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Tevatron-­‐LHC	
  Complementarity	
  

q' 
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q 

V 

V

Tevatron main modes: VH→V bb, H → WW* 
LHC main modes: H → γγ, H→ZZ,  H→WW* 

Tevatron can contribute to property measurements,  
especially in fermionic decay modes 
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Tev,	
  LHC	
  

LHC	
  

Tev	
  

2012 was a momentous year– Discovery of a new boson with mass 
 125 GeV at the LHC in 4 lepton and γγ final states consistent with the 

SM Higgs; 3σ in bb final states at the Tevatron, compatible with LHC 
The name of the game now:  Probe new particle's properties 
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The	
  Tevatron	
  

•  1.96	
  TeV	
  pp	
  collider	
  
•  Integrated	
  Luminosi:es	
  

up	
  to	
  10	
  O-­‐1/exp.	
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September 6, 2012 L. Ž. Higgs boson at Tevatron 11

The Tevatron

● Ran for 25 years

- 9 in Run II at

  center of mass

  energy √s = 1.96 TeV

● Discovered top quark

● Excluded high mass 

range of the Higgs 

boson 

● Achieved the most 

precise measurement 

of the W and top mass

● Stopped running on 

September 30th, 2011

pp collisions

_	
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Tevatron Data Taking

10.7 fb-1 on tape

About 90% efficiency

Peak luminosity ~4.4E32

10.7

11.9

Run IIb

Run IIa



VH⟶	
  Vbb	
  Analyses	
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l  WH	
  →	
  lνbb	
  –	
  1	
  lepton	
  +	
  MET	
  +	
  2	
  b-­‐jets	
  
l  Dominant	
  backgrounds:	
  W+jets,	
  top	
  
l  Mul:jet	
  backgrounds	
  challenging	
  

l  ZH	
  →	
  llbb	
  –	
  2	
  leptons	
  +	
  2	
  b-­‐jets	
  
l Fully	
  reconstructed	
  final	
  state	
  

l  Modeling	
  of	
  the	
  Z+jets	
  background;	
  rejec:on	
  
of	
  the	
  b	
  background	
  

l  ZH	
  →	
  ννbb	
  –	
  MET	
  +	
  2	
  b-­‐jets	
  (contribu:on	
  
from	
  WH	
  also)	
  

l  Accurately	
  model	
  and	
  reject	
  mul:jet	
  
background	
  

WH→ νbb

_	
  



Keys	
  to	
  Success	
  in	
  bb	
  Searches	
  
•  b-­‐tagging	
  

–  Pick	
  out	
  events	
  with	
  b-­‐jets	
  using	
  tagger	
  
–  Improve	
  s/b	
  ra:os	
  from	
  ~1/7000	
  to	
  ~1/200	
  

•  Mul:variate	
  techniques	
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Keys	
  to	
  Success	
  in	
  bb	
  Searches	
  

•  b-­‐tagging	
  
•  Mul:variate	
  techniques	
  

–  techniques	
  to	
  discriminate	
  against	
  single	
  backgrounds	
  or	
  against	
  all	
  
–  oien	
  chained	
  together	
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VH → Vbb

● Key ingredients:

- Lepton, jet and Ɇ
T
  reconstruction

- Jet energy resolution (15%)

- b-tagging: eff 50-80%; mis id 1-10%

- Multivariate techniques to reject 

backgrounds

   - Either to split into two regions or  

      to remove background 

tt depleted

tt enriched

tt depleted



Tevatron	
  VH⟶bb	
  Results	
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Tevatron	
  +	
  LHC	
  Combina:on	
  would	
  provide	
  best	
  cross	
  sec:on	
  
measurement,	
  and	
  firmly	
  establish	
  H⟶bb	
  before	
  2015	
  LHC	
  run	
  

Measured	
  (σWH+σZH)×Β(H⟶bb):	
  0.19	
  ±	
  0.09	
  pb	
  
SM	
  predic:on:	
  0.12	
  ±	
  0.01	
  pb	
  

_	
  

_	
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FIG. 9: (color online). The log-likelihood ratio LLR as a
function of Higgs boson mass from the combination of CDF
and D0’s SM Higgs boson searches focusing on the H → bb̄ de-
cay mode. The solid line shows the observed LLR values, the
dark short-dashed line shows the median expectation assum-
ing no Higgs boson signal is present, and the dark- and light-
shaded bands correspond, respectively, to the regions encom-
passing one and two s.d. fluctuations around the background-
only expectation. The red long-dashed line shows the median
expectation assuming a SM Higgs boson signal is present at
each value of mH in turn. The blue lines show the median
expected LLR assuming the SM Higgs boson is present at
mH = 125 GeV/c2 with signal strengths of 1.0 times (short-
dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 10: (color online). The best-fit signal cross section
times branching ratio (σWH + σZH) × B(H → bb̄) as a func-
tion of Higgs boson mass from the combination of CDF and
D0’s SM Higgs boson searches focusing on the H → bb̄ decay
mode. The dark- and light-shaded bands show the one and
two s.d. uncertainty ranges on the fitted signal, respectively.
Also shown with blue lines are the median fitted cross sec-
tions expected for a SM Higgs boson with mH = 125 GeV/c2

at signal strengths of 1.0 times (short-dashed) and 1.5 times
(long-dashed) the SM prediction. The SM prediction is shown
as the smooth, falling curve where the narrow band indicates
the theoretical uncertainty.
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FIG. 11: (color online). The log-likelihood ratio LLR as
a function of Higgs boson mass from the combination of
CDF and D0’s SM Higgs boson searches focusing on the
H → W+W− decay mode. The solid line shows the observed
LLR values, the dark short-dashed line shows the median ex-
pectation assuming no Higgs boson signal is present, and the
dark- and light-shaded bands correspond, respectively, to the
regions encompassing one and two s.d. fluctuations around
the background-only expectation. The red long-dashed line
shows the median expectation assuming a SM Higgs boson
signal is present at each value of mH in turn. The blue lines
show the median expected LLR assuming the SM Higgs bo-
son is present at mH = 125 GeV/c2 with signal strengths of
1.0 times (short-dashed) and 1.5 times (long-dashed) the SM
prediction.
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FIG. 12: (color online). The best-fit signal cross section
expressed as a ratio to the SM cross section as a function
of Higgs boson mass from the combination of CDF and D0’s
SM Higgs boson searches focusing on the H → W+W− decay
mode. The dark- and light-shaded bands show the one and
two s.d. uncertainty ranges on the fitted signal, respectively.
Also shown with blue lines are the median fitted cross sec-
tions expected for a SM Higgs boson with mH = 125 GeV/c2

at signal strengths of 1.0 times (short-dashed) and 1.5 times
(long-dashed) the SM prediction.
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FIG. 9: (color online). The log-likelihood ratio LLR as a
function of Higgs boson mass from the combination of CDF
and D0’s SM Higgs boson searches focusing on the H → bb̄ de-
cay mode. The solid line shows the observed LLR values, the
dark short-dashed line shows the median expectation assum-
ing no Higgs boson signal is present, and the dark- and light-
shaded bands correspond, respectively, to the regions encom-
passing one and two s.d. fluctuations around the background-
only expectation. The red long-dashed line shows the median
expectation assuming a SM Higgs boson signal is present at
each value of mH in turn. The blue lines show the median
expected LLR assuming the SM Higgs boson is present at
mH = 125 GeV/c2 with signal strengths of 1.0 times (short-
dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 10: (color online). The best-fit signal cross section
times branching ratio (σWH + σZH) × B(H → bb̄) as a func-
tion of Higgs boson mass from the combination of CDF and
D0’s SM Higgs boson searches focusing on the H → bb̄ decay
mode. The dark- and light-shaded bands show the one and
two s.d. uncertainty ranges on the fitted signal, respectively.
Also shown with blue lines are the median fitted cross sec-
tions expected for a SM Higgs boson with mH = 125 GeV/c2

at signal strengths of 1.0 times (short-dashed) and 1.5 times
(long-dashed) the SM prediction. The SM prediction is shown
as the smooth, falling curve where the narrow band indicates
the theoretical uncertainty.
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FIG. 11: (color online). The log-likelihood ratio LLR as
a function of Higgs boson mass from the combination of
CDF and D0’s SM Higgs boson searches focusing on the
H → W+W− decay mode. The solid line shows the observed
LLR values, the dark short-dashed line shows the median ex-
pectation assuming no Higgs boson signal is present, and the
dark- and light-shaded bands correspond, respectively, to the
regions encompassing one and two s.d. fluctuations around
the background-only expectation. The red long-dashed line
shows the median expectation assuming a SM Higgs boson
signal is present at each value of mH in turn. The blue lines
show the median expected LLR assuming the SM Higgs bo-
son is present at mH = 125 GeV/c2 with signal strengths of
1.0 times (short-dashed) and 1.5 times (long-dashed) the SM
prediction.
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FIG. 12: (color online). The best-fit signal cross section
expressed as a ratio to the SM cross section as a function
of Higgs boson mass from the combination of CDF and D0’s
SM Higgs boson searches focusing on the H → W+W− decay
mode. The dark- and light-shaded bands show the one and
two s.d. uncertainty ranges on the fitted signal, respectively.
Also shown with blue lines are the median fitted cross sec-
tions expected for a SM Higgs boson with mH = 125 GeV/c2

at signal strengths of 1.0 times (short-dashed) and 1.5 times
(long-dashed) the SM prediction.
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Tevatron	
  Combina:on	
  
•  Combine	
  all	
  search	
  channels	
  from	
  

D0	
  and	
  CDF	
  
–  17	
  dis:nct	
  analyses,	
  over	
  100	
  

subchannels	
  (WW,	
  ZZ,	
  ττ, γγ decays)	
  
–  Good	
  agreement	
  over	
  many	
  orders	
  

of	
  magnitude	
  
•  Bayesian	
  and	
  CLs	
  methods	
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Tevatron	
  Cross	
  Sec:on	
  &	
  p-­‐values	
  

σ/SM=1.44	
  	
  	
  	
  	
  	
  	
  at	
  MH=125	
  GeV	
  3.0	
  s.d.	
  (local)	
  at	
  MH=125	
  GeV	
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+0.59	
  

-­‐0.56	
  

CDF



Tevatron	
  Cross	
  Sec:ons	
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D0	
  combined	
  rate:	
  1.40	
  x	
  SM	
  
D0	
  H⟶bb	
  rate:	
  1.23	
  x	
  SM	
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FIG. 8: The significance of the observed data excess with re-
spect to the background-only expectation for the combination
of all CDF search channels as a function of SM Higgs boson
mass. The probabilities for the background model to result in
a best-fit cross section as large or larger than that observed
in data, p-values, are shown with the solid line. The dashed
line indicates the mean expected p-values in the presence of
a SM Higgs boson evaluated separately for each test mass,
where the associated shaded regions show the ranges of one
and two standard deviation fluctuations in observed p-values
for these scenarios. The dot-dashed line indicates mean ex-
pected p-values for each mass hypothesis in the case of the
SM Higgs boson with mH = 125 GeV/c2.

interpretation are listed in Table VI.
Previous searches for a fermiophobic Higgs boson at

the Tevatron excluded signals with masses smaller than
119 GeV/c2 [88–90]; the expected exclusion was also
mHf

< 119 GeV/c2. The ATLAS and CMS Collabo-
rations excluded mHf

in the ranges 110.0–118.0 GeV/c2

and 119.5–121.0 GeV/c2 using diphoton final states [91]
and in the range 110–194 GeV/c2 by combining multiple
final states [92].
Dedicated searches are conducted for H → γγ within

the FHM interpretation to optimize the sensitivity for
the different event kinematic properties associated with
the dominant Higgs boson production mechanisms. FHM
Higgs bosons are produced in association with vector
bosons, or recoiling from jets in the case of VBF. As a
result, the Higgs boson pT spectrum is shifted to higher
values for the FHM than the SM, where the dominant
production mechanism is gg → H . Potential signal con-
tributions from WH, ZH, and VBF production included
in the SM H → W+W− and H → ZZ search chan-
nels are also incorporated. In the H → W+W− search
sub-channel focusing on events with opposite-charge lep-
tons and two or more reconstructed jets, where potential
signal contributions from these production mechanisms
are significant, the final discriminant used for the FHM
interpretation has been re-optimized to focus on the ex-
pected event kinematic properties of the relevant signal
processes. The FHM search is performed over the range

SMσ/σBest Fit 
0 1 2 3 4 5 6 7 8 9 10 11

b Vb→VH

-τ+τ →H

-W+ W→H

γγ →H
bbt t→Htt

2 = 125 GeV/cHm

Combined (68% C.L.) 

Single channel

FIG. 9: Summary of best-fit signal cross sections relative
to SM expectations for the mH = 125 GeV/c2 hypothesis.
Square dots with horizontal uncertainty bars show the fitted
cross sections obtained from the subsets of CDF search chan-
nels corresponding to V H → V bb̄, H → W+W−, H → γγ,
H → τ+τ−, and tt̄H → tt̄bb̄ production and decay. The solid
vertical line and associated shaded region illustrate the fitted
SM cross section obtained from all search channels.

100 ≤ mH ≤ 200 GeV/c2.
No evidence for a fermiophobic Higgs boson is found

in the data, and upper limits are set on the produc-
tion rate relative to the FHM expectation. These lim-
its are shown in Fig. 10 and listed in Table VI. We
exclude a fermiophobic Higgs boson in the mass range
100 < mH < 113 GeV/c2, and expect to exclude 100 <
mH < 122 GeV/c2 in the absence of a Higgs boson signal.

IX. FOURTH-GENERATION MODEL
INTERPRETATION AND

MODEL-INDEPENDENT LIMIT ON gg → H
PRODUCTION

The lowest-order process mediating the ggH coupling
in the SM is a quark triangle-loop, with the dominant
contribution coming from the top quark, and a smaller
contribution from the bottom quark. The model tested
here is the standard model with a fourth sequential gen-
eration of fermions (SM4). The masses of the compo-
nents of the fourth generation are assumed to be larger
than the mass bounds from collider experiments. In the
SM4, the up-type (u4) and down-type (d4) quarks would
contribute approximately with the same magnitude as
the top quark to the ggH coupling, resulting in approxi-
mately a factor of nine increase in the gg → H produc-
tion cross section and the H → gg decay width [15–17].
The enhancement is modified by resonant structure in

CDF	
  

CDf	
  combined	
  rate:	
  1.54	
  x	
  SM	
  

CDF



Coupling	
  Measurements	
  

•  Fix	
  mass	
  at	
  125,	
  perform	
  best	
  fit	
  to	
  all	
  x-­‐secs/branching	
  
frac:ons	
  

•  Scale	
  all	
  fermion	
  couplings	
  by	
  κF	
  and	
  all	
  boson	
  
couplings	
  by	
  κV	
  
–  Need	
  to	
  preserve	
  unitarity	
  in	
  branching	
  frac:ons	
  

•  Also	
  compare	
  κW	
  and	
  κZ	
  (custodial	
  sym.)	
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Some	
  examples:	
   Γbb ,Γcc ,  Γττ ∝κ f
2

ΓWW ∝R
2κV

2,   R =κW /κZ

ΓZZ ∝κV
2

Γgg ∝ (0.95κ f
2 + 0.05κV

2 )

Γγγ ∝ (1.28κV − 0.28κ f )
2

CDF



1D	
  Coupling	
  Measurements	
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κW,κZ	
  =	
  coupling	
  ra:os	
  to	
  SM	
  for	
  W	
  and	
  Z	
  θWZ = Tan
−1(κZ /κW )

κW /κZ =1.24−0.42
+2.34

CDF



κf	
  vs.	
  κV	
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κW	
  vs.	
  κZ	
   CDF



Tes:ng	
  Spin	
  and	
  Parity	
  
•  Standard	
  Model	
  predicts	
  JP	
  =	
  0+;	
  2+,	
  0-­‐	
  also	
  possible	
  
•  LHC	
  tests	
  confirm	
  0+	
  at	
  3σ	
  level	
  in	
  combined	
  bosonic	
  final	
  

states	
  
•  Tevatron	
  has	
  sensi:vity	
  in	
  bb	
  final	
  states	
  

–  We	
  need	
  a	
  consistent	
  picture	
  in	
  all	
  expected	
  decay	
  modes!	
  
•  Visible	
  mass	
  of	
  Vbb	
  system	
  very	
  sensi:ve	
  to	
  JP	
  assignment	
  

(e.g.	
  Ellis,	
  Hwang,	
  Sanz,	
  You,	
  JHEP	
  1211,	
  134	
  [2012])	
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FIG. 2: The Z + b̄b background invariant mass distribution (green) at the TeVatron using the D0 cuts

described in the text (left panel) and the LHC at 8 TeV using the CMS cuts also described in the text (right

panel) compared with the two-lepton signal distributions in the Z + X invariant mass MZX for the 0+

(solid black), 0� (pink dotted) and 2+ (blue dashed) assignments for the particle X with mass ⇠ 125 GeV.

III. DETECTOR SIMULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS

A. TeVatron

The TeVatron experiments CDF and D0 have reported evidence for production of the X particle

in association with Z ! `+`�, ⌫̄⌫ and W± ! `±⌫ [3]. In this Section we simulate these analyses

using Delphes. We first apply the following baseline parton-level cuts at the generator level:

p`T > 10 GeV, |⌘`| < 2., pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5, where ⌘ is the pseudo-rapidity

and R is the standard cone angle variable, and jets are reconstructed using the cone size R = 0.5

As shown in the left panel of Fig. 3, the discrimination between the different possible spin-parity

assignments survives the baseline cuts. We next proceed to implement event selections and cuts

specific to the CDF and D0 experiments for analyses with two, one and zero leptons.

1. D0 and CDF Z ! `+`� +X ! b̄b analyses

The D0 [14] selection cuts we implement are different for muons and electrons. In the muon

case, we ask for a leading lepton with pT >20 GeV and |⌘`| < 2, and a sub-leading lepton with
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FIG. 6: The effect of a fast simulation of the CDF [17] and D0 [18] Z ! ⌫̄⌫ + X ! b̄b analyses

with Delphes on the transverse mass distributions for the different JP assignments. The discrimination

between the different spin-parity assignments seen in Fig. 1 is maintained.

B. LHC V +X ! b̄b analyses

Both ATLAS [19] and CMS [20] have published the results of searches for associated V +X

production, so far establishing upper limits in the absence of a significant signal.

In simulating the ATLAS analysis with zero leptons, the parton-level cuts we use in our sample

generation are /ET > 120 GeV, pT > 80 GeV for the leading jet, and pjT > 20 GeV for all

other jets. We also use the cuts �� /E
T

,j < ⇡/2 for the two leading jets. We follow the CMS

analysis by including a selection for V and X decays with dijet pairs and V decays boosted in the

transverse direction, via the cuts listed in Table I. Other cuts on combinations such as mjj and m``

are automatically 100% efficient for the signal, as is the requirement for b-tagged jets. We note

that jets are reconstructed using the anti-kT algorithm with cut parameter 0.5.

We display in Fig. 7 various kinematical distributions found after simulations of the ATLAS

cuts (upper row) and the CMS cuts detailed in Table I (lower row) for events with two, one and zero

identified leptons (left, centre and right panels). In almost every case, we see that the distributions

for the 0+, 2+ and 0� spin-parity assignments for the X particle are clearly distinguishable. The

only exceptions are provided by the transverse mass distributions for the CMS analysis of one-

and zero-lepton events, where we see that the 0� and 0+ cases are indistinguishable. This is a

consequence of the boost requirements, which suppress low-mass V + X combinations. These



Tes:ng	
  Spin	
  and	
  Parity	
  
•  Standard	
  Model	
  predicts	
  JP	
  =	
  0+;	
  2+,	
  0-­‐	
  also	
  possible	
  
•  LHC	
  tests	
  confirm	
  0+	
  at	
  3σ	
  level	
  in	
  combined	
  bosonic	
  final	
  

states	
  
•  Tevatron	
  has	
  sensi:vity	
  in	
  bb	
  final	
  states	
  

–  We	
  need	
  a	
  consistent	
  picture	
  in	
  all	
  expected	
  decay	
  modes!	
  
•  Visible	
  mass	
  of	
  Vbb	
  system	
  very	
  sensi:ve	
  to	
  JP	
  assignment	
  

(e.g.	
  Ellis,	
  Hwang,	
  Sanz,	
  You,	
  JHEP	
  1211,	
  134	
  [2012])	
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FIG. 2: The Z + b̄b background invariant mass distribution (green) at the TeVatron using the D0 cuts

described in the text (left panel) and the LHC at 8 TeV using the CMS cuts also described in the text (right

panel) compared with the two-lepton signal distributions in the Z + X invariant mass MZX for the 0+

(solid black), 0� (pink dotted) and 2+ (blue dashed) assignments for the particle X with mass ⇠ 125 GeV.

III. DETECTOR SIMULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS

A. TeVatron

The TeVatron experiments CDF and D0 have reported evidence for production of the X particle

in association with Z ! `+`�, ⌫̄⌫ and W± ! `±⌫ [3]. In this Section we simulate these analyses

using Delphes. We first apply the following baseline parton-level cuts at the generator level:

p`T > 10 GeV, |⌘`| < 2., pjT > 20 GeV, |⌘j| <2.5 and �Rj` > 0.5, where ⌘ is the pseudo-rapidity

and R is the standard cone angle variable, and jets are reconstructed using the cone size R = 0.5

As shown in the left panel of Fig. 3, the discrimination between the different possible spin-parity

assignments survives the baseline cuts. We next proceed to implement event selections and cuts

specific to the CDF and D0 experiments for analyses with two, one and zero leptons.

1. D0 and CDF Z ! `+`� +X ! b̄b analyses

The D0 [14] selection cuts we implement are different for muons and electrons. In the muon

case, we ask for a leading lepton with pT >20 GeV and |⌘`| < 2, and a sub-leading lepton with
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FIG. 6: The effect of a fast simulation of the CDF [17] and D0 [18] Z ! ⌫̄⌫ + X ! b̄b analyses

with Delphes on the transverse mass distributions for the different JP assignments. The discrimination

between the different spin-parity assignments seen in Fig. 1 is maintained.

B. LHC V +X ! b̄b analyses

Both ATLAS [19] and CMS [20] have published the results of searches for associated V +X

production, so far establishing upper limits in the absence of a significant signal.

In simulating the ATLAS analysis with zero leptons, the parton-level cuts we use in our sample

generation are /ET > 120 GeV, pT > 80 GeV for the leading jet, and pjT > 20 GeV for all

other jets. We also use the cuts �� /E
T

,j < ⇡/2 for the two leading jets. We follow the CMS

analysis by including a selection for V and X decays with dijet pairs and V decays boosted in the

transverse direction, via the cuts listed in Table I. Other cuts on combinations such as mjj and m``

are automatically 100% efficient for the signal, as is the requirement for b-tagged jets. We note

that jets are reconstructed using the anti-kT algorithm with cut parameter 0.5.

We display in Fig. 7 various kinematical distributions found after simulations of the ATLAS

cuts (upper row) and the CMS cuts detailed in Table I (lower row) for events with two, one and zero

identified leptons (left, centre and right panels). In almost every case, we see that the distributions

for the 0+, 2+ and 0� spin-parity assignments for the X particle are clearly distinguishable. The

only exceptions are provided by the transverse mass distributions for the CMS analysis of one-

and zero-lepton events, where we see that the 0� and 0+ cases are indistinguishable. This is a

consequence of the boost requirements, which suppress low-mass V + X combinations. These

Today’s	
  results	
  only	
  cover	
  0+	
  vs.	
  2+	
  	
  
0-­‐	
  vs.	
  0+	
  studies	
  are	
  ongoing	
  



Genera:ng	
  signals	
  
•  Generate	
  2+	
  signal	
  with	
  MADGRAPH5;	
  interfaced	
  to	
  

PYTHIA	
  for	
  showering	
  
–  Use	
  RS	
  graviton	
  model,	
  ini:al	
  normaliza:on	
  to	
  SM	
  xsec	
  x	
  Br	
  
–  Note:	
  no	
  generic	
  Spin-­‐2	
  model	
  
–  Only	
  considering	
  VH	
  processes	
  (no	
  e.g.	
  gg	
  or	
  VBF)	
  

•  MADGRAPH	
  0+	
  VH	
  checked	
  against	
  PYTHIA	
  VH;	
  good	
  
agreement	
  

•  Observe	
  similar	
  separa:on	
  to	
  that	
  predicted	
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FIG. 1: Transverse mass of the: (a) !νbb̄ system for the three spin states, (b) ννbb̄ system, and (c) invariant mass of the !!bb̄
system. All histograms have unit area.

VI. STATISTICAL ANALYSIS88

We combine results using the CLs method with a negative log-likelihood ratio (LLR) test statistic for the two
hypotheses, the test hypothesis, H1, and the null hypothesis, H0. The LLR is given by:

LLR = −2 ln(LH1
/LH0

), (3)

and Lx is the likelihood function for the hypothesis x. We define CLs as:

CLs = CLH1
/CLH0

(4)

where CLx for a given hypothesis x is:

CLx = P (LLR ≥ LLRobs|x) (5)

In a typical SM Higgs boson search, H0 is the background-only (b) hypothesis and H1 is the signal plus background89

(s + b) hypothesis [20, 21, 22, 23].90

These confidence levels are evaluated by integrating the corresponding LLR distributions of simulated experiment91

outcomes drawn from Poisson distributions of the relevant signal and background parameters. Separate channels92

and bins are combined by summing LLR values over all bins and channels. This method provides a robust means93

of combining channels while maintaining each individual channel’s sensitivity and different systematic uncertainties.94

Systematic uncertainties are treated as nuisance parameters with Gaussian probability distributions constrained by95

D0	
  Preliminary	
  

llbb	
  Mass	
  (GeV)	
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Addi:onal	
  Discrimina:on	
  
•  Take	
  advantage	
  of	
  known	
  mass	
  

–  vvbb,	
  llbb:	
  create	
  high/low	
  purity	
  regions	
  using	
  Mbb	
  

•  lvbb	
  uses	
  MVA	
  output	
  to	
  make	
  HP/LP	
  regions	
  
•  Separate	
  channels	
  in	
  sta:s:cal	
  analysis	
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Final	
  Variables	
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Results	
  
•  Use	
  CLs	
  to	
  quan:fy	
  model	
  preference,	
  LLR	
  as	
  test	
  sta:s:c	
  

–  H1:	
  JP	
  =	
  2+	
  +	
  BG	
  
–  H0:	
  JP	
  =	
  0+	
  +	
  BG	
  

•  Compute	
  for	
  2	
  different	
  signal	
  scale	
  factors	
  on	
  SM	
  σ×Br(bb)	
  
–  1.00	
  (SM)	
  	
  
–  1.23	
  (D0	
  measured	
  rate)	
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LLR = −2 log(L(H1) / L(H0))



Results	
  
•  Use	
  CLs	
  to	
  quan:fy	
  model	
  preference,	
  LLR	
  as	
  test	
  sta:s:c	
  

–  H1:	
  JP	
  =	
  2+	
  +	
  BG	
  
–  H0:	
  JP	
  =	
  0+	
  +	
  BG	
  

•  Compute	
  for	
  2	
  different	
  signal	
  scale	
  factors	
  on	
  SM	
  σ×Br(bb)	
  
–  1.00	
  (SM;	
  shown)	
  	
  
–  1.23	
  (D0	
  measured	
  rate)	
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  Clear	
  preference	
  for	
  0+	
  

LLR = −2 log(L(H1) / L(H0))



Results	
  

•  CLs=CLH1/CLH0	
  
•  CLx=P(LLR	
  ≥	
  LLRobs|x)	
  
•  Interpret	
  1-­‐CLs	
  as	
  C.L.	
  
for	
  exclusion	
  of	
  2+	
  in	
  
favor	
  of	
  0+	
  

•  Exclude	
  2+	
  model	
  at	
  	
  	
  	
  
>	
  99.2%	
  C.L.	
  

•  Expected	
  exclusion	
  is	
  
3.1σ	
  (µ=1.0)	
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Combined	
  Result	
  

1	
  –	
  CLs	
  Exp.	
  (µ=1.00)	
   0.9995	
  

1	
  –	
  CLs	
  Obs.	
  (µ=1.00)	
   0.992	
  

1	
  –	
  CLs	
  Exp.	
  (µ=1.23)	
   0.9999	
  

1	
  –	
  CLs	
  Obs.	
  (µ=1.23)	
   0.999	
  



Signal	
  Admixtures	
  
•  Allow	
  possibility	
  of	
  both	
  a	
  2+	
  and	
  0+	
  signal	
  in	
  data	
  

–  Vary	
  2+	
  frac:on	
  f2+	
  from	
  0	
  to	
  1	
  
–  H1:	
  µ	
  ×	
  (σ�Br(-­‐>bb))SM	
  ×	
  [2+	
  ×	
  f2+	
  +	
  	
  0+	
  ×	
  (1	
  –	
  f2+)]	
  +	
  Background	
  
–  H0:	
  µ	
  ×	
  (σ�Br(-­‐>bb))SM	
  ×	
  	
  0+	
  (i.e.	
  pure	
  0+)	
  +	
  Background	
  

•  Fix	
  µ	
  to	
  1.00	
  or	
  1.23,	
  compute	
  LLR,	
  CLs,	
  etc.	
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Exclude	
  f2+	
  	
  >	
  0.56	
  at	
  95%	
  C.L.	
   Exclude	
  f2+	
  	
  >	
  0.42	
  at	
  95%	
  C.L.	
  



Summary	
  
•  A	
  broadly	
  consistent	
  Higgs	
  boson	
  

picture	
  is	
  forming;	
  Tevatron	
  
provides	
  complementary	
  info	
  in	
  
bb	
  channels	
  

•  All	
  final	
  Tevatron	
  Higgs	
  
combina:ons	
  accepted	
  in	
  Phys.	
  
Rev.	
  D	
  

•  Cross	
  sec:on	
  and	
  coupling	
  
measurements	
  consistent	
  with	
  
the	
  SM	
  predic:ons	
  

•  D0	
  spin	
  and	
  parity	
  tests	
  in	
  bb	
  final	
  
states	
  favor	
  JP=0+;	
  reject	
  JP=2+	
  
(graviton-­‐like	
  couplings)	
  at	
  
>99.2%	
  C.L.	
  	
  

	
  	
  	
  	
  	
  Exclude	
  f2+>	
  0.42	
  at	
  95%	
  C.L.	
  
•  S:ll	
  to	
  come:	
  JP=0-­‐	
  tests,	
  

combina:on	
  with	
  CDF	
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_	
  

_	
  



Backup	
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Final	
  Tevatron	
  Publica:ons	
  

18	
  Jul	
  2013	
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Final	
  Tevatron	
  Publica:ons	
  

18	
  Jul	
  2013	
   27	
  

D0	
  Combina:on:	
  
Acc.	
  by	
  PRD	
  arXiv:1303.0823	
  

	
  
CDF	
  Combina:on:	
  

Acc.	
  by	
  PRD	
  arXiv:1301.6668	
  
	
  

Tevatron	
  Combina:on:	
  
Acc.	
  	
  by	
  PRD	
  arXiv:1303.6346	
  

	
  



Final	
  D0	
  SM	
  Combina:on	
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Final	
  D0	
  SM	
  Combina:on	
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Exclude	
  90	
  <	
  MH	
  <	
  101,	
  
157	
  <	
  MH	
  <	
  178	
  GeV	
  



Tevatron	
  Sub-­‐combina:ons	
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Tevatron	
  Limits	
  
Results	
  shown	
  from	
  the	
  Bayesian	
  calcula:on	
  (CDF	
  method)	
  

Exclusion	
  regions:	
  	
  	
  	
  	
  90	
  <	
  MH	
  <	
  107,	
  149	
  <	
  MH	
  <	
  182	
  GeV	
  
Expected	
  exclusion:	
  	
  90	
  <	
  MH	
  <	
  121,	
  140	
  <	
  MH	
  <	
  184	
  GeV	
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Tevatron	
  Cross	
  Sec:on	
  Posteriors	
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More	
  on	
  coupling	
  measurements	
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From	
  T.	
  Junk:	
  



Higgs	
  searches	
  in	
  4t	
  h	
  genera:on	
  models	
  
●  New heavy generation of quarks 

●  ggH coupling is multiplied by 3 compared to SM 
●  Production is enhanced by 9 

●  OS dilepton, lνjj(jj) searches can be recycled 
●  For these channels in SM  gg → H is  the dominant SM 

signal 
●  → No need for dedicated BDT training within 4th gen context 
●  Extend mass range with 
●  MC at    200 <MH < 300 GeV 

 
 
 
 
 
 

Today's D0 exclusion: 
 observed  125<mH<218 GeV 
 expected   122<mH<232 GeV 

t,u4,d4 

Former publication:  PRD 82, 011102 (2010),   DO+CDF 4.8-5.2 fb-1 : 

 131 < mH<208  GeV  excluded   ( 125<mH<227 GeV expected sensitivity) 
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Fermiophobic	
  Higgs	
  searches	
  
●  Models where H → ff couplings do not occur 

●  Also means no gg → H production	
  
●  So we consider channels with H →γγ , WW 

●  H → γγ          (VH and VBF)             	


●  OS dilepton   (VH and VBF) 
●  SS dilepton   (VH) 
●  trilepton    (VH) 

●  Benefits from SM search refinements 
●  Employ same subchannels and BDT techniques 
●  Retrain BDTs in channels where  gg → H  

provides dominant signal in SM 
  OS dilepton, H → γγ	



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 exclusion @95%CL 
 observed  mH<114 GeV 
 expected   mH<117 GeV 
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Tevatron	
  BSM	
  Results	
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bb	
  Diboson	
  Combina:on	
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Measured	
  value:	
  3.0	
  +/-­‐	
  0.6	
  (stat.)	
  +/-­‐	
  0.7	
  (syst.)	
  pb	
  
SM	
  Value	
  :	
  	
  4.4	
  +/-­‐	
  0.3	
  pb	
  



LLR	
  vs.	
  2+	
  Frac:on	
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Suite	
  of	
  Higgs	
  Analyses	
  

•  Tradi:onally	
  analyses	
  
divided	
  into	
  “Low-­‐mass”	
  
and	
  “High-­‐mass”	
  

•  Low-­‐mass:	
  associated	
  
produc:on	
  

•  High-­‐mass:	
  	
  H→WW	
  
decays	
  (mostly	
  gg	
  prod.;	
  
also	
  VH,	
  VBF)	
  	
  

•  Also	
  contribu:ons	
  in	
  
secondary	
  (tau,	
  γγ)	
  
channels	
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bVbVH →

more	
  work	
  to	
  do	
  on	
  this	
  slide	
  



H-­‐>WW	
  Analyses	
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l  Signatures:	
  
-­‐	
  Two	
  isolated	
  high	
  pT	
  leptons,	
  
large	
  ɆT,	
  small	
  Δφ(ll),	
  small	
  ΔR(ll)	
  

l  Use	
  mul:ple	
  MVAs	
  to	
  reject	
  
different	
  backgrounds	
  
l  Reduce	
  Z(+jets)	
  →	
  ll	
  w/

dedicated	
  BDT	
  
l  Use	
  dedicated	
  MVA	
  to	
  

separate	
  samples	
  into	
  WW	
  
enriched	
  and	
  WW	
  depleted	
  
regions	
  

	
  

H

	
  
	
  

	
  
	
  

μ+	
  

ν	
  
W
-­‐	
  

W+	
  

e-­‐	
  

ν	
  

W-­‐	
  

W+	
  



Comparison	
  of	
  Tev	
  and	
  LHC	
  Methods	
  

•  Signal	
  scaling	
  
–  Tevatron:	
  signals	
  fixed	
  in	
  both	
  hypotheses	
  

•  2+	
  normaliza:on	
  does	
  vary	
  when	
  se�ng	
  95%	
  C.L.	
  upper	
  limits	
  
•  Exclude	
  µ >	
  0.73	
  at	
  95%	
  C.L.	
  in	
  this	
  case	
  

–  LHC:	
  signals	
  fixed	
  to	
  best	
  fit	
  values	
  in	
  each	
  hypothesis	
  (need	
  not	
  
be	
  equal)	
  

•  Systema:c	
  uncertain:es	
  
–  Tevatron	
  varies	
  systs.	
  in	
  pseudoexperiments	
  
–  LHC	
  does	
  not	
  vary	
  systs.	
  in	
  PEs	
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