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The Higgs Challenge at the LHC

• Introduction: The Standard Model
• The Minimal Supersymmetric Model

 bφ→b µ+µ−

• Two Higgs Doublet Models
 gg → ZA0

 bb → ZA0

S. Dawson, D. Dicus, C. Kao and R. Malhotra, Phys. Rev. Lett.
92, 241801 (2004).
C. Kao, G. Lovelace and L. Orr,Phys. Lett. B567, 259 (2003).
C. Kao and S. Sachithanandam, to appear in Phys. Lett. B.



The Standard Model Higgs Boson

• In the SM, there is one Higgs doublet and
a spin-0 particle: the Higgs boson (H).

It can be
produced at
colliders:
Its decays are
well known:

Why has’t it been discovered yet?
We need higher energy and higher luminosity!





Discovery potential of hadron colliders

• The Tevatron Run II might be able to discover a
Higgs boson up to 130 GeV with 20 fb−1, or it will
exclude the Higgs boson at 95% C.L. with 10 fb−1.

• The LHC will be able to observe a SM Higgs boson
with a mass up to approximately 1 TeV.

      Stange, Marciano, and Willenbrok (1994); Han and Zhang (1998).
CMS Technical Proposal (1994); ATLAS Technical Proposal (1994);
ATLAS Technical Design Report (1999).



Implications of Electroweak Precision 
Data for Higgs Mass with New mt



The CDF Collaboration.
 mtop=173.5 +2.7-2.6(stat) +-3.0(syst) GeV/c2



The Search for New Particles
at Hadron Colliders

• We need accelerators: Fermilab Tevatron Collider near
Chicago and CERN Large Hadron Collider (LHC) in
Geneva.

• We need detectors: D0 and CDF (Tevatron), as well as
ATLAS and CMS (LHC).

• We look for e, µ, γ (photon), jets, and hadrons (mesons or
baryons).

• A jet = a quark, an anti-quark, or a gluon.



Statistical Significance
NSS = S/√B

• S = number of events for the signal

• B = number of events for the background

• 2σ, bet a lunch

• 3σ, (Evidence), bet a bike

• 4σ, bet a used car

• 5σ, (Discovery), bet a house



Two Higgs Doublet Models
In two Higgs doublet models such as the minimal 
supersymmetric standard model with Model II of 
Yukawa interactions, one doublet φ1 couples to fermions 

with weak isospin t3 = -1/2, and another doublet φ2 

couples to fermions with weak isospin t3 = +1/2.

There are 5 Higgs bosons: a pair of charged Higgs 
bosons H±, two scalars H0 (heavier) and h0 (lighter), as 
well as one pseudoscalar A0.

tanβ ≡ v2/v1 is a very important parameters.



The Minimal Supersymmetric Model
In the minimal supersymmetric standard model (MSSM), there are 
two Higgs doublets with vacuum expectation value (VEVs) v1 
and v2. mA and tanβ are often chosen to be the free parameters. 

The Higgs pseudoscalar does not couple to the guage bosons, 
while the Higgs couplings with the bottom quark and leptons are 
greatly enhance by a large tanβ. 

At the tree level, mh ≤ MZ  91 GeV < mH. With radiative 
corrections, mh can be in the range125 GeV ≤ mh ≤ 135 GeV.

For tanβ > 10 and mA > 150 GeV, h0 becomes like the Higgs 
boson in the Standard Model. 



 Production of Higgs Bosons
A. Gluon Fusion: gg → φ0

B. Bottom Quark Fusion: bb → φ0

•    σ( gg → φ0bb)[mb(Mb)]
≈ 3σ( gg → φ0bb)[mb(Mφ)], Mφ = 200 GeV

• σ( gg → φ0bb) ≈ σ( bb → φ0), µF= Mφ/4
S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth (2003 & 2004);
V. Ravindran, J. Smith, and W.L. van Neerven (2003); R.V. Harlander
& W.B. Kilgore (2002); C. Anastasiou & K. Melnikov (2002).
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas (1995).
T. Plehn (2002); F. Maltoni, Z. Sullivan and S. Willenbrock (2003);
E. Boos and T. Plehn (2003); R.V. Harlander and W.B. Kilgore (2003).
B. Plumper, DESY-THESIS-2002-005.



 Higgs Boson Production
via Bottom-Quark Fusion

S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth (2003 & 2004);
Campbell, Ellis, Maltoni and Willenbrock (2003); Hou, Ma, Zhang,
Sun, and Wu (2003); C.S. Huang and S.H. Zhu (1999); Choudhury,
Datta and Raychaudhury (1998).

• If we require one bottom quark at high pT from
the production process, the leading-order
subprocess should become bg → bφ0.

• For the production of the Higgs boson
accompanied by two high pT b quarks, the
leading subprocess should be gg,qq → bbφ0.

• The dominant subprocess for the production
of a Higgs boson in association with bottom
quarks is bottom-quark fusion bb → φ0.



 Higgs Boson Production
via Bottom-Quark Fusion

F. Maltoni, Z. Sullivan, and S. Willenbrock, Phys. Rev. D 67, 093005 (2003).

• The independent corrections of order αs and
1/ln(mh/mb) are both large and of opposite sign.

• The cross section in hadron collisions via
gg → bbφ0 is an order of magnitude  smaller
than that obtained from bb → φ0.

There were two puzzling aspects in the
NLO calculations of bottom quark fusion:

One simple solution: µFactorization = mφ/4.



Branching Fractions of  
the Higgs Pseudoscalar in the MSSM



 Higgs Decays into Tau Leptons
• For tanβ < 5, gg → φ0 is the dominant source

of producing Higgs bosons at the LHC

Z. Kunszt and F. Zwirner (1992); CMS Technical Proposal (1994);
ATLAS Technical Proposal (1994); E. Richter-Was et al. (1996);
ATLAS Technical Design Report (1999).

• With an integrated luminosity of 300 fb−1,the
discovery channel of MSSM Higgs decays
into tau leptons (φ0→ τ+τ−) offers great
promise for tanβ > 6.

• For tanβ > 7, bb → φ0 is the major source of
producing Higgs bosons.



ATLAS Technical Design Report (1999);
R. Kinnunen & A. Nikitenko (2003).



Discovering Higgs Bosons with 
Muons and a Bottom Quark 

g b

b φ0
b
g b

b

φ0
φ0

µ

µ



Discovering the Higgs Bosons
with Muons

• The A0 and the H0 might be observable in a large
region of parameter space with tanβ ≥ 10.

• This discovery channel of µ+µ− will allow precise
reconstruction for the Higgs boson masses.

• Kao and Stepanov (1995); Barger and Kao (1998);
Dawson, Dicus and Kao, Phys. Lett. B545, 132 (2002);
Dawson, Dicus, Kao and Malhotra, Phys. Rev. Lett. 92, 241801 (2004).





The Physics Backgrounds

• For the inclusive final state of φ0 → µ+ µ −, the
dominant physics background comes from

     pp → Z,γ →  µ+ µ− +X.
• Additional contributions of physics

background come from production of
pp → tt, bbW+W− +X and
pp → jj  µ+ µ− +X,      j = g, u, d, s, c, and b.
These backgrounds can be reduced by a
requirement of minimal missing transverse
energy and a jet veto.

• Kao and Stepanov (1995).







Higgs boson with two bottom quarks

• Signal: pp → bb φ0 → bb µ+ µ− +X
via gg → bb φ0 → bb µ+ µ−

where both bottom quarks have sufficiently
large transverse momenta (pT).

• This channel will provide a good opportunity
to measure tanβ = v2/v1.

• S. Dawson, D. Dicus, and C. Kao, Phys. Lett. B 545, 132 (2002).



 The Physics Backgrounds

• We take the b tagging efficiency to be
εb = 0.6 (LL = 30 fb−1) or 0.5 (HL = 300 fb−1),
εc = 0.1 = probability of c misidentified as b,
εj = 0.01 = probability of jets mistagged as b.

•ATLAS Technical Design Report (1999).

• For the associated final state of bbφ0 → bbµ+µ−,
the dominant physics background comes from

     pp → bb W+W− → bb µ+µ− +ET

• Additional contributions come from production
of  bbµ+µ− and jjµ+µ−, j = g, u, d, s, and c.



The Acceptance Cuts
• We have applied realistic acceptance cuts proposed for

each event at the LHC as follows.
• (i) We require 2 isolated muons with

pT(µ) > 20 GeV, and |η(µ)| < 2.5.
• (ii) All jets are required to have

pT(j) > 15 GeV (LL) or 30 GeV (HL) and
|η(j)| < 2.5.
We apply jet veto for the inclusive mode
pp → φ0 → µ+ µ− +X

• Only 5%-10% of the bbµµ and jjµµ events
survive the requirement of pT(b,j) > 15 GeV.

• (iii) To reduce the background from bbWW (tt),
we require ET < 20 GeV (LL) or 40 GeV (HL).









 Discovering Higgs Bosons with Muons
and a Bottom Quark

S. Dawson, D. Dicus, C. Kao and R. Malhotra, Phys. Rev. Lett. 92, 241801
(2004). S. Dawson, D. Dicus, and C. Kao, Phys. Lett. B 545, 132 (2002);
V. Barger and C. Kao, Phys. Lett. B 424, 69 (1998);
C. Kao and N. Stepanov, Phys. Rev. D 52,  5025 (1995).
D. Choudhury, A. Dutta, and S. Raychaudhuri (1998); C.S. Huang and S.H.
Zhu (1999);  J. Campbell, R.K. Ellis, F. Maltoni, and S. Willenbrock
(2002); S. Dawson, C.B. Jackson, L. Reina, D. Wackeroth (2004).



Higgs Signal versus Background



Discovery Potential at the LHC
Dawson, Dicus, Kao and Malhotra, Phys. Rev. Lett. 92, 241801 (2004). 



Summary for Higgs Decays into Muons

The discovery channel of bφ0 → bµ+µ‾ offers great promise 

to discover the A0 and the H0 at the LHC for tanβ > 10,    
mA < 650 GeV or 800 GeV with L = 30 fb-1 or 300 fb-1.

This channel greatly improves the discovery potential for the 
LHC beyond the inclusive  channel pp → φ0 → µ+µ‾ +X.

This discovery channel might provide good opportunities to 
measure important parameters such as the Higgs masses, 
tanβ, and Higgs couplings with bottom quarks and leptons.



The Minimal Supergravity Model

• In the minimal supergravity unified model (mSUGRA), it
is assumed that SUSY is broken in a hidden sector with
SUSY breaking communicated to the observable sector
through gravitational interactions, leading to a common
scalar mass (m0), a common gaugino mass (m1/2), a
common trilinear coupling (A0), and a bilinear coupling
(B0) at the grand unified scale (MGUT).

• We often choose m0, m1/2, A0, tanβ and sign(µ) as the 5
free parameters.





Detecting two Higgs Bosons Simultaneously
Kao and Sachithanandam (2004), to appear in Phys. Lett. B.
NLO: Li, Li, Liu, Jin, and Yuan, e-Print Archive: hep-ph/0501070.
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Bottom Quark Fusion and Gluon Fusion



MSSM versus 2HDM

MSSM 2HDM

Two free parameters:
tanβ and mA 

6 free parameters: tanβ, 
4 Higgs masses, and αH

mH ∼ mA
mH and mA are free 

parameters
λZHA: sin(β-α) ∼ 1 for 

mA > 150 GeV
tanβ and αH are free 

parameters



MSSM versus 2HDM



Discovery Contours for L = 30 fb-1
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Discovery Contours for L = 300 fb-1
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Summary for 
We have found promising results in two Higgs doublet 
models at the LHC with L = 300 fb-1 for 
MH = mA +100 GeV, mA < 260 GeV,  tanβ ∼ 2 (gg), 
or mA < 400 GeV for tanβ ∼ 50 (bb).

This discovery channel might lead to new physics 
beyond the Standard Model and the minimal 
supersymmetric model since its cross section is usually 
small in the MSSM.

We might be able to discover two Higgs bosons 
simultaneously if the heavier Higgs scalar (H0) can 
decay into a Z boson and a Higgs pseudoscalar (A0). 

bb̄ ! ZA0


