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Standard Model is Incomplete Without
Something like a Higgs boson

•Requires physical, scalar particle, h, with unknown mass
       Mh is ONLY unknown parameter of EW sector

•Observables predicted in terms of:
MZ=91.1875  ± .0021 GeV

       GF=1.16639(1)  x 10-5 GeV-2

       α=1/137.0359895(61)
       Mh

•Higgs and top quark masses enter into quantum corrections
       ≈ Mt2, log (Mh)

Everything is calculable….testable theory

SM accurately describes all experimental observables
measured at low and high energy physics experiments

Electroweak Precision Physics:

There is a quadratic dependence of these observables on the top 
quark mass, and logarithmic on the Higgs mass. 

Therefore, within the SM, the knowledge of the top quark mass, 
and the precise measurement of the electroweak observables, 
allow us to predict the allowed range of Higgs mass values. 
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Bounds on the SM Higgs Mass from Precision EW Data



Measurement Fit |Omeas!Ofit|/"meas

0 1 2 3

0 1 2 3

#$had(mZ)#$(5) 0.02758 ± 0.00035 0.02766
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
%Z [GeV]%Z [GeV] 2.4952 ± 0.0023 2.4957
"had [nb]"0 41.540 ± 0.037 41.477
RlRl 20.767 ± 0.025 20.744
AfbA0,l 0.01714 ± 0.00095 0.01640
Al(P&)Al(P&) 0.1465 ± 0.0032 0.1479
RbRb 0.21629 ± 0.00066 0.21585
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1037
AfbA0,c 0.0707 ± 0.0035 0.0741
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1479
sin2'effsin2'lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.392 ± 0.029 80.371
%W [GeV]%W [GeV] 2.147 ± 0.060 2.091
mt [GeV]mt [GeV] 171.4 ± 2.1 171.7 LEP Electroweak 

Working Group 
Summer ‘06



30 10. Electroweak model and constraints on new physics
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Figure 10.2: One-standard-deviation (39.35%) uncertainties in MH as a function of
mt for various inputs, and the 90% CL region (∆χ2 = 4.605) allowed by all data.
αs(MZ) = 0.120 is assumed except for the fits including the Z-lineshape data. The
95% direct lower limit from LEP 2 is also shown. See full-color version on color pages
at end of book.

dependent width definition, as well, and can be directly compared with the results from the
Tevatron and LEP 2 which have been obtained using the same definition. The difference
to a constant width definition is formally only of O(α2), but is strongly enhanced since the
decay channels add up coherently. It is about 34 MeV for MZ and 27 MeV for MW . The
residual difference between working consistently with one or the other definition is about
3 MeV, i.e., of typical size for non-enhanced O(α2) corrections [60–62].

Most of the parameters relevant to ν-hadron, ν-e, e-hadron, and e+e− processes are
determined uniquely and precisely from the data in “model-independent” fits (i.e., fits
which allow for an arbitrary electroweak gauge theory). The values for the parameters
defined in Eqs. (10.12)–(10.14) are given in Table 10.8 along with the predictions of the
SM. The agreement is reasonable, except for the values of g2

L and εL(u, d), which reflect
the discrepancy in the NuTeV results. (The ν-hadron results without the new NuTeV data
can be found in the 1998 edition of this Review.). The off Z-pole e+e− results are difficult
to present in a model-independent way because Z-propagator effects are non-negligible at
TRISTAN, PETRA, PEP, and LEP 2 energies. However, assuming e-µ-τ universality, the
low-energy lepton asymmetries imply [123] 4(ge

A)2 = 0.99 ± 0.05, in good agreement with
the SM prediction ! 1.

July 14, 2006 10:37

 Erler, Langacker
PDG ‘06

1) Light SM Higgs from the lepton asymmetries, the W mass and the Z widths
2) The heavy quark asymmetries would tend to prefer a heavier Higgs boson



In this case, the SM provides a good effective theory at the TeV scale, 
and the Higgs production cross sections and decay widths can be 
predicted with good accuracy

The LHC experiments should discover the SM Higgs boson with at 
most a                             of data.  

This conclusion relies on the latest NLO computations of Higgs 
production cross sections, as well as in the latest simulations of the Atlas 
and CMS experiments

Needless to say, similar accuracy in the background computations, as 
well as in the estimate of systematic errors, detector performance and 
efficiency of experimental techniques would be necessary to solidify 
these claims

No new Physics at the TeV Scale 

few tens of fb−1



SM Production Mechanisms at LHC

•Bands show scale dependence

•All important channels

calculated to NLO or

NNLO

•Relatively small

uncertainties from scale

dependence

Production with b’s

very small in SM

Gauge Higgs Couplings

• Higgs couples to gauge boson masses

• WWh coupling vanishes for v=0!  Tests the
connection of MW to non-zero VEV
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Review of Higgs Couplings

• Higgs couples to fermion mass

– mf = !fv/"2

– Yukawa  ffh coupling doesn’t vanish for v=0

– Measuring Yukawa coupling doesn’t prove VEV exists!
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Main Higgs Production Cross Sections



Main SM-Higgs Decay Branching Ratios



SM-Higgs Discovery Reach of the LHC experiments

Combining different channels ensures the discovery of a SM Higgs in all 
the allowed range.  For a Higgs boson at the edge of LEP bound,  weak 
boson fusion and gamma-gamma channels are most relevant



New Atlas Reach in the gamma-gamma channel



Tevatron SM Higgs boson sensitivity



No Higgs signatures at the LHC
Three possibilities: 

There is no Higgs, or it is a very broad resonance (see S. Chivukula’s 
talk).   It would demand new physics at the TeV scale.

There is a Higgs with SM properties. It is light, but our estimates of 
the LHC discovery reach are wrong. For instance, gamma background 
may have been underestimated, or it may prove impossible to tag 
forward jets may in the way expected. I doubt this is a realistic 
possibility. It may take longer than expected, but a light Higgs with SM 
properties will be seen at the LHC.

There are Higgs bosons responsible for electroweak symmetry 
breaking, but their  production and/or decay properties are highly 
non-standard. I will mainly concentrate on this case.



Modified Higgs signature at the LHC 

New physics at the weak scale can affect both the production cross 
section as well as the decay modes

Of the production channels, those relying on loop effects are the 
most susceptible of large modifications 

Weak Boson Fusion Production, as well as the  Associated 
Production with Gauge Bosons depend on coupling intimately 
related to the e.w. symmetry breaking mechanism

Therefore, these production cross sections can only be modified if 
there are more than one sources of e.w. symmetry breaking,  or if 
the physical Higgs boson mixes with other neutral scalar states, for 
instance singlets

(DµH)†DµH → g2

2
W+µW−

µ

(
v2 +

√
2v h

)



Higgs Mixing Effects
Higgs Mixing occurs even in minimal extensions of the Higgs sector, like in 
the MSSM

The SM couplings to the gauge bosons may be “shared” by different Higgs 
particles, which fulfill a sum rule,

     

If no new light particles exist,  and all Higgs bosons remain heavy, the effects 
depend on the quantum numbers and the relative couplings of these Higgs 
bosons to bottom and tau particles and to the top (which affect the loop-
induced decays)

In the MSSM case, even with CP-violation,  large mixings tend to occur 
naturally only when the masses are close, and there is a complementarity of 
different channels that makes detection possible in most cases. 

∑

i

g2
V V Hi

= (g2
V V H)SM
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Figure 2: The red (grey) region, in all four figures, is excluded by the CDF experiment’s
search for non-standard Higgs bosons in the inclusive A → τ+τ− channel at 1 fb−1 luminosity.
The dotted line shows the corresponding D0 excluded region at 1 fb−1. (a) The solid and
dashed lines represent the future reach for the Tevatron (at 4 fb−1)and LHC (at 10 fb−1

for Bs → µ+µ− and at 30 fb−1 for A → τ+τ−) respectively, where the red (dark gray)
lines correspond to the non-standard Higgs search reaches in the H → ττ channel while the
black lines are the projected BR(Bs → µ+µ−) bounds for µ = −100 GeV, Xt = 2.4 TeV,
MSUSY = 1 TeV and M3 = 0.8 TeV. The green (gray) hatched regions are those allowed
by the present B-physics constraints on the Bu → τν b → sγ and Bs → µ+µ− branching
ratios. (b) and (c) For the same SUSY mass parameters the yellow (light gray) area is the 5σ
discovery region in the h → γγ channel, while the green (gray) hatched area is the same for
the h → ττ channel for the CMS and ATLAS experiments respectively at 30 fb−1. (d) Green
(gray) hatched region is the 3σ evidence region for the SM-like Higgs searches (at 4 fb−1) at
the Tevatron. (b)–(d) The areas surrounded by the dashed black curves correspond to the
regions allowed by present B-physics constraints.
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Large Maximal Mixing Scenario
At = 2.4 MSUSY , µ = −0.2MSUSY

h→ γγ

qq h→ qq ττ

B-Physics allowed B-Physics allowed

B-Physics allowed

Large to moderate values of Xt  ==> SM like Higgs heavier than 120 GeV

€ 

BR(BS → µ+µ−)∝ µAt
2
⇒

€ 

µ 

        
Experimental bound ==> small

€ 

Small µ < 0 ==>  ≅ constant H+ and enhanced negative χ + − ˜ t  contributions to BR(b→ sγ)

M. C. et al. hep-ph/0603106 and in preparation

• Sizeable LR stop mixing <==> small/moderate mu
             ==> B searches more powerful than Non-SM like Higgs searches

• SM-like Higgs:  small Tevatron coverage;  with 30fb-1: CMS can cover some parts,
    with                              ; ATLAS tau tau channel seems to have full coverage

Red:
with 1 and 4 fb-1 at the Tevatron
with 30 fb-1 at the LHC

€ 

 pp , pp → H /A →τ +τ −  

Tevatron:  2 ×10-8 (8fb−1)
LHC:  5.5 ×10-9  (10 fb-1)

€ 

black lines :  BR(Bs → µ−µ +)  reach :

Hatched Area:  presently allowed
BR(Bu →τν ),   BR(b→ sγ )  
and BR(BS → µ+µ _ )  regions

€ 

h →ττ  and h→γγ

€ 

Non-SM-like Higgs and B Physics Searches
Large to moderate values of Xt  ==> SM like Higgs heavier than 120 GeV

€ 

BR(BS → µ+µ−)∝ µAt
2
⇒

€ 

µ 

        
Experimental bound ==> small

€ 

Small µ < 0 ==>  ≅ constant H+ and enhanced negative χ + − ˜ t  contributions to BR(b→ sγ)

M. C. et al. hep-ph/0603106 and in preparation

• Sizeable LR stop mixing <==> small/moderate mu
             ==> B searches more powerful than Non-SM like Higgs searches

• SM-like Higgs:  small Tevatron coverage;  with 30fb-1: CMS can cover some parts,
    with                              ; ATLAS tau tau channel seems to have full coverage

Red:
with 1 and 4 fb-1 at the Tevatron
with 30 fb-1 at the LHC

€ 

 pp , pp → H /A →τ +τ −  

Tevatron:  2 ×10-8 (8fb−1)
LHC:  5.5 ×10-9  (10 fb-1)

€ 

black lines :  BR(Bs → µ−µ +)  reach :

Hatched Area:  presently allowed
BR(Bu →τν ),   BR(b→ sγ )  
and BR(BS → µ+µ _ )  regions

€ 

h →ττ  and h→γγ

€ 

Non-SM-like Higgs and B Physics Searches

M.C.,  A. Menon, C. Wagner’ 07

CMS

ATLAS Tevatron

B-Physics allowed

30 fb−1

30 fb−1
4 fb−1
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Figure 3: (a)–(d) The lines and the colors correspond to the same quantities as in Fig. (2),
where the SUSY parameters are the same except for Xt = 1 TeV.

LHCb with only a few fb−1 of data [35]. As the B-physics allowed region corresponds to
large values of MA and small values of tanβ, the SM contribution to the amplitude of the
Bu → τν process is larger than the SUSY contribution to the same amplitude. The region
where the SUSY contribution to the amplitude of the Bu → τν process is larger than the
SM contribution is excluded by the present bounds on the Bs → µ+µ− branching ratio in
Eq. (19).

As we found in Ref. [20] the maximal mixing scenario is strongly constrained by B-
physics and the addition of the Bu → τν limit makes these constraints even stronger. For
these values of SUSY parameters B-physics constraints prefer low to moderate values of
tan β. In addition the Tevatron will find it difficult to discover a non-standard Higgs boson
for this scenario. Moreover, the LHC at a luminosity of 30 fb−1 will only be able to probe a
very small portion of the B-physics allowed parameter space in the A/H → ττ channel.

In Fig. 2 (b and c) we show the parts of the MA − tanβ that can be probed in Standard
Model Higgs searches at the CMS and ATLAS experiments, respectively. The yellow (light
gray) regions are those that can be probed in h → γγ channel while the green (dark gray)
hatched regions can be probed in h → ττ channel with a luminosity of 30 fb−1 at 5 σ.
Present available studies with the ATLAS detector show that it will be able to probe all of
the B-physics allowed region. According to the new analysis shown in Ref. [27], the CMS
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Figure 4: (a)–(d) The lines and the colors correspond to the same quantities as in Fig. (2),
where the SUSY parameters are the same except for Xt = 0 GeV, µ = 1.5 MSUSY and
MSUSY = 2 TeV. The blue (dark grey) solid line corresponds to the regions excluded by the
LEP bound on the SM-like Higgs boson for mt = 170.9 GeV.
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Figure 5: (a)–(d) The lines and the colors correspond to the same quantities as in Fig. (2),
where the SUSY parameters are the same except for M3 = 500 GeV, MSUSY = 800 GeV,
Xt = −1.2 TeV and µ = 2.5 TeV.
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Additional Decay Channels

A different, perhaps more logical possibility is the fact that there is mainly 
one Higgs particle responsible for electroweak symmetry breaking, but it 
decays in unexpected ways

Again, the unexpected decays could be due to mixing with other Higgs 
particles, but here I want to explore the possibility that it is due to the 
presence of new physics,  that has avoided detection so far

This possibility has been explored with frequency lately, in order to avoid 
the LEP bounds                               and bring the Higgs mass closer to 
the preferred electroweak precision value and/or avoid the SUSY small 
hierarchy problem and/or explain small excesses seen at LEP.

In general, the new decays are associated with a light particle 

and  if          decays in such a way that the LEP bounds are avoided, 
detectability at the LHC is quite hard.                 

( mh > 114 GeV )

h→ χχ

χ

χ



How likely is this possibility ?

In the SM, all fundamental particle masses arise from the v.e.v. of the Higgs 
field

If the Higgs is lighter than 130 GeV, the dominant SM-Higgs decay width is 
into bottom quarks, the heaviest of the SM fermions the Higgs can decay 
into,

But the bottom Yukawa coupling is quite small,           

Therefore, if there are additional particles, with mass smaller than half of 
the Higgs mass and non-trivial couplings to the Higgs, they are likely to 
dominate the Higgs decay width

If Higgs is heavy, instead, decay width into gauge bosons grows fast and a 
large modification is less likely,

hb(mH) ! 1/60

that, for the mass range under consideration, the Higgs is a broad resonance and an accurate
description of its signatures forbids the decoupling of the production and decay processes
(the narrow width approximation). An estimate of the reach of a

√
s = 800 GeV collider is

given. In section 3, we analyze the means to probe Top Seesaw Models. We show how the
interplay of a Higgs search with an accurate measurement of the top quark coupling can shed
light on the properties of this model and even predict the mass of a heavy quark with the
same quantum numbers as the right-handed top quark. In section 4, we discuss the bounds
on the two Higgs doublet model arising from the requirement of perturbative consistency of
the theory up to a scale of the order of at least a few TeV combined with consistency with
electroweak precision data. In section 5, we discuss the Beautiful Mirrors at a linear collider,
and demonstrate that one can measure the mixing between the heavy vector-like quarks and
the bottom quark. We reserve section 6 for our conclusions.

2 Heavy Higgs Boson

Since our concern is with theories containing heavy Higgs bosons, we begin by considering
how well a heavy SM-like Higgs can be studied at a linear collider. This question is of
interest in itself because, in the SM, a Higgs with mass greater than about 350 GeV has an
appreciable width: for mH = 350 GeV, the width ΓH is roughly = 10 GeV, and by mH = 600
GeV, the width is more than 100 GeV. The reason for this large enhancement of the width
lies in the origin of the longitudinal modes of the W and Z bosons. For the partial decay
width of the a scalar Higgs boson into a pair of on-shell weak gauge bosons, we have

Γ(H → V V ) #
GF (|QV | + 1)√

2 16π
m3

H

(

1 −
4M2

V

m2
H

+ 3
4M4

V

m4
H

) (

1 −
4M2

V

m2
H

)1/2

(1)

where QV is the charge of the W (Z) while MV is its mass. Therefore, for large Higgs boson
masses, the width grows as m3

H . This behavior can be easily understood from the equivalence
theorem [15–17], which dictates that, in high energy processes, weak bosons may be replaced
by the corresponding pseudo-Goldstone bosons (pGB’s). The Higgs coupling to two pGB’s
is given by the Higgs quartic interaction times the vacuum expectation value (VEV), λv.
Thus, the partial decay width into weak bosons is proportional (for large Higgs masses) to
(λv)2/mH , where mH accounts for the phase space of the decay. Using the tree-level relation
between the Higgs mass and λ, namely m2

H = 2λv2, one then finds the partial width into
weak bosons to be proportional to m3

H/v2.
This should be compared to the partial decay widths into fermions, which are only linear

in the Higgs mass.

Γ(H → f f̄) #
NcGF m2

f√
2 4π

mH

(

1 −
4m2

f

m2
H

)3/2

(2)

At these large masses, mH
>
∼ 400 GeV, the decay is about 60% into W pairs, 20% into Z

pairs, and the remainder into tt̄ pairs2.
The simple picture of the Higgs as a particle that is produced with some cross section

(for example, as ZH), and then decays into something or other breaks down at large Higgs
masses. First, the large width means that, in order to study the production of a Higgs and its

2These results conform with those obtained from HDECAY [18].

4

Γb ! mH
3h2

b

8π



Why we did not see these light particles?

Let us assume that the Higgs is light, with mass smaller than     
about 130 GeV.  

The new light particles must have weak couplings to the          
Z-boson to avoid the LEP1 constraints

They must also have small e.m. charges to avoid LEP2 and lower 
energy electron-positron collider bounds

Easiest possibility:  A light, neutral, scalar or fermion particle, 
with a dominant component in a singlet of the electroweak 
interactions

If this particle was stable,  it would lead to invisible decays of 
the Higgs (and therefore this Higgs mass must be larger than       
114 GeV to satisfy the LEP bounds and it will be detected at 
the LHC in the weak boson fusion channel)   



NMSSM Case

Higgs spectrum includes three CP-even scalars and two  CP-odd scalars

A light, mainly singlet CP-odd scalar may fulfill all required properties, 
namely 

If its mass is larger than             but smaller than           dominant decay 
mode

Such a Higgs may have escaped detection at LEP.  Branching ratio of 
decay into bottom quarks reduced. If of order 0.1 may explain LEP small 
excess at 100 GeV

 Detectability at the LHC difficult (see Ellwanger et al, hep-ph/0503203; T.Han et 
al., in preparation) 

Possible signal at the Tevatron with 6 fb-1 ? (see Graham et al,  hep-ph/0605162)
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Figure 9: F vs. mh0 in the NMSSM for tan β = 10, M1,2,3(mZ) = 100, 200, 300 GeV.

Large yellow crosses are fully consistent with LEP constraints. See earlier Dermisek + JFG refs.

– A large majority of the yellow crosses have B(h1 → bb) ∼ 0.1 or so
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MSSM with R-Parity Violation

If      is a neutralino, which decays mainly into jets, the 
dominant Higgs decay would be

Such a Higgs could escape the LEP bounds, and may have a 
mass of about 100 GeV

Detectability at the LHC would become virtually impossible 
due to large backgrounds

χ

h→ χχ, χ→ 3 jets

L. Carpenter, D.E. Kaplan and E.J. Rhee ’06



Can the      particle be colored ?

Hadronic cross section constraints are quite strong, and essentially 
rule out the possibility of an additional light colored fermion,  that 
could couple to the Higgs with renormalizable couplings, since in such 
a case it should carry electroweak charges (Higgs field is a doublet). 

A singlet, colored fermion, coupled in a relevant way to the Higgs via 
non-renormalizable interactions remains as a possibility, and it would 
be interesting to see what are the HERA, Tevatron and LEP constraints 
on such a light particle.  

Surprisingly enough, a scalar quark, with a charge equal to the down 
quark and small couplings to the Z is still an available option

If such a particle exists, it can have relevant coupling to the Higgs 
boson and dominate its decay modes. If this “down squark” decays into 
jets, detectability of the Higgs at the LHC will be very difficult

χ



Motivation for a light sbottom

Light sbottoms were first explored since they were suggested to 
explain some anomalous CDF heavy flavor signatures (see, for instance, 
Apollinari et al., hep-ex/0511053)

It was found that for a large range of values of the sbottom mixing,  
they could evade experimental constraints and be consistent with 
precision measurements  (                                                        )

They were further proposed to explain the discrepancy between the 
Run I bottom quark cross section and the theoretical predictions. 
This demanded R-parity violating decays of light sbottoms, with mass 
of about 5 GeV, plus a gluino with mass of about 10--15 GeV (E. Berger,  

B. Harris,  D.E. Kaplan, Z. Sullivan, T. Tait and C. W. ‘00)

Independently of these original motivations, the presence of light 
sbottoms is still possible.  At present, for instance, light sbottoms 
which decay mainly into jets, may only be excluded if their mass is 
below 7.5 GeV (P. Janot ‘04)
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Example: A Light sbottom

Coupling to the Z

Hence, the coupling to the Z vanishes at                      , with

Couplings to the Higgs dictated by these parameters,                   

sin θb ! 1/6

gZb̃b̃ ! (−sin2θb

2
+

sin2 θW

3
)

identification of the Higgs boson at hadron colliders could be facilitated if jets containing

charm and/or leading baryons can be identified cleanly.

The lighter bottom squark is a mixture of the scalar partners of the left- and right-chiral

bottom quarks. After SUSY breaking and electroweak symmetry breaking, the mass matrix

for bottom squarks in the weak eigenstate basis is






m2
Q̃

+ m2
b + DL mb [Ab − µ tanβ]

mb [Ab − µ tanβ] m2
b̃
+ m2

b + DR





 , (1)

where m2
Q̃

and m2
b̃

are the SUSY-breaking masses for the third family squark doublet and

down-type singlet, respectively, Ab is the SUSY-breaking interaction term for the Higgs

boson and bottom squarks, mb is the bottom quark mass, µ is the Higgsino mass parameter,

and DL and DR are the D-terms for the bottom quark sector, given by m2
Z cos 2β(−1/2 +

sin2 θW /3) and −m2
Z cos 2β/3, respectively. The mass eigenstates are two complex scalars (b̃1

and b̃2) with masses and mixing parameter (sin θb) determined by diagonalizing the matrix,

Eq. (1). These mass eigenstates are expressed in terms of left-handed (L) and right-handed

(R) bottom squarks, b̃L and b̃R, as

|b̃1〉 = sin θb|b̃L〉 + cos θb|b̃R〉, (2)

|b̃2〉 = cos θb|b̃L〉 − sin θb|b̃R〉. (3)

The diagonalization of Eq. (1) provides expressions for the squares of the masses of the two

bottom squarks. The value of sin 2θb can then be expressed in terms of the difference of the

eigenvalues and the off-diagonal terms:

sin 2θb =
2mb(Ab − µ tanβ)

m2
b̃1
− m2

b̃2

. (4)

Taking b̃1 to be the lighter bottom squark, we obtain the condition sin 2θb(Ab−µ tanβ) ≤ 0.

In the limit in which we retain only terms enhanced by large tan β, we determine that

µ sin 2θb ≥ 0.

There are important constraints on couplings of the bottom squarks from precise mea-

surements of Z0 decays. A light b̃ would be ruled out unless its coupling to the Z0 is very

small. The squark couplings to the Z0 depend on the mixing angle θb. As described in

Ref. [14], the lowest-order (tree-level) coupling of b̃1 to the Z0 can be arranged to vanish

when sin2 θb ∼ 1/6. An interesting conclusion of Ref. [14] is that in order to obtain appropri-

ately small oblique corrections, in addition to a light bottom squark, a light top squark with

4

identification of the Higgs boson at hadron colliders could be facilitated if jets containing

charm and/or leading baryons can be identified cleanly.

The lighter bottom squark is a mixture of the scalar partners of the left- and right-chiral

bottom quarks. After SUSY breaking and electroweak symmetry breaking, the mass matrix

for bottom squarks in the weak eigenstate basis is






m2
Q̃

+ m2
b + DL mb [Ab − µ tanβ]

mb [Ab − µ tanβ] m2
b̃
+ m2

b + DR





 , (1)

where m2
Q̃

and m2
b̃

are the SUSY-breaking masses for the third family squark doublet and

down-type singlet, respectively, Ab is the SUSY-breaking interaction term for the Higgs

boson and bottom squarks, mb is the bottom quark mass, µ is the Higgsino mass parameter,

and DL and DR are the D-terms for the bottom quark sector, given by m2
Z cos 2β(−1/2 +

sin2 θW /3) and −m2
Z cos 2β/3, respectively. The mass eigenstates are two complex scalars (b̃1

and b̃2) with masses and mixing parameter (sin θb) determined by diagonalizing the matrix,

Eq. (1). These mass eigenstates are expressed in terms of left-handed (L) and right-handed

(R) bottom squarks, b̃L and b̃R, as

|b̃1〉 = sin θb|b̃L〉 + cos θb|b̃R〉, (2)

|b̃2〉 = cos θb|b̃L〉 − sin θb|b̃R〉. (3)

The diagonalization of Eq. (1) provides expressions for the squares of the masses of the two

bottom squarks. The value of sin 2θb can then be expressed in terms of the difference of the

eigenvalues and the off-diagonal terms:

sin 2θb =
2mb(Ab − µ tanβ)

m2
b̃1
− m2

b̃2

. (4)

Taking b̃1 to be the lighter bottom squark, we obtain the condition sin 2θb(Ab−µ tanβ) ≤ 0.

In the limit in which we retain only terms enhanced by large tan β, we determine that

µ sin 2θb ≥ 0.

There are important constraints on couplings of the bottom squarks from precise mea-

surements of Z0 decays. A light b̃ would be ruled out unless its coupling to the Z0 is very

small. The squark couplings to the Z0 depend on the mixing angle θb. As described in

Ref. [14], the lowest-order (tree-level) coupling of b̃1 to the Z0 can be arranged to vanish

when sin2 θb ∼ 1/6. An interesting conclusion of Ref. [14] is that in order to obtain appropri-

ately small oblique corrections, in addition to a light bottom squark, a light top squark with

4

identification of the Higgs boson at hadron colliders could be facilitated if jets containing

charm and/or leading baryons can be identified cleanly.

The lighter bottom squark is a mixture of the scalar partners of the left- and right-chiral

bottom quarks. After SUSY breaking and electroweak symmetry breaking, the mass matrix

for bottom squarks in the weak eigenstate basis is






m2
Q̃

+ m2
b + DL mb [Ab − µ tanβ]

mb [Ab − µ tanβ] m2
b̃
+ m2

b + DR





 , (1)

where m2
Q̃

and m2
b̃

are the SUSY-breaking masses for the third family squark doublet and

down-type singlet, respectively, Ab is the SUSY-breaking interaction term for the Higgs

boson and bottom squarks, mb is the bottom quark mass, µ is the Higgsino mass parameter,

and DL and DR are the D-terms for the bottom quark sector, given by m2
Z cos 2β(−1/2 +

sin2 θW /3) and −m2
Z cos 2β/3, respectively. The mass eigenstates are two complex scalars (b̃1

and b̃2) with masses and mixing parameter (sin θb) determined by diagonalizing the matrix,

Eq. (1). These mass eigenstates are expressed in terms of left-handed (L) and right-handed

(R) bottom squarks, b̃L and b̃R, as

|b̃1〉 = sin θb|b̃L〉 + cos θb|b̃R〉, (2)

|b̃2〉 = cos θb|b̃L〉 − sin θb|b̃R〉. (3)

The diagonalization of Eq. (1) provides expressions for the squares of the masses of the two

bottom squarks. The value of sin 2θb can then be expressed in terms of the difference of the

eigenvalues and the off-diagonal terms:

sin 2θb =
2mb(Ab − µ tanβ)

m2
b̃1
− m2

b̃2

. (4)

Taking b̃1 to be the lighter bottom squark, we obtain the condition sin 2θb(Ab−µ tanβ) ≤ 0.

In the limit in which we retain only terms enhanced by large tan β, we determine that

µ sin 2θb ≥ 0.

There are important constraints on couplings of the bottom squarks from precise mea-

surements of Z0 decays. A light b̃ would be ruled out unless its coupling to the Z0 is very

small. The squark couplings to the Z0 depend on the mixing angle θb. As described in

Ref. [14], the lowest-order (tree-level) coupling of b̃1 to the Z0 can be arranged to vanish

when sin2 θb ∼ 1/6. An interesting conclusion of Ref. [14] is that in order to obtain appropri-

ately small oblique corrections, in addition to a light bottom squark, a light top squark with

4

heavy, one obtains

ghbb =
gmb(mh)

2mW

1 + ∆b

1 + ∆b

, (10)

differing from the standard model coupling by a factor of order one. Observe that in the

limit of heavy supersymmetric particles, ∆b = ∆b, and one recovers the standard model

coupling.

On the other hand, for large values of tanβ, the coupling of light bottom squarks to the

light Higgs boson in the decoupling limit is governed by the presence of a tree-level coupling

of the bottom squarks to Hu,

ghb̃b̃∗ !
g µ mb(mh) tanβ

2mW (1 + ∆b)
sin 2θb, (11)

where we have neglected subdominant terms in tanβ. Therefore, for large values of tan β,

the width for Higgs boson decay into light bottom squarks may become much larger than

the width for decay into bottom quarks. The precise relation between these decay widths

depends not only on tan β but also on the values of the one-loop correction factors ∆b and

∆b. Because the values of ∆b and ∆b depend sensitively on the masses of other super-

particles such as the gluino, we do not attempt to include them in our results, but instead

treat them as an order-one model-dependence on our prediction for the ratio of the partial

widths into bottom squarks and bottom quarks, Γb̃/Γb.

The tree-level partial width for h decay to a pair of b̃’s is

Γb̃ =
3g2m2

bµ
2 tan2 β

64πmhm2
W

sin2 2θb(µ tanβ)2

(

1 − 4
m2

b̃

m2
h

)
1

2

, (12)

and the ratio of partial widths is

Γb̃

Γb

=
(µ tanβ)2

2m2
h

sin2 2θb

(

1 − 4
m2

b̃

m2
h

)

1

2

. (13)

Equation (13) indicates that (µ tanβ/mh) is the relevant quantity that determines the

extent to which decays into bottom squarks dominate the decay process. The ratio as a

function of µ tanβ/mh is shown in Fig. 1. We choose mb(mh) = 3 GeV, as is appropriate

in the SM, sin2 θb = 1/6, and we neglect the dependence on the bottom squark mass. As

stated earlier, our analysis is valid in the region of large µ tanβ/mh. Nevertheless, we provide

numerical results in Fig. 1 and subsequently for values of µ tanβ/mh that extend down to 1.
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shown quantitatively below, the gg branching fraction decreases as µ tanβ/mh is increased,

albeit less quickly than the bb branching fraction.

For Higgs boson decay into γγ, a W loop contribution dominates the SM prediction, and

this remains true after SUSY contributions are included [33]. The contributions of the top

squark, bottom squark, and chargino are all of similar size, with specific values that depend

on the choice of parameters. In particular, a kinematic enhancement from the small b̃ mass

is mitigated by the small charge of the b̃, −1/3. The SUSY contributions lead to a small

destructive interference with the SM loop effect in the region of bottom squark masses of

interest to us, reducing the decay rate (or the production rate in γγ → h) by less than

10% for mb̃ < 30 GeV, 20 < µ tanβ/mh < 40, and the same parameters for the top squark

contribution mentioned in the previous paragraph.
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FIG. 4: Total width of the Higgs boson and the partial width into a pair of bottom squarks as a

function of the ratio µ tan β/mh, with mh = 120 GeV and mh = 140 GeV. We take mh # mb̃ For

each pair of curves, the solid represents mh = 120 GeV and the dotted mh = 140 GeV.

To summarize, a light bottom squark combined with moderate to large µ tanβ/mh leads

the light Higgs boson of the MSSM to decay dominantly into bottom squarks. In contrast to
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BR ×102

mh 120 GeV 140 GeV

µ tan β/mh SM 10 20 50 SM 10 20 50

b̃b̃∗ 0 94.9 98.6 99.7 0 90.3 97.3 99.5

bb 69 3.4 0.89 0.14 34 3.3 0.88 0.14

WW ∗ 14 0.69 0.18 0.029 51 4.9 1.3 0.21

ZZ∗ 1.66 0.082 0.021 0.003 6.3 0.60 0.16 0.027

τ+τ− 7.1 0.35 0.091 0.015 3.6 0.34 0.093 0.015

gg 5.2 0.42 0.16 0.061 3.5 0.51 0.19 0.069

cc 2.8 0.14 0.036 0.006 1.4 0.13 0.036 0.006

γγ 0.24 0.011 0.003 0.0004 0.20 0.019 0.005 0.0007

Γtotal (MeV) 3.3 67 257 1585 7.8 82 303 1850

TABLE I: Branching ratios and total widths of the Higgs boson for masses of 120 and 140 GeV

and µ tan β/mh = 10, 20, 50. We fix mb̃ = 5 GeV in obtaining these values.

IV. HADRON COLLIDER PHENOMENOLOGY

At the LHC, a SM-like Higgs boson of mass less than ∼ 135 GeV is expected to be

discovered through a variety of production processes and decay modes [36],

• gg → h, with h → γγ, h → W+W−, or h → ZZ ;

• tth, with h → bb or h → γγ;

• W+W−(ZZ) → h, with h → W+W−, h → γγ, or h → τ+τ−.

These standard searches look for Higgs boson decays into SM particles. As indicated in

Fig. 5, the presence of the light bottom squark suppresses the branching ratios of these

decay modes by a factor of order of ten to several hundred, depending somewhat on mb̃ and

to large degree on µ and tan β. This reduction raises serious questions as to the capability

of experiments at the LHC to discover a Higgs boson. The more standard decays are

suppressed, and the principal decay mode into jets suffers from enormous QCD backgrounds.

In the analysis below, we assume the LHC is a
√

s = 14 TeV pp collider with a total integrated

luminosity of 100 fb−1.
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FIG. 5: Branching fractions for various Higgs boson decay channels as a function of the ratio

µ tan β/mh, with (a) mh = 120 GeV and (b) mh = 140 GeV. We fix mb̃ = 5 GeV in obtaining

these values.
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For µ tanβ/mh > 10, Branching ratio
of Higgs decay into SM particles
becomes negligible



LHC Higgs Discovery reach

General Conclusion of our study was that once the Higgs sbottom 
decay channel width was larger than a few times the bottom one, 
detectability at the LHC became impossible

So, in this case Higgs could be there and it will not be detected at 
the LHC

Detection of the Higgs will only be possible at a future linear 
collider ILC

Detection of the Higgs may be done by studying the recoil of the Z 
gauge boson, its associated production with gauge bosons, as well 
as its weak boson fusion production. 

Using these methods, the couplings of the Higgs to gauge bosons 
and jets may be determined
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FIG. 6: Expected accuracy in LHC measurements of the product of production cross sections and

branching ratios for the WW , ZZ, bb, γγ, and τ+τ− decay modes of a Higgs boson with masses

120 GeV and 140 GeV, as a function of the ratio of the jet-jet and the bb widths. The horizontal

dotted line at 0.2 indicates the 5σ discovery reach under the assumption B ! S. The partial widths

for decay into WW , ZZ, bb, γγ, and τ+τ− and the production cross sections are assumed to be

standard.
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LHC Higgs couplings determination

BR ×102

mh 120 GeV 140 GeV
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γγ 0.24 0.011 0.003 0.0004 0.20 0.019 0.005 0.0007

Γtotal (MeV) 3.3 67 257 1585 7.8 82 303 1850

TABLE I: Branching ratios and total widths of the Higgs boson for masses of 120 and 140 GeV

and µ tan β/mh = 10, 20, 50. We fix mb̃ = 5 GeV in obtaining these values.

IV. HADRON COLLIDER PHENOMENOLOGY

At the LHC, a SM-like Higgs boson of mass less than ∼ 135 GeV is expected to be

discovered through a variety of production processes and decay modes [36],

• gg → h, with h → γγ, h → W+W−, or h → ZZ ;

• tth, with h → bb or h → γγ;

• W+W−(ZZ) → h, with h → W+W−, h → γγ, or h → τ+τ−.
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decay modes by a factor of order of ten to several hundred, depending somewhat on mb̃ and

to large degree on µ and tan β. This reduction raises serious questions as to the capability

of experiments at the LHC to discover a Higgs boson. The more standard decays are

suppressed, and the principal decay mode into jets suffers from enormous QCD backgrounds.

In the analysis below, we assume the LHC is a
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s = 14 TeV pp collider with a total integrated

luminosity of 100 fb−1.
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FIG. 7: Expected accuracy in the measurements of the bb and jet-jet branching fractions, the hZZ

and hWW coupling strengths, and the total width of the Higgs boson, as a function of the ratio

of the jet-jet and the bb widths. We assume the Higgs boson couplings to bb, ZZ, and WW ∗ are

standard.

background from e+e− → Z0tt → ZW+W−bb, with Z → jet jet. A 120 GeV SM Higgs

boson produced at 800 GeV with an integrated luminosity of 1000 fb−1 is considered in

Ref. [47]. The signal to background is only ∼ 3%. After a neural net analysis, a potential

accuracy of 5.5% is obtained in the determination of the htt coupling. A decrease of the bb

branching fraction by even a factor of 2 would seem to make prospects untenable. If Higgs

boson decay into a pair of hadronic jets is considered, instead of decay to bb, there will be

a slight increase in the expected signal (from a branching fraction of ∼ 69% to ∼ 100%)

but the backgrounds from g and Z decays will increase by a much greater factor. It seems

unlikely that the htt coupling could still be determined, but a full simulation of the larger

signal and backgrounds would be required for a definitive answer.

One might hope to measure the Higgs boson coupling to squarks through the process

e+e− → hb̃b̃∗, in which h is radiated from one of the b̃’s, followed by the decay h → b̃b̃∗.
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Conclusions
Consistency of the SM at the quantum level requires the presence 
of a light Higgs particle, which will be probed by the Tevatron and 
certainly detected at the LHC

New physics, however, can affect the Higgs production and decay 
properties, making Higgs detection at the LHC difficult

Heavy Higgs decay will be dominated by gauge bosons and will be 
more susceptible to mixing effects or to high multiplicity particles 
with strong coupling to the Higgs

Light Higgs decay properties are easily modified by the presence 
of new particles. In this talk, we have explored a few of such cases

In these cases, the ILC will be essential to discover the Higgs 
boson and understand the mechanism of electroweak symmetry 
breaking
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