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Theoretical Constraints Theoretical Constraints 
on the SM on the SM HiggsHiggs

UnitarityUnitarity
Boson scattering

σ(VLVL → VLVL) diverge
→ Compensation via Higgs 

Unitarity implies:

TrivialityTriviality
RGE equation  λ(Λ): 

λ > 1 for Λ~ ΛL(landau)
λ < 1 valid up to λ(ΛL)→∞

Vacuum Stability Vacuum Stability 
V(ϕ) has an abolute minimum

∂V(ϕ) / ∂ϕ > 0 
⇔ λ(Λ) > 0
⇔ mH(Λ) > Mmin

mmHH ≤≤ (2(2√2π√2π /G/GFF))½½ ≤≤ 700 700 GeVGeV/c/c22

mmHH > 52 > 52 GeVGeV/c/c2  2  @  @  ΛΛ=1TeV=1TeV

mmHH < 8< 8ππ2 2 vv2 2 / 3 log(/ 3 log(ΛΛ22/v/v22) ) 

v

V(ϕ)

ϕ

triviality

Vacuum stability

Riesselmann, hep/ph-9711456 
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Experimental constraints Experimental constraints 
on the SM on the SM HiggsHiggs

Direct SearchDirect Search
– LEP Channels: 

e+e- →HZ 
ZH→ bb ll
ZH→ bb qq

Indirect SearchIndirect Search

– Precision Measurements
mZ , mW , mt

sin2θW , αEM 

– Prediction within SM:
mH , χ2

Exclusion Exclusion @ 95% CL:@ 95% CL:
mmHH > 114.1 > 114.1 GeVGeV/c/c22

HiggsHiggs CandidatesCandidates
mmHH ≈≈115 115 GeVGeV/c/c22

Light Higgs FavoredLight Higgs Favored
mmHH < 300 < 300 GeVGeV/c/c22

LHWG Note/2001-03

LEPEWWG Note/2001-01

– –

––
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SM SM HiggsHiggs Production Production 
at the at the TeVatronTeVatron

Decay ModesDecay Modes

Production ModesProduction Modes
pp (→ gg) → HSM

~ 1000 evts / fb-1

• pp →bb,ττ
• pp →WW*

pp (→qq’→V*) → VHSM

~ 200 evts / fb-1

• pp→V bb
• pp→V WW*

pp → ttHSM

~ 2-5 evts / fb-1

• pp→WbWb bb
• pp→WW*WW bb

–

σσ [[
p
bp
b ]
]

–

–

–

–

–

–––

– –

– –

BR(HBR(HSMSM))

mh>135 GeV
• H→WW*

→l+l-νν (~4.5%)
→lνqq’ (l = e,µ )

mH<135 GeV
• H→bb     ~ 90 - 45%
• H→τ+τ- ~ 8%
•   H→gg  ~ 3 - 8%

–

>135GeV>135GeV

>135GeV>135GeV

>135GeV>135GeV

<135GeV<135GeV

<135GeV<135GeV

<135GeV<135GeV

Htt

H
t

t

–

–

HW

HZ

Hqq–

q

q

gg→H

–
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Theoretical Constraints Theoretical Constraints 
on  MSSMon  MSSM HiggsesHiggses

Tree LevelTree Level
2 main free parameters:

• tanβ = vu/vd

• mA (or mH , mh)

Higher OrdersHigher Orders
+   3 parameters: 

• Mt = stop Mass
• Xt = stop Mixing 
• µ = Higgs Mass

mmHH±±
22 == mmWW

22 + m+ mAA
22

mmHH,h,h
22 == ½ (m½ (mAA

22+ m+ mZZ
22 ±± √√((mmAA

22+m+mZZ
22) ) -- 44mmZZ

22mmAA
22coscos2222ββ ))

3g3g22mmtt
44 Mt

22 Xt
2

88ππ2 2 mmWW
2          2          mmtt

2                       2                       1212

≠≠

Increases with XIncreases with Xtt0 if M0 if Mtt = = mmtt

h          hh          h
tt

tt

∼∼

∼∼

∼∼

SUSYSUSY isis brokenbroken:  M:  Mtt ≠≠mmtt

∼∼

mmhh
22≤≤mmZZ

22++ ln         ln         +Xt
2 11--

∼∼

HH
hh
HH++

h          hh          h
tt

tt

∼∼

MMtt = 1= 1 TeVTeV
XXtt max.max.
µµ = = --200200 GeVGeV

MMA  A  [[GeVGeV/c/c22]]

H
ig

gs
 M

as
s

H
ig

gs
 M

as
s

[[ G
eV

G
eV

]]

hephep--phph/0010338/0010338
∼∼

∼∼
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Experimental Constraints onExperimental Constraints on
neutral MSSM neutral MSSM HiggsesHiggses

Direct SearchDirect Search
LEP Channels

• e-e+→ Zh
• e-e+→ hA
Luminosity L = 870 pb-1

Energy √s = 200-209 GeV

Scenario : 
Maximal Mixing (t1,t2)
→ most conservative

mmh  h  ≥≥ 90.1 90.1 GeVGeV/c/c22

mmAA ≥≥ 91.0 91.0 GeVGeV/c/c2   2   @ 95% CL @ 95% CL 

~ ~

LHWG / Note 2001LHWG / Note 2001--0404LHWG / Note 2001LHWG / Note 2001--0404
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Phenomenology of h/H/APhenomenology of h/H/A
at the at the TeVatronTeVatron (tan(tanββ=6=6))

Decay Modes:Decay Modes:
Light Higgs:

• BR(bb) > 90%
• BR(τ+τ-) < 8%

Heavy Higgs:

• gH/Abb ∝ tanβ
• BR(bb) > 80%
• BR(τ+τ-) < 8%
• BR(W+W-)< 12%

Production Modes:Production Modes:

Light Higgs:

• σ(pp →Wh)~0.15 pb

Heavy Higgs:

• σ(pp →A/Hbb)~10 fb
⇒ 4b ’s final state

HHhh

HHhh

tantanββ=6:=6: −− Light Light HiggsHiggs h: SMh: SM--like analysis like analysis 
−− HeavyHeavy HiggsHiggs A/H: 4 A/H: 4 b’sb’s final statesfinal states

[[pbpb]]

MMhh/H  /H  [[GeVGeV/c/c22]]

MMhh/H  /H  [[GeVGeV/c/c22]]

–

–

–

BR(h/H)BR(h/H)

σσ(pp(pp→→h/H+X)h/H+X)

–

bbbb

ττττ

SMSM--like analysis like analysis 

–
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Phenomenology of h/H/APhenomenology of h/H/A
at the at the TeVatronTeVatron (tan(tanββ=30=30))

Decay Modes:Decay Modes:
Couplings: 

• gAbb ∝ tanβ

Higgs h/A:
• BR(bb) > 90%
• BR(τ+τ-) < 8%

Heavy Higgs H:
• BR(bb) > 90%
• BR(τ+τ-) < 10%

Production Modes:Production Modes:

Standard channels “out”:

• σ(Wh)/σ(WHSM) < 0.1 

Only available channels:
• σ(A/hbb→bbbb)~1-10 pb

• σ(Hbb→bbbb)~0.1-1pb

h H

hh HH

HH→→WW closed ! WW closed ! 

tantanββ=30:=30: −− Standard channels not relevant for h/A/HStandard channels not relevant for h/A/H
−− 4 4 bb’’ss final states analysisfinal states analysis

bbbb

ττ
ττ

[pb]

MMhh/H  /H  [[GeVGeV/c/c22]]

MMhh/H  /H  [[GeVGeV/c/c22]]

–

–

–

BR(h/H)BR(h/H)

–

–

––

–

σσ(pp(pp→→h/H+X)h/H+X)

WH closed ! WH closed ! 



Arnaud Lucotte p.10

SM Backgrounds SM Backgrounds 
toto HiggsHiggs SearchSearch

Main Backgrounds to H Main Backgrounds to H →→bb/WWbb/WW

QCD bb:
• σbb≈100 µb
• factor 108 vs signal

Boson Production:
• W+X: σ ~ 7 nb
• Z+X : σ ~ 0.2 nb

• Wbb: σ ~ 8060 fb 
• Zbb : σ ~ 5290 fb

Top quark Production:
• pp→tt:  σ ~ 8 pb
• single t: σ ~ fb

Di-boson
• WW:    σ ~ 24 pb
• ZZ+WZ :   σ ~ 1.2 pb

(60<(60<mmbbbb<160 <160 GeVGeV))

bb

bb
bb

bb

W*W*

qq

qqqq

qq
gg

gg

––

gg

qq
qq’’qq’’

tt
bb–
–––

bb
tt

tt

––
bb gg

qq

qq

qq
WWWW

Z,Z,γγ Z,Z,γγ
bb

––bb
Z,Z,γγ ––

CenterCenter of mass of mass EnergyEnergy ((TeVTeV)   )   
21

pppp→→W+XW+X→→llνν+X+X

pppp→→ Z+X Z+X →→llll+X+X

RunRun IIII

σσ
××

B
R

B
R

(( p
bp
b )
)

101033

101022

Still large uncertainty in the theoretical prediction  Still large uncertainty in the theoretical prediction  
for both Signals + Backgrounds (NLO/LO): for both Signals + Backgrounds (NLO/LO): 

Large K factors (1.3Large K factors (1.3--1.8) + effects on d1.8) + effects on dσσ// ddmmbbbb
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Tools Tools for for Higgs Search Higgs Search 
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Strategy Strategy and and Tools Tools 
for for Higgs SearchHiggs Search

LowLow Mass Mass AnalysisAnalysis
pp → WH → lνbb
pp → ZH → ννbb
pp → ttH → WbWb bb
– Triggers:

• Lepton, mET

• Displaced Vertex
– b-tagging:

• b-tagging efficiency  
• mistag rate

– Jet Energy & Resolution:
• Mbb resolution

HighHigh Mass Mass AnalysisAnalysis
H → WW*, WWW*
pp → ttH → WbWb WW*
– Triggers:

• Lepton, mET

– Lepton ID
– ET, ,mET ,angles resolution 

Z→bb Control 
Sample
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Lepton trigger for Lepton trigger for HiggsHiggs SearchesSearches

Motivation & goalsMotivation & goals
– Huge QCD Background: 

• σdijets ≈ 43 mbarn
– Specific triggers:

• Soft Lepton for b-tagging
b→lν+X and b→J/ψ(→ ll)+X

• High pT leptons & mET

H → W*W*,Z*Z* w W→lν, Z→ll

New Trigger Design New Trigger Design 
– New Architecture:

• Fast & pipelined electronics 
• Band width: L1= 10-50 kHz 
• Correlations at L1

– Lowered Thresholds:
[ee] pT(e) > 2.5 GeV/c
[µµ] pT(µ) > 1.5 GeV/c
[µ ] pT(µ) > 4.0 GeV/c

– Missing ET triggers:
missing ET resolution ~7-10GeV

1/4  Detector

CFT  Layers

Pre-Shower 

CAL tower 

����
����
����
����
����
����
����

����
����
����
����
����
����
����

-- Triggers to be tested with 1Triggers to be tested with 1stst datadata
-- effects ofeffects of mbiasmbias, pile, pile--up, to be assessed up, to be assessed 
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b trigger for b trigger for HiggsHiggs SearchesSearches

PrinciplesPrinciples
b decays within few  ~mm  

• Soft Lepton from b
⇒ High Impact parameter tracks

Specific Triggers for run II:
• Inclusive muon trigger
• L2 selection with high d0/σd0

PerformancesPerformances
Trigger on ZH→ννbb:

efficiency ε ~ 80% 
Trigger on Z→bb  

efficiency ε ~ 20% vs rates ~20 Hz

d0/σd0

DØ

DØ

50,000 Z50,000 Z→→bb /bb /expexp./2./2 fbfb--11
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bb--tagging for tagging for HiggsHiggs SearchSearch

bb--jet Taggingjet Tagging
– “Multi-tag” approach developped:

• Soft Lepton from b → lνX
• High Impact parameter tracks
• Secondary Vertices: |Lxy | /σxy

– b/c separation:
• LifeTime
• Vertex Mass 
• Kinematics, topology

– Optimization w/ Likelihood & Nnet
• Tight / Loose taggers

PerformancesPerformances
Estimates w/ SHW parametrization:

• Checks in progress 

Tagging Efficiency & mistag:
• b-jet: ε1b ~ 50% (tight)
• c-jet: ε1b ~ 13% 
• light jet:  ε1b~0.7% 

Tagging for WH→lvbb
ε1-btag ~ 70% 

charm
primary

bottom

R.Demina / FNAL

A.Schwartzman DØ

SHW SHW -- HWGHWG

Tight Tight bb--tagtag

Numerous progresses made / still to be madeNumerous progresses made / still to be made
Use of likelihood &Use of likelihood & NNetNNet being tested & implementedbeing tested & implemented
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Mass resolution and ZMass resolution and Z→→bb samplebb sample
–

Jet EJet ETT resolutionresolution
Run I data:

• σ/E ~75%/√E (DØ) 
σ/E ~78%/√E (CDF)

Run II:
• More challenging

(materials, mbias etc.)
• Improve energy scale 

( 20 x more γ+jet )
• Use Track+Calorimeter 

( CDF: 30% better)

M resolution with ZM resolution with Z→→bbbb
Run I (CDF):

• Inclusive muon sample 
• Corrections for b→l
⇒ S ~50 evts / 0.1 fb-1

15% resolution in Mbb

Run II: 
• Specific Zbb triggers: 

Muon: 500 evts / fb-1

Vertex: 50,000 evts / fb-1 

γ+jet data

Run I Jet resolution vs MC

CDF

–– Improvements needed* to reach Improvements needed* to reach σσ/M ~10% /M ~10% 
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Main Main Channels Channels in in Higgs SearchHiggs Search
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−
The WHThe WH→→llννbb  Channelbb  Channel

Signal SelectionSignal Selection
Pre-selection:

• High pTlepton, mET
• 2 b-tagged jets

Discriminant Variables:

• Lepton: ET
l et η l et mET

• Energy Et
b, Mbb (=mH ± 2σm)

• Total jet Energy HT

• Sphericity
Dominant backgrounds:

• Wbb, tt, single top, WZ 

ExpectationsExpectations
Key parameters:

• b tagging efficiency & mistag
• Knowledge of Wbb background
• M(bb) resolution (σM/M ~10%)

NNetNNet

CutsCuts

WHWH

2.22.2

1.9%1.9%
0.350.35

3.73.7

2.3%2.3%

0.530.53

5.05.0

2.3%2.3%
0.720.72

SignalSignal
εε x BR x BR 
S/S/√√BB

130130120120110 110 mmHH GeVGeV

0.550.550.870.871.11.1S/S/√√B B 

1 1 fbfb--11

−− S ~ 4 /S ~ 4 / fbfb--11

−− S/B ~ 10%S/B ~ 10%
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The ZHThe ZH→νν→ννbb  Channelbb  Channel−−−−

SelectionSelection
Pre-selection:

• High mET + 2 b-tagged jets

Discriminant Variables:
• ET

b et mET
• Mbb (=mH  ± 2σm)
• Total jet energy HT

• Sphericity , Centrality
• ∆Φ(mET,jet)>0.5

Dominant Backgrounds:

• QCD bb, Zbb, tt

ExpectedExpected performanceperformance
Key parameters: 

• b-tagging & σM/M Resolution (~10%)
• Reliable estimates for QCD bb+mET &  Zbb

S ~ 2S ~ 2 evtsevts // fbfb--11

S/B ~ 15%S/B ~ 15%
MMHH distribution distribution 

NNetNNet

CutsCuts

ZHZH

0.90.9

1.2%1.2%
0.380.38

1.71.7

1.7%1.7%
0.590.59

2.72.7

2.1%2.1%
0.840.84

SignalSignal
εε x BR x BR 
S/S/√√BB

130130120120110 110 mmHH GeVGeV

0.530.530.730.730.900.90S/S/√√B B 

1 1 fbfb--11

From Data only !!From Data only !!
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The  ZHThe  ZH→→ll++ll--bb  Channelbb  Channel−−

SelectionSelection
Pre-selection:

• 2 high pT lepton
• 2 b-tagged jets

Discriminant variables:
• Energy Et

b , ET
l

• M(ll) & M(bb)
• Total jet Energy HT

• ∆R(l,b)
Dominant Backgrounds:

• ZZ, Zbb, Wbb

Expected performanceExpected performance
Key parameters: 

• b-tagging and σM/M Resolution (~10%)
• Reliable estimates for Zbb

bb

bb

e,e,µµ

e,e,µµ

ZHZH→→llllbbbb++ννννbbbb

NNetNNet

CutsCuts

ZHZH

0.40.4
0.30.3

0.60.6
0.40.4

0.90.9
0.50.5

Signal Signal 
S/S/√√BB

130130120120110 110 mmHH GeVGeV

0.40.40.50.50.60.6S/S/√√B B 

1 1 fbfb--11

S ~  0.5 /S ~  0.5 / fbfb--11

S/B ~ 30S/B ~ 30--45%45%
MMHH distributiondistribution
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The HThe H→→W*W* W*W* →→ll+ + ll--νννν ChannelChannel--

SelectionSelection
Discriminant Variables:

• 2 high pT lepton, high ET

• Spin correlation h→WW*
Φ(ll) ,θ(ll)

• MT(llET ), pT(ll) (vs τ+τ-)
• Cluster Mass: (vs WW)

MC=√pT
2(ll)+MT

2(ll) + ET

Dominant backgrounds:
• W+W- → l+l-νν
• W+fake, tt → l+l-ννbb

ExpectatedExpectated PerformancePerformance

Key parameters: 

• Reliable estimates for WW,W+jets

• Counting experiment !

S ~ 1S ~ 1--3 /3 / fbfb--11

S/B ~ 10S/B ~ 10--45%45%
1.11.1

45%45%
0.70.7

170170

1.01.0
25%25%
0.50.5

1.51.5
34%34%
0.7 0.7 

2.82.8
10%10%
0.50.5

Signal Signal 
S/B(%)S/B(%)
S/S/√√BB

180180160160150 150 mmHH GeVGeV1 1 fbfb--11

A. Turcot / BNL

30 30 fbfb--11
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ChannelChannel: : pppp→→ tttt HH→→WbWb bbWbWb bb

SelectionSelection
Discriminant Variables:

• ≥ 1 high pT lepton+mET
• 4 high ET  jets + 2 jets

→ reconstruct tt
• 3 b-tags (vs tt+jets)
• Mbb once tt jets id !

Dominant backgrounds:

ExpectedExpected PerformancePerformance
Key Parameters:

• btagging & mistag:  εb~60% εc~25% εuds~0.5% 
• Top products Grouping efficiency (many combinations)
• Add H→WW* channels (more difficult)
• Reliable NLO calculations S ~ 0.5 / S ~ 0.5 / fbfb--11

S/B ~ 50%S/B ~ 50%

J.Incandela et al. / CDF

10301030
2727
1.51.5

10.410.4

σ×σ×BR [BR [fbfb]]

tttt++jj jj ((∆∆RjjRjj>0.4) >0.4) 
tttt+bb +bb 
tttt+Z(bb)+Z(bb)
W(W(lvlv)Z(bb)+)Z(bb)+jjjj

BackgroundsBackgrounds

Assume 1 Top Assume 1 Top 
reconstructed reconstructed 

See S. Dittmaier, L. Reina
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MSSM MSSM HiggsHiggs: pp : pp →→bbbbϕϕ →→bbbbbbbb
((ϕϕ = h,H,A)= h,H,A)

–– – –

SelectionSelection
– Discriminant Variables:

• 4 b-jets: (≥ 3 b-tags)
• ET(j) cuts as f(mϕ)
• Topology ∆Φ(bb)

– Dominant Backgrounds
• QCD (bb/cc), Z/Wjj, tt

Expected PerformanceExpected Performance
Key parameters: 

• σM/M Resolution
• Reliable estimates 

for Backgrounds

b b

bb

σσ((bbhbbh++bbAbbA) [) [pbpb]]

σσ
[[ p

bp
b ]
]

σσ
[[ p

bp
b ]
]

SignalSignal

HiggsHiggs Mass [Mass [GeVGeV/c/c22]]

σσ((bbHbbH++bbAbbA) [) [pbpb]]

2.402.40
0.490.49
2.112.11

1610.81610.8

σ×σ×BR [BR [pbpb]]

qqqq,,gggg →→bbbbbbbb
pp  pp  →→ ZbbZbb
pp pp →→ W(W(jjjj)bb)bb
pp  pp  →→ bbjjbbjj

FondsFonds

30 fb-1

2 fb-1

5σ
95% 

100 pb-1

10 fb-1

Higgs Mass [GeV/c2] Higgs Mass [GeV/c2]

–– Sensitivity for MSensitivity for MA A to to 
125GeV with 2fb125GeV with 2fb--11

–– Stringent Constraints Stringent Constraints 
in (in (mmAA,tan,tanββ) plane) plane
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Conclusion  & Perspectives Conclusion  & Perspectives 

Neutral (SM)Neutral (SM) Higgs Higgs 
Needed luminosity to get 95% exclusion / discovery:

• Assuming 10% Mbb resolution, NNet analysis for H→bb
• Bands represent 30% effect in Mbb, εb, backgds

New Channel: New Channel: ttH ttH 
– looks promising : ~15% reduction in luminosity threshold 

for discovery at 120 GeV
MSSM MSSM HiggsesHiggses

– Accessible with 4 b’s final states and Charged Higgs 

L
 (

fb
L
 (

fb
-- 11

))

Higgs Higgs Mass [Mass [GeVGeV/c/c22]]

hep-ph/0010338

Still a lot of work ahead of us. Progress needed: Still a lot of work ahead of us. Progress needed: 
–– on on MMbbbb resolution (energy flow)resolution (energy flow)
–– on bon b--tagging & triggertagging & trigger
–– on theoretical calculation (on theoretical calculation (bckgdbckgd)  )  

...But data are flowing in...and could bring ...But data are flowing in...and could bring suprises suprises 
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....What about....What about mmHH = 115= 115 GeVGeV ??

IfIf HiggsHiggs is indeed here:is indeed here:
– Signal Evidence requires

• ~5 fb-1 with 3 standard evidence (2004-5)

– Expected number of events 
• per experiment with 15 fb-1 (2007) 

– If we do see something, we need to measure:
• its Mass
• Its production cross-section 
• Can we see H→ττ (BR ~ 8%) ?
• Can we see H→W*W* (BR ~ 5%) ?

If If HiggsHiggs is not here:is not here:
– we can exclude a mH = 115 GeV Higgs

• at 95% CL with 2 fb-1 (2003)

J.Womersley. / DØ
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Higgs Higgs Search at the Search at the TeVatronTeVatron
Run 1Run 1

qqbbqqbb
ννννbbbb

llννbbbb

llbbllbb

VH combinedVH combined

Standard ModelStandard Model

–

–––
– –

–

-

CDF Preliminary Run I
C.L. upper limitsC.L. upper limits

Higgs Mass [Higgs Mass [GeVGeV/c/c22]]

σ(σ
( p

ppp
→→

VHV
H

)×)×
BR

(H
BR

(H
→→

bb
)

bb
)

[[ p
bpb
]]

TeVatronTeVatron au Run I : ~110au Run I : ~110 pbpb--11

DéfautDéfaut d’und’un facteur  facteur  ~ 30~ 30--80 en80 en sensibilitésensibilité !!
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UpdatesUpdates && References References 

Higgs Search at the TeVatronHiggs Search at the TeVatron::
– Htt : J. Goldstein et al., FERMILAB-PUB-00/146-T
– « QCD Corrections to ttH production », L. Reina, FNAL 

Workshop, May 2001
– « NLO QCD corrections to ttH production », S. Dittmaier 

Backgournds to TeVatron Higgs Backgournds to TeVatron Higgs productionproduction
K. Ellis , J. Campbell, S. Veseli
hep-ph/9810489, hep-ph/9905386, hep-ph/0006404
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