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Outline 

Reminder: Tevatron stopped in fall 2011 
 ~ 10fb-1 per experiment after data quality 



Gavin Davies – Higgs Hunting 2013 3 3 

Context 
• July 12 

–  New boson discovered at LHC using bosonic decay modes 

–  Evidence for  H→bb decay from Tevatron 

• Since 
–  Focus on studying the new boson 
–  Tevatron: Complementary as exploiting primarily fermionic (H→bb ) decays 

Phys. Rev. Lett. 109, 071804 (2012) 
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• ‘Low’ mass mH < 135 GeV 
–  Dominated by: 

• ‘High’ mass mH > 135 GeV 
–  Dominated by:	


• Less sensitive channels add overall sensitivity 

Search strategy 

Decay 

bbWHqq ν→→ʹ′

bbZHqq →→

bbZHqq νν→→

νν ʹ′ʹ′→→→ (*)WWHgg

VBF 
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Tevatron –LHC complementarity 

Main mode 

Supporting mode 

LHC 

Tevatron 

@ mH= 125 GeV 
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Individual experiment results 

At mH = 125 GeV 
Exp. limit: 1.5 x σ(SM) 
Obs. limit: 2.9 x σ(SM) 

At mH = 125 GeV 
Exp. limit: 1.7 x σ(SM) 
Obs. limit: 2.9 x σ(SM) 

95% CL Exclusion 
  90 < mH < 102 GeV 
149 < mH < 172 GeV

   

95% CL Exclusion 
  90 < mH < 101 GeV 
157 < mH < 178 GeV

   

Accepted PRD 
arXiv:1301.6668 Accepted PRD 

arXiv:1303.0823 

CDF 



 
 
 

        
 
 
 
 
 
 
 
 
 
Observed exclusion:  90 < mH < 109 GeV,  149 < mH < 182 GeV 
Expected exclusion:  90 < mH < 120 GeV,  140 < mH < 184 GeV 
 
95% CL limit @ mH = 125 GeV: 1.06 x σ(SM) expected, 2.44 x σ(SM) observed 
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Tevatron combination 

7 

Accepted PRD 
arXiv:1303.6346 



Gavin Davies – Higgs Hunting 2013 8 

Quantifying the excess: LLR 
• Log-likelihood ratio (LLR) 

–  Relative agreement of B-only  
and S+B hypotheses 
–  Throw pseudo-data to populate  
B-only and S+B models 

• Compare to observed 
 

–  Expected S+B shows good  
sensitivity up to ~185 GeV 

–  ~3σ excess at 120-125 GeV 
• Consistent with SM Higgs 
 

 

Accepted PRD arXiv:1303.6346 
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Quantifying the excess 
 

• Compatibility with B-only prediction (left) 
–  Minimum local p-value at mH = 120 GeV: 3.1σ  	
(2.0σ expected) 
                         p-value at mH = 125 GeV: 3.0σ 	
(1.9σ expected)	


• Compatibility with S+B prediction (right) 
–  Maximum likelihood fit with Higgs cross section as a free parameter 

•     µ= σ/σSM = 1.4 ± 0.6 @ 125 GeV 

Accepted PRD arXiv:1303.6346 
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Tevatron cross section fits 

CDF 

D0: H→bb: µ=1.23 

Accepted PRD arXiv:1303.6346 

Accepted PRD 
arXiv:1301.6668 

Accepted PRD 
arXiv:1303.0823 
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Couplings 
• Measure deviations of couplings from SM prediction using 

LHCHXSWG framework (arXiv:1209:0040) 
 
 

–  Assume all signals near 126 GeV from  
single resonance of zero width, with SM-like coupling structure 
 

–  Additionally: no additional invisible or undetected Higgs decay modes 
–  e.g. 

–  Study fermion coupling, κf and boson couplings κW, κZ and κV 
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Couplings 
• 1D fits: Vary each of κW, κZ and κf independently in turn 

 
 

 
 

κz=κf=1 

κW=κf=1 

κW=κZ=1 

 )05.1( 45.0
55.0

+
−±=zk

 64.2 59.1
30.1

+
−−=fk

 1.51   1.04or  27.1 46.0
29.0 <<−= +

− ww kk

Negative values for κW and κf  
preferred due to H→γγ excess  

Accepted PRD 
arXiv:1303.6346 
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Couplings 
• Probe custodial symmetry ie λWZ = κW/κZ ≈ 1(SM) 

–  Scale all fermion couplings by a common factor κf 

– Measure κW and κZ independently 
 

 
 

 
 24.1 : 34.2

42.0
+
−=wzExtract λ

Accepted PRD 
arXiv:1303.6346 
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Couplings 
• Independent common vector (κV) and fermion (κf) couplings 

–  Again consistent with SM 

Assume λWZ = 1 
Accepted PRD 
arXiv:1303.6346 
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Spin 
• SM predicts JP=0+, but 0- and 2+ possible 
• LHC confirms 0+ with bosonic decay modes 
• Tevatron sensitive in bb final states 

–   Visible mass of Vbb system very sensitive to JP assignment 
e.g. Ellis et al., JHEP 1211 134 (2012) 
 

–  Today: 2+ vs 0+ from DØ. 0- and combination with CDF to come 

llbb mass (GeV) llbb mass (GeV) 

DØ Note 6387-CONF 
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Spin 
• Strategy 

–  Re-use published VH → Vbb analyses 
• With same selections 

–  2+: RS graviton model from madgraph 
• Normalised to (σ x Br)SM 

–  Use dijet mass or SM MVA to improve s/b 
–  Final discriminant: Visible mass 
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Spin 
• Use CLs 

–  LLR = -2log[L(H1)/L(H0)] with H1 = (2+ + bkg) and H0 = (0+ + bkg)  
• Compute µ x (σ x BR)SM for µ = 1.0 and 1.23 (DØ measured value) 

–  Clear preference for 0+ 

 

DØ Note 6387-CONF 



Gavin Davies – Higgs Hunting 2013 18 

Spin 
• Use CLs 

–  LLR = -2log[L(H1)/L(H0)] with H1 = (2+ + bkg) and H0 = (0+ + bkg)  
• Compute µ x (σ x BR)SM for µ = 1.0 and 1.23 (DØ measured value) 

–  CLs = CLH1/CLH0 

–  CLx = P(LLR ≥ LLRobs|x) 

–  1-CLs: Exclusion of 2+ in 
favour of 0+ 

 
 
–  Exclude 2+  

• At 99.9% CL obs (µ=1.23) 
• At 99.9% CL exp (µ=1.0) 

 

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 
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Spin 
• Consider both 2+ and 0+ signal in data 

–  Vary fraction, f2+, of 2+ from 0→1 
–  H1 = µ x (σ x BR)SM  x  ([2+ x f2+] + [0+ x (1-f2+)]) + background 
–  H0 = µ x (σ x BR)SM  x  0+ (pure 0+) + background 

 
 
 
 
 
 
 
 

 
 

Exclude at 95% CL 
f2+ > 0.42 (µ=1.23) 

 

DØ Note 
6387-CONF 



• Tevatron  
–  SM sensitivity over most of accessible mass range 
–  Excess from 115 < mH < 140 GeV 

•  3σ significance at 125 GeV 
–  Coupling & DØ spin results consistent with SM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

• Consistent Higgs boson picture forming 
 

• Tevatron: continue to provide valuable information on 
nature of the observed boson despite rapid progress on H → bb at LHC  

•  Look forward to combination 
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Conclusions & forward look 

Exclude 2+  
at 99.9% CL 
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Final publications 
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Final publications 

DØ Combination: 
Acc. by PRD arXiv:1303.0823 

 
CDF Combination: 

Acc. by PRD arXiv:1301.6668 
 

Tevatron Combination: 
Acc.  by PRD arXiv:1303.6346 
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Visualising the excess	

 
 
 
 
 
 
 
 
 
 
 
-  Display all input histogram bins 
 ordered according to S/B in one plot 

-  Background model constrained by the data 
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Visualising the excess 

Comparison to mH = 165GeV 
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Quantifying the excess: sub-channels 

 

 
 

H→bb combination H→WW combination 
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Limits: By channel 
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Tevatron combination: CLs+b 
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Cross section fits 
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Cross section fits 
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Couplings 
• Probe custodial symmetry ie λWZ = kW/kZ ≈ 1(SM) 

–  Scale all fermion couplings by a common factor kf 
–  Compute posterior probability for  
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H → γγ	

 

 
 



Gavin Davies – Higgs Hunting 2013 33 

Spin 
• Use CLs 

–  LLR = -2log[L(H1)/L(H0)] with H1 = (2+ + bkg) and H0 = (0+ + bkg)  

 
 
 
 
 
 
–  Exclude at 95% CL 

•   σ2+
 /σSM = 0.73 obs 

•   σ2+
 /σSM = 0.49 exp 
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Spin 
• Use CLs: LLR = -2log[L(H1)/L(H0)] with H1 = (2+ + bkg) and H0 = (0+ + bkg)  
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Spin 
• Use CLs: LLR = -2log[L(H1)/L(H0)] with H1 = (2+ + bkg) and H0 = (0+ + bkg)  
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Spin 
• Consider both 2+ and 0+ signal in data 

–  Vary fraction, f2+, of 2+ from 0→1 
–  H1 = µ x (σ x BR)SM  x  ([2+ x f2+] + [0+ x (1-f2+)]) + background 
–  H0 = µ x (σ x BR)SM  x  0+ (pure 0+) + background 
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H→bb: PRL 109, 071084 (2012) 

–  Results consistent 

pb 09.023.0 ±=VHσ pb 09.019.0 ±=VHσ

pb 01.012.0 : ±=VHSM σ
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• ~12fb-1 delivered, ~11fb-1 recorded, ~10fb-1 after data quality per expt 

Tevatron 

Many thanks to Accelerator Division 

2011 

2010 

2009 

2008 

2007 
2006 

2005 2004 2003 

Primary Higgs analyses: 9.5-10fb-1 
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Higgs production 



– More than 50 Higgs events / fb-1 

• With 10/fb per experiment, 
 over 1000 total Higgs events to find! 
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Higgs production 
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Search strategy 
• Leave no stone unturned 

–  Maximise ‘inclusive’ acceptance 
–  Separate into sub-channels 
 with different s/b 
–  Use multivariate techniques 
 

• Modeling 
–  Check modeling in control regions & 
validate analyses by measuring 
 SM diboson signals 
–  Derive systematics on both normalisation  
& shape from independent measurements 
 

• Combination 
–  Bayesian and CLS techniques used 
–  Systematics introduced as nuisance parameters 

•  Impact of these mitigated with constraints from data 
 

e.g. H→WW 

σ(VZ) = (0.7 ± 0.2) σ(SM)  
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–  eg CDF 

 
 

Track record of improvement 
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• Lepton from W/Z, MET,  
   b-tagged jets 

–  Dominant bkgds: Multijet,  
W/Z+jets,  diboson, top 

• Mass resoln & b-tagging critical 
• Use MVA b-tag classifiers 

–  50-80% b-tag efficiency, 0.5-10% mis-tag rate 

 
43 

Low mass: H → bb 

Before b-tagging After b-tagging ZH→llbb 
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Search validation 
• Validate analyses by measuring SM diboson signal 

–  Train MVAs with diboson signal rather than Higgs 
•  Performed with same sub-division of channels as H search 

–  H→ WW → lνlν: Measure WW → lνlν production 
–  VH → Vbb analyses: Measure WZ/ZZ with Z → bb 

σ(VZ) = (0.7 ± 0.2) σ(SM)  
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Search validation: VH → Vbb  
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All the detail.. 
CDF 

DØ 
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Statistical techniques 
• Two statistical approaches used 

–  Better than 10% agreement over whole mass range (~2% on average) 

• Bayesian 
–  Flat signal prior, credibility intervals 

• Modified frequentist 
–  Log-likelihood test statistic, CLs =  CLs+b/CLb 

 
 
 
 

• Operate on binned, final discriminants 
–  Poisson statistics assumed for each bin 
 

• Systematics introduced as nuisance parameters 
–  Impact of these mitigated with constraints from data 



Cross Section & BR 
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Cross section & BR 
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