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Particle masses

t b c s τ µ e Z W± H

178 5 1.3 0.1 1.8 0.1 0.0005 91 80 . 250

≥ 115
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Higgs search at LEP

direct:

Z
(M  = 91 GeV)

)E ~ 205 GeV( ~

Ze

He

+

_

Z*

⇒ MH = 114+69

−45 GeV
MH < 260 GeV
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Higgs Decay
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Tevatron Discovery Potential
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Tevatron Discovery Potential

currently:
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Higgs search at the LHC

proton – proton collider
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Higgs search at the LHC
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Diffractive Higgs Production
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Diffractive Higgs Production
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signature: p ⊕ H ⊕ p (⊕ = rapidity gap)
[Khoze, Martin, Ryskin]
[Boonekamp, de Roeck, Peschanski, Royon], . . .
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ŝ ≥ MH ŝ ≥ 2mt + MH

Robert Harlander — Finding the Higgs – p. 13



Gluon Fusion vs. tt̄H

H

t
g

H

t
g

gluon fusion tt̄H
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Cross sections
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Gluon fusion: t
t
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gg → H → ZZ → 4µ: gold plated mode for MH & 135 GeV
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Gluon fusion: t
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gg → H → bb̄ not useful!
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Higgs physics

Some extensions of the Standard 

Model involve a richer set of Higgs 

bosons: in the Minimal 

Supersymmetric SM there are five 

new bosons (h
0
, H

0
, A

0
, H

+
, H

-
). 

Their discovery involves the use of 

more complicated signatures, such 

as the identification of a jet as 

coming from b quarks

Observability of the 
SM Higgs in CMS with 
10

 5
 pb

-1
.  The CMS 

detector can probe the 
entire mass range up 
to MH ~ 1 TeV with a 
signal significance 
well above 5σ

4.  For the highest MH, in the range 0.5 - 1 TeV, 
the promising channels for 105 pb-1 are 
H0 → ZZ → �

+
�
–

νν,  H0 → ZZ → �+�
–

 jj and H0 → 
W+W

–
 → �±νjj.  

Detection relies on leptons, jets and missing 
transverse energy (Et

miss), for which the hadronic 
calorimeter( HCAL ) performance is very important

2-3.  In the MH range 130 - 700 GeV the most promising channel is 
H0 → ZZ*→ 2�+2�

– or H0 → ZZ → 2�+2�
–. The detection relies on the 

excellent performance from the muon chambers, the tracker and the 
electromagnetic calorimeter.  
For  MH ≤ 170 GeV a mass resolution of ~1 GeV should be achieved 
with the 4 Tesla magnetic field and the high resolution of the crystal 
calorimeter
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h → bb in mSUGRA

1.  H0 → γγ  is the most promising channel if MH 
is in the range 80 – 140 GeV.  The high 
performance PbWO4 crystal electromagnetic 
calorimeter in CMS has been optimized for this 
search.  The γγ  mass resolution at  Mγγ ~ 100 
GeV is better than 1%, resulting in a S/B of ≈1/20. 
With larger data samples (≥ 105 pb-1) the 
"associated" modes (pp → WH0 and pp → ttH0) 
should give higher S/B ratios for the same H0 
decay channel
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CENTRAL CUTS (Iη < 2.4):

Pl> 50 GeV/c Pz> 150 GeV/c

TAGGING JETS(IηI > 2.4):

1 cluster, No addit. jets with Pt > 40 GeV

I M
cl

 - M
Z 

I < 15 GeVI M
ll
 - M

Z 
I < 10 GeV

tt

I

2 jets with E > 400 GeV and P
t
 > 10GeV/c

The Standard Model (SM) of Particle Physics has unified the Electromagne-
tic interaction (carrier: γ) and the weak interaction (carriers: W+, W–, Z0). Yet 
these four bosons are very different: the γ is massless whereas the W± and Z0 

are quite massive (80 – 90 GeV).  In the framework of the SM particles 
acquire mass through their interaction with the Higgs field. This implies the 
existence of a new particle: the Higgs boson H0. The theory does not predict 
the mass of the H0, but it does predict its production rate and decay modes 
for each possible mass. CMS has been optimized to discover the Higgs in 
the full expected mass range 0.08 TeV < MH < 1 TeV~ ~

The decay signature of the Higgs depends on its mass: 
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421 H(800 GeV) →e+e- jet jet→ZZZZ*H(130 GeV) → e+e- e+e-→ 3 H(150 GeV) → µ+µ- µ+µ-→ZZ*H(100 GeV) →  γ γ
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Gluon fusion: t
t

t

H

but: gg → H → bb̄ not useful!

need to rely on gg → H → γγ at MH . 135 GeV

phase space is a single point: ŝ ≡ M2
H
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H

NLO:
Ht

t

t

⇒ phase space opens: ŝ ≥ M2
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Gluon fusion: t
t

t

H

but: gg → H → bb̄ not useful!

need to rely on gg → H → γγ at MH . 135 GeV

phase space is a single point: ŝ ≡ M2
H

NLO:
Ht

t

t

⇒ phase space opens: ŝ ≥ M2
H

!

⇒ large radiative corrections expected
→ reliable result requires NNLO

Robert Harlander — Finding the Higgs – p. 16



Gluon fusion: theory prediction

t
t

t

H

1

10

100 120 140 160 180 200 220 240 260 280 300

σ(pp→H+X) [pb]

MH [GeV]

LO

√s = 14 TeV

[R.H., Kilgore ’02]
[Anastasiou, Melnikov ’02]
[Ravindran, Smith,

v. Neerven ’03]

[Spira, Djouadi, Graudenz,
Zerwas ’91/’93]

[Dawson ’91]
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Resummation

[Catani, de Florian,
Grazzini, Nason (’03)]
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tt̄H

t

_
t

H

clear signature: bb̄bb̄W+W−

[Beenakker, Dittmaier, Krämer,
Plümper, Spira, Zerwas ’01]

[Dawson, Reina, Wackeroth,
Orr, Jackson ’01-’03]
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tt̄H

t

_
t

H

clear signature: bb̄bb̄W+W−

direct handle on top Yukawa coupling

but: rather small cross section

increased by QCD corrections?

[Beenakker, Dittmaier, Krämer,
Plümper, Spira, Zerwas ’01]

[Dawson, Reina, Wackeroth,
Orr, Jackson ’01-’03]
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σ(pp → tt
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Vector Boson Fusion

H

q

q

V
q

V

q

signature: two forward jets + Higgs
H → γγ, H → τ+τ−, H → WW , H → bb̄
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Vector Boson Fusion

H

q

q

V
q

V

q

signature: two forward jets + Higgs
H → γγ, H → τ+τ−, H → WW , H → bb̄

important for discovery ([Rainwater, Zeppenfeld ’97], . . . )
and study (e.g. couplings [Zeppenfeld et al.], [Dührssen et al.])

QCD corrections under control (and small)
[Han, Willenbrock ’91], [Figy, Oleari, Zeppenfeld ’03]
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Higgs Strahlung

q

q H

V
_

V
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Higgs Strahlung

q

q H

V
_

V

most important mode at Tevatron!

. . . but only marginal importance at LHC

Robert Harlander — Finding the Higgs – p. 21



Higgs Strahlung
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Discovery Potential

1

10

10 2

100 120 140 160 180 200

 mH (GeV)

 S
ig

na
l s

ig
ni

fi
ca

nc
e

 H  →  γ γ 
 ttH (H  →  bb)
 H   →  ZZ(*)   →  4 l
 H   →  WW(*)   →  lνlν
 qqH   →  qq WW(*)

 qqH   →  qq ττ

Total significance

 5 σ

  ∫ L dt = 30 fb-1

 (no K-factors)

ATLAS
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Higgs sector in SUSY

H ↔ h0, H0, A, H+, H−

Mh0 . 130 GeV

modified couplings to SM particles (tan β!)

implications for Higgs production:

t
t

t

H +
~t

~

t~ H

t

t

_
t

H + h

b

_
b
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Example: “gluophobic Higgs”

[Djouadi ’98], [Carena et al. ’99]

t
t

t

H +
~t

~

t~ H

t

interfere destructively!

[R.H., Steinhauser ’04]

mt̃1
= 200 GeV

mg̃ = 1 TeV

tan β = 10 , α = 0 ,

θt =
π

4

0

20

40

60

80

100

300 400 500 600 700 800 900

σ(pp→h+X) [pb]

m   [GeV]t2
~

SUSY, LO

SM, LO

LHC
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bb̄ → H in SUSY

modified Yukawa couplings in SUSY:
λb

λt

=
mb

mt

·
vu

vd

=
mb

mt

· tan β

t

_
t

H + h

b

_
b

collinear logarithms: ∼ αs ln(mb/MH) ∼ αs ln(5/200)
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pp → H + bb̄

to yield larger cross sections. Note that closed top-quark loops have not been included in the NNLO
calculation of bb̄ → h [10].

To all orders in perturbation theory the four- and five-flavor number schemes are identical, but
the way of ordering the perturbative expansion is different and the results do not match exactly at finite
order. The quality of the approximations in the two calculational schemes is difficult to quantify, and
the residual uncertainty of the predictions may not be fully reflected by the scale variation displayed in
Fig. 8.

σ(pp
_
→  bb

_
h + X) [fb]

√s = 1.96 TeV

µ = (2mb + Mh)/4

Mh [GeV]

bb
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Fig. 8: Total cross sections for pp(pp) → bbh + X at the Tevatron and the LHC as a function of the Higgs mass Mh with

no b jet identified in the final state. The error bands correspond to varying the scale from µR = µF = (2mb + Mh)/8 to

µR = µF = (2mb + Mh)/2. The NNLO curves are from Ref. [10].

6. Conclusions

We investigated bb̄h production at the Tevatron and the LHC, which is an important discovery channel
for Higgs bosons at large values of tan β in the MSSM, where the bottom Yukawa coupling is strongly
enhanced [13, 14]. Results for the cross sections with two tagged b jets have been presented at NLO
including transverse-momentum and pseudorapidity cuts on the b jets which are close to the experimen-
tal requirements. The NLO corrections modify the predictions by up to 50% and reduce the theoretical
uncertainties significantly. For the cases of one and no tagged b jet in the final state we compared the
results in the four- and five-flavor-number schemes. Due to the smallness of the b quark mass, large
logarithms Lb might arise from phase space integration in the four-flavor-number scheme, which are
resummed in the five-flavor-number scheme by the introduction of evolved b parton densities. The five-
flavor-number scheme is based on the approximation that the outgoing b quarks are at small transverse
momentum. Thus the incoming b partons are given zero transverse momentum at leading order, and
acquire transverse momentum at higher order. The two calculational schemes represent different pertur-
bative expansions of the same physical process, and therefore should agree at sufficiently high order. It
is satisfying that the NLO (and NNLO) calculations presented here agree within their uncertainties. This
is a major advance over several years ago, when comparisons of bb̄ → h at NLO and gg → bb̄h at LO
were hardly encouraging [1, 16].
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differential vs. inclusive cross sections

behavior of QCD corrections?

most recent development: NNLO Monte Carlo for gg → H
[Anastasiou, Melnikov, Petriello ’04]
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charged Higgs bosons
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→ triggered many important technical developments

supersymmetry: much wider field,
but many results remain valid
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