.393 ± 0.110 0.344 ± 0.096 0.274 ± 0.077 0.233 ± 0.065
ZH 0.005 ± 0.001 0.004 ± 0.001 0.007 ± 0.002 0.006 ± 0.002 0.004 ± 0.001 0.004 ± 0.001
Nobs 6 9 7 9 5 5
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Table 7: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the W(en)H M(jj) analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
W + udscg 0.036 ± 0.015 0.01 ± 0.004 0.011 ± 0.004 0.013 ± 0.005 0.012 ± 0.005 0.027 ± 0.011

Wbb 0.442 ± 0.120 0.344 ± 0.093 0.375 ± 0.102 0.370 ± 0.100 0.32 ± 0.087 0.265 ± 0.072
Z+jets 0.204 ± 0.146 0.204 ± 0.146 0 0 0 0

tt 0.767 ± 0.193 0.543 ± 0.136 0.543 ± 0.136 0.503 ± 0.126 0.568 ± 0.143 0.403 ± 0.101
ST 0.076 ± 0.030 0.122 ± 0.049 0.181 ± 0.072 0.283 ± 0.113 0.32 ± 0.128 0.385 ± 0.154
VV 0.134 ± 0.053 0.065 ± 0.026 0.045 ± 0.018 0.042 ± 0.017 0.033 ± 0.013 0.029 ± 0.012
Bexp 1.66 ± 0.299 1.288 ± 0.242 1.155 ± 0.206 1.211 ± 0.217 1.253 ± 0.228 1.109 ± 0.209
WH 0.263 ± 0.074 0.296 ± 0.083 0.203 ± 0.057 0.201 ± 0.056 0.142 ± 0.040 0.123 ± 0.034
ZH 0.004 ± 0.001 0.002 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.001 ± 0.001
Nobs 4 4 1 1 0 0

Table 8: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the Z(µµ)H M(jj) analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
Z + udscg 0.110 ± 0.064 0.110 ± 0.065 0.110 ± 0.065 0.110 ± 0.065 0.150 ± 0.069 0.110 ± 0.065

Zbb 1.930 ± 0.337 2.050 ± 0.396 1.650 ± 0.373 1.740 ± 0.378 1.660 ± 0.375 1.600 ± 0.361
tt + ST 0.030 ± 0.031 0.090 ± 0.036 0.140 ± 0.044 0.140 ± 0.044 0.190 ± 0.053 0.190 ± 0.127

VV 0.260 ± 0.100 0.160 ± 0.064 0.070 ± 0.033 0.030 ± 0.023 0.020 ± 0.021 0.010 ± 0.011
Bexp 2.330 ± 0.363 2.410 ± 0.358 1.970 ± 0.348 2.020 ± 0.348 2.020 ± 0.351 1.910 ± 0.356

S 0.218 ± 0.057 0.195 ± 0.051 0.152 ± 0.040 0.128 ± 0.033 0.102 ± 0.027 0.077 ± 0.020
Nobs 3 3 3 3 2 3

Table 9: Predicted backgrounds including the statistical uncertainty and the systematic uncer-
tainty from the control region and b-tag scale factors, signal yields with total uncertainty, and
the observed number of events for each mass point in the Z(ee)H M(jj) analysis.

Process 110 GeV 115 GeV 120 GeV 125 GeV 130 GeV 135 GeV
Z + udscg 0.013 ± 0.006 0.006 ± 0.003 0.004 ± 0.003 0.007 ± 0.004 0.024 ± 0.012 0.028 ± 0.013

Zbb 1.327 ± 0.173 1.545 ± 0.254 1.300 ± 0.214 1.472 ± 0.242 1.581 ± 0.250 1.372 ± 0.217
tt 0.105 ± 0.052 0.133 ± 0.073 0.090 ± 0.050 0.090 ± 0.050 0.070 ± 0.044 0.070 ± 0.044
ST 0.009 ± 0.007 0.009 ± 0.007 0.028 ± 0.022 0.019 ± 0.020 0.019 ± 0.020 0.019 ± 0.020
VV 0.236 ± 0.091 0.189 ± 0.074 0.104 ± 0.041 0.066 ± 0.027 0.037 ± 0.016 0.024 ± 0.011
Bexp 1.690 ± 0.209 1.883 ± 0.232 1.526 ± 0.186 1.655 ± 0.203 1.731 ± 0.201 1.513 ± 0.177

S 0.211 ± 0.055 0.193 ± 0.050 0.148 ± 0.038 0.136 ± 0.035 0.102 ± 0.027 0.081 ± 0.021
Nobs 1 2 2 2 3 4
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Figure 5: Expected and observed 95% C.L. combined upper limits on the ratio of VHbb produc-
tion for the BDT (left) and M(jj) (right) analyses. The median expected limit and the 1- and 2-s
bands are obtained with the LHC CLs method as implemented in LandS, as are the observed
limits at each mass point.

Table 16: Expected and observed 95% CL upper limits on the production of a SM Higgs boson
in association with W and Z bosons and decaying to b quarks relative to the expected cross
section. Limits are listed separately for the BDT and M(jj) analyses.

MH( GeV) BDT Expected BDT Observed M(jj) Expected M(jj) Observed
110 5.8 8.0 6.4 8.2
115 5.7 8.3 6.0 11.3
120 7.7 9.5 8.1 11.4
125 9.6 15.3 8.6 11.6
130 11.0 16.3 12.1 14.0
135 14.4 22.5 15.0 19.9

7.2 Upper limits

Preliminary 95% C.L. upper limits on the Higgs production cross section in the VH mode with
H ! bb were obtained from both the BDT and M(jj) analyses for a dataset corresponding to
an integrated luminosity of 1.1 fb�1. The limits were calculated using the LandS code [50].
The results were also checked with the standard RooStats configuration [51], and found to be
consistent. For the expected and observed limits, and the 1- and 2-s bands, the CLs method
currently recommended by the LHC Higgs Combination Group was employed [52]. Signal
and background uncertainties, as described in the previous sections, were included as nuisance
parameters in the calculation, with appropriate correlations taken into account.

The results of the five BDT analyses are combined to produce limits on Higgs production in the
bb channel for the assumed masses: 110 � 135 GeV. The identical procedure was applied to the
results of the M(jj) analysis. Table 16 summarizes the resulting, expected and observed, upper
95% C.L. cross section limits, with respect to the standard model cross section, for each of the
mass points for the BDT and M(jj) analyses. The results are displayed separately in Fig. 5. The
primary result is the one from the BDT analysis.
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A	
  search	
  for	
  the	
  standard	
  model	
  Higgs	
  boson	
  is	
  performed	
  in	
  a	
  data	
  sample	
  corresponding	
  to	
  an	
  integrated	
  luminosity	
  of	
  1.1	
  @−1,	
  recorded	
  by	
  the	
  CMS	
  detector	
  in	
  proton-­‐proton	
  collisions	
  at	
  the	
  LHC	
  with	
  a	
  7	
  TeV	
  
center-­‐of-­‐mass	
  energy.	
  The	
  following	
  modes	
  are	
  studied:	
  W(μν)H,	
  W(eν)H,	
  Z(μμ)H,	
  Z(ee)H	
  and	
  Z(νν)H,	
  with	
  the	
  Higgs	
  decaying	
  to	
  bb	
  	
  pairs[*].	
  95%	
  C.L.	
  upper	
  limits	
  on	
  the	
  VH	
  production	
  cross	
  section	
  are	
  derived	
  
for	
  a	
  Higgs	
  mass	
  between	
  110	
  and	
  135	
  GeV.	
  The	
  expected	
  (observed)	
  upper	
  limit	
  at	
  115	
  GeV	
  is	
  found	
  to	
  be	
  5.7	
  (8.3)	
  times	
  the	
  standard	
  model	
  expectation.	
  	
  

Two	
  cut	
  	
  and	
  count	
  analysis	
  performed:	
  mass	
  window	
  (Mjj	
  and	
  boosted	
  decision	
  tree	
  (BDT	
  

LHC	
  has	
  delivered	
  ~5	
  M-­‐1	
  of	
  integrated	
  	
  luminosity	
  of	
  pp	
  collision	
  data	
  in	
  2011:	
  benchmark	
  analysis	
  here	
  with	
  1.1	
  M-­‐1	
  

SM	
  Higgs	
  is	
  likely	
  to	
  be	
  at	
  low	
  mass.	
  
In	
  the	
  range	
  [110-­‐135]	
  bb	
  is	
  the	
  
predominant	
  BR	
  	
  
!

Search	
  strategy	
  

Mjj	
  cut	
  and	
  count	
  analysis	
  in	
  the	
  di-­‐jet	
  
invariant	
  mass.	
  	
  
Tight	
  selection	
  on	
  most	
  discriminating	
  variables	
  
and	
  count	
  events	
  in	
  sliding	
  mass	
  window	
  around	
  
the	
  simulated	
  Higgs	
  

Systematics	
  and	
  limits	
  Mjj	
  and	
  BDT	
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  Bottom	
  Quarks	
  and	
  Produced	
  in	
  Association	
  with	
  a	
  W	
  or	
  a	
  Z	
  Boson“,	
  CMS	
  Collaboration”	
  http://cdsweb.cern.ch/record/1376636	
  
[**]	
  http://arxiv.org/abs/0710.4749	
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  http://www.arxiv.org/abs/1107.1164	
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Hàbb	
  is	
  overwhelmed	
  by	
  the	
  background.	
  	
  
So	
  we	
  look	
  at	
  associated	
  production	
  with	
  Z/W,	
  
paying	
  a	
  price	
  in	
  cross	
  section	
  

-­‐-­‐	
  	
  2	
  b-­‐jets	
  
-­‐-­‐	
  	
  boosted	
  Z/W	
  
	
  	
  	
  	
  (or	
  large	
  MET)	
  
-­‐-­‐	
  	
  V	
  and	
  H	
  back	
  	
  to	
  

back	
  	
  

ρ	
  –	
  Z	
  
view	
  

	
  
	
  

bb:	
  
m	
  104.78	
  	
  	
  
pT	
  225.93	
  
	
  
	
  
	
  
	
  
	
  
Δφ	
  (bb,MET)	
  	
  3.06	
  	
  

pfMET	
  	
  197.6	
  
φ	
  -­‐0.78	
  	
  
	
  
	
  

	
  ZννHbb	
  candidate	
  
ρ	
  –	
  Z	
  view	
  

Boosted,	
  Topology,	
  QCD	
  rejection	
  

Reducible	
  backgrounds	
  
QCD,	
  V+udscg	
  	
  	
  
ttbar	
  and	
  single	
  top	
  

Irreducible	
  backgrounds	
  
V+bb	
  @	
  high	
  pT	
  	
  	
  	
  
ZZ(bb),	
  W(lν)Z(bb)	
  

Definition	
  of	
  Control	
  Samples	
  (CS)	
  is	
  
crucial	
  	
  
Each	
  CS	
  enriched	
  in	
  different	
  
background	
  components,	
  
for	
  example	
  (2)	
  ttbar	
  in	
  WH	
  analysis:	
  	
  
one	
  real	
  b	
  +	
  one	
  fake	
  from	
  W	
  →	
  jj	
  
ZllH:	
  strongly	
  suppressed	
  by	
  Z	
  mass	
  cut	
  
WH:	
  one	
  good	
  btag	
  and	
  additional	
  jet	
  
activity	
  
ZinvH:	
  jet	
  activity	
  and	
  presence	
  of	
  
leptons	
  
Purity	
  ~90%	
  	
  
data/MC	
  ~1.	
  
	
  
	
  

Backgrounds	
  
Invisible	
   channel	
   requires	
  
special	
  care	
  for	
  CS:	
  
Zνν+jets	
  control:	
  
Use	
  Z	
  →	
  μμ+	
  jets	
  sample	
  to	
  
Re-­‐compute	
  MET	
  

WH	
  ele:	
  Mjj	
  final	
  numbers	
  

ZllH	
  µ:	
  Mjj	
  final	
  numbers	
  	
  

Observed	
  data	
  consistent	
  with	
  background	
  expectation!	
  

Multivariate	
  Analysis:	
  	
  
Apply	
  looser	
  pre-­‐selection	
  cuts	
  and	
  exploit	
  BDT	
  
discriminating	
  power,	
  
count	
  events	
  in	
  enriched	
  signal	
  BDT	
  output	
  
region	
  
We	
  use	
  8	
  discriminating	
  variables	
  

The	
   total	
   yield	
   uncertainty	
   on	
   the	
   signal	
   prediction	
   is	
  
around	
  26%	
  for	
  ZH	
  and	
  WH	
  production.	
  	
  
	
  
Background	
   yield	
   uncertainties	
   range	
   from	
   12%	
   to	
   20%	
  
depending	
  on	
  mode	
  and	
  mass	
  point.	
  	
  
	
  
Efficiencies:	
  
Lepton	
  momentum	
  scale	
  and	
  calib	
  (2.0%)	
  
Lepton	
  identification	
  and	
  trigger:	
  1%,2%	
  
MET	
  triggers:	
  5%	
  
MET	
  resolution:	
  3%	
  
B-­‐tagging:	
  10%/jet	
  
Luminosity:	
  4.5%	
  
JER	
  and	
  JEC:	
  Evaluate	
   impact	
  of	
   jet	
  scale	
  on	
  di-­‐jet	
  mass	
  
resolution	
  and	
  efficiency;	
  JEC	
  (~1%)	
  JER	
  (~10%)	
  

Signal:	
  Higgs	
   cross-­‐section:	
   4%	
   using	
   NNLO	
   from	
   LHC	
  
WG,	
   pT	
   spectrum	
   in	
   the	
   analysis	
   regime:	
   5(10)%	
   for	
  
Z(W)H	
   due	
   to	
   electroweak	
   corrections	
   [**]	
   and	
   10%	
  
from	
  QCD	
  (NNLO	
  vs	
  NLO	
  [***])	
  
	
  
Background:	
  
Shapes	
  are	
  checked	
  in	
  appropriate	
  control	
  regions,	
  
corresponding	
  systematic	
  ttbar	
  (8%),	
  V+jets	
  (light:	
  7%,	
  
heavy:	
  30%),	
  	
  VV	
  (theory:4%,	
  efficiency	
  30%	
  as	
  VH),	
  
single	
  top	
  (30%)	
  
MC	
  statistics:	
  1-­‐4%	
  
Everything	
  goes	
  in	
  data-­‐card	
  to	
  get	
  limits	
  

BDT	
  ~10%	
  better	
  
than	
  Mjj	
  analyses	
  
	
  
	
  

CLs	
  method	
  currently	
  recommended	
  by	
  the	
  LHC	
  Higgs	
  Combination	
  Group.	
  
The	
   expected	
   (observed)	
   upper	
   limit	
   at	
   115	
  GeV	
   is	
   found	
   to	
   be	
   5.7	
   (8.3)	
   times	
   the	
  
Standard	
  Model	
  expectation	
  
	
  

LHC	
  will	
  likely	
  provide	
  more	
  than	
  10	
  M-­‐1	
  by	
  the	
  end	
  of	
  2012:	
  	
  VHbb	
  will	
  help	
  at	
  low	
  mass	
  to	
  find	
  or	
  ruled	
  out	
  a	
  Standard	
  Model	
  Higgs.	
  
In	
  order	
  to	
  do	
  that:	
  improve	
  analysis	
  (BDT	
  especially)	
  and	
  beat	
  experimental	
  systematics	
  related	
  to	
  (b)jets	
  and	
  background	
  subtraction!!!	
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VH(bb), combined

Higgs Mass [GeV]
110 115 120 125 130 135

SM
σ/

σ
95

%
 C

.L
. L

im
it 

on
 

0

5

10

15

20

25

30

35

40

 ObservedSCL
 ExpectedSCL

σ 1 ± Expected SCL
σ 2 ± Expected SCL

CMS Preliminary
-1 = 7 TeV, L = 1.1 fbs

VH(bb), combined BDT	
   Mjj	
  

ttbar	
  
ask	
  for	
  one	
  lepton,	
  
and	
  b-­‐tag	
  

W+jets	
  
ask	
  for	
  one	
  lepton,	
  
and	
  no	
  	
  b-­‐tag	
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Table 1: Final selection applied to each channel in the M(jj) analyses, including the sliding
windows on M(jj) for each mass point. Entries marked “–” indicate that there is no cut applied
to the given variable in that channel. The first two lines refer to the pT threshold on the leading
(b1) and sub-leading (b2) Higgs daughters, while CSV1 (CSV2) are the max (min) b-tags for the
two jets.

Variable W(`n)H Z(``)H Z(nn)H
m`` – 75 <m`` < 105 –

pT(b1) > 30 > 20 > 80
pT(b2) > 30 > 20 > 30
pT(jj) > 165 > 100 > 160
pT(V) > 160 > 100 –
CSV1 > 0.898 > 0.898 > 0.898
CSV2 > 0.5 > 0.5 > 0.5

Df(V, H) > 2.95 > 2.90 > 2.90
Naj = 0 < 2 –
Nal = 0 – = 0

pfMET > 35(W(en)H) – > 160
pfMETsig – – > 5

Df(pfMET, J) – – > 1.5
M(jj)(110) 95–125 90–120 95–125
M(jj)(115) 100–130 95–125 100–130
M(jj)(120) 105–135 100–130 105–135
M(jj)(125) 110–140 105–135 110–140
M(jj)(130) 115–145 110–140 115–145
M(jj)(135) 120–150 115–145 120–150

For the Z ! nn̄ channel, QCD backgrounds are further reduced by a factor of ⇠ 30 when
requiring that the pfMET does not originate from mismeasured jets. A cut on the azimuthal
angle between the pfMET and the closest jet, Df(pfMET, J) > 1.5, is applied, together with the
requirement that pfMET significance be > 5.

Table 1 summarizes the selection criteria used in each of the five channels. Table 2 summa-
rizes the signal efficiency of the selection criteria for the M(jj) analysis applied to each channel.
All criteria are applied except for the trigger selection, which is measured separately. In addi-
tion, data/MC scale factors have been determined for lepton reconstruction and identification
efficiencies, as well as the efficiency of tagging b-jets.

4.2 BDT Selection

The BDT analysis is implemented in the TMVA framework [43]. The training is done with sim-
ulated samples for signal and background that pass a looser event selection relative to the M(jj)
analyses. Table 3 summarizes the final selection of the BDT analyses. Several input variables
were chosen by iterative optimization. These include the di-jet invariant mass and momentum:
M(jj) and pT(jj) , the V transverse momentum pT(V) , the CSV value for each of the two jets,
the azimuthal angle between the V and the dijets, Df(V, H) , and the pseudorapidity separa-
tion between the two jets, Dh(J1, J2) . The BDT analysis was expected to improve the sensitivity
with respect to the M(jj) analysis by about 10% in every channel.


