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Many details omitted
theory references (computations 
use FeynHiggs)
detailed discussions of statistical 
treatment, systematics



MSSM Higgs Phenomenology: Tree Level
Higgs bosons in the MSSM: “Type-II” Two-Higgs Doublet Model

5 Higgs bosons: H, h, A (neutral), H± (charged)

dependence on 2 new parameters: MA, 

Masses:
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MSSM Higgs Phenomenology: Tree Level
Higgs bosons in the MSSM: “Type-II” Two-Higgs Doublet Model

5 Higgs bosons: H, h, A (neutral), H± (charged)

dependence on 2 new parameters: MA, 

Masses:

mh < mZ (!)

Couplings:

neutral:

3

SM particle type h coupling H coupling A coupling

up-type quarks cosα
sinβ

sinα
sinβ

cotβ

down-type quarks, �± − sinα
cosβ

cosα
cosβ tanβ

W, Z bosons sin(β − α) cos(β − α) 0
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−
d
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tanβ ≡ vu/vd

H±tb coupling ∼ Vtbmt cotβ(1 − γ5) + mb tanβ(1 + γ5) α: CP-even Higgs
mixing parameter



Beyond Tree Level
Substantial corrections (e.g. to mh, from top (s)quark loops)

mass/coupling dependence on other SUSY parameters

Embodied in several scenarios (allowing to evade LEP bounds)
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [165, 166].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [167]:

mh0 < mZ | cos(2β)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u−vu,H0

d −vd) ∝
(cos α,− sin α). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan β ≈ − cot α ≈ 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):

∆(m2
h0) =

3

4π2
cos2α y2

t m
2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (7.24)

This shows that mh0 can exceed the LEP bounds.
‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against

tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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Scenario mmax

h no-mixing gluophobic small αeff

t̃1, t̃2 mixing parameter Xt 2 TeV 0 -0.75 TeV -1.1 TeV

Higgs bilinear coupling µ ±200 GeV ±200 GeV ±300 GeV 2 TeV

SU(2) gaugino mass M2 200 GeV 200 GeV 300 GeV 500 GeV

gaugino mass mg̃ 0.8 TeV 1.6 TeV 0.5 TeV 0.5 TeV

sfermion SUSY breaking parm. MSUSY 1 TeV 2 TeV 0.35 TeV 0.8 TeV

tuned to 
maximize mh

suppressed 
h → bb, ττ

suppressed 
gg → h

between top 
squarks



Beyond Tree Level
Substantial corrections (e.g. to mh, from top (s)quark loops)
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and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [165, 166].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [167]:

mh0 < mZ | cos(2β)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u−vu,H0

d −vd) ∝
(cos α,− sin α). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan β ≈ − cot α ≈ 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mt̃1
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This shows that mh0 can exceed the LEP bounds.
‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against

tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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Scenario mmax

h no-mixing gluophobic small αeff

t̃1, t̃2 mixing parameter Xt 2 TeV 0 -0.75 TeV -1.1 TeV

Higgs bilinear coupling µ ±200 GeV ±200 GeV ±300 GeV 2 TeV

SU(2) gaugino mass M2 200 GeV 200 GeV 300 GeV 500 GeV

gaugino mass mg̃ 0.8 TeV 1.6 TeV 0.5 TeV 0.5 TeV

sfermion SUSY breaking parm. MSUSY 1 TeV 2 TeV 0.35 TeV 0.8 TeV

tuned to 
maximize mh

suppressed 
h → bb, ττ

suppressed 
gg → h

between top 
squarks

Main focus of Tevatron analyses
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MSSM Higgs Production at the Tevatron
LEP analyses focused on ZH associated production                        
! exclusion mainly at low tanβ
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MSSM Higgs Production at the Tevatron
LEP analyses focused on ZH associated production                        
! exclusion mainly at low tanβ
Most of the Tevatron programme focuses on high tanβ                  
! complementarity: different production mechanisms
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LEP analyses focused on ZH associated production                        
! exclusion mainly at low tanβ
Most of the Tevatron programme focuses on high tanβ                  
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MSSM Higgs Production at the Tevatron
LEP analyses focused on ZH associated production                        
! exclusion mainly at low tanβ
Most of the Tevatron programme focuses on high tanβ                  
! complementarity: different production mechanisms

General feature:

masses, production cross sections for A, h/H very similar ! “Φ”

production of “other CP-even boson (H/h) ~ negligible

5

Analyses don’t attempt to identify individual Higgs 
bosons, but look for an overall excess instead



bΦ → bbb
Largest branching fraction (~90%) ... 
but need extra b jet to be visible

triple b-tagged data, look for  
excess in invariant mass spectrum                                               
of leading b-tagged jets

emphasis on understanding multijet 
background

6

+

update from 1.9 fb-1

bb b b



bΦ → bbb
Largest branching fraction (~90%) ... 
but need extra b jet to be visible

triple b-tagged data, look for  
excess in invariant mass spectrum                                               
of leading b-tagged jets

emphasis on understanding multijet 
background

CDF analysis (2.5 fb-1):

create bkgd template shapes from 
double tagged sample (also in mvtx 
variable: extra discrimination)

template fit including also signal

in absence of significant excess, use 
likelihood ratio to derive limits 
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bΦ → bbb
Largest branching fraction (~90%) ... 
but need extra b jet to be visible

triple b-tagged data, look for  
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of leading b-tagged jets

emphasis on understanding multijet 
background

CDF analysis (2.5 fb-1):
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bΦ → bbb (2)
For high tanβ, the decay widths ΓΦ become substantial

resonance less easily distinguished ! loss of sensitivity

7

mA (GeV/c2)

ta
n

CDF Run II Preliminary (2.5/fb)

mh 
max scenario, ! = -200 GeV ( b=-0.21)

Higgs width included

expected limit
1  band
2  band
observed limit

95" C.L. upper limits

0
20
40
60
80

100
120
140
160
180
200

100 120 140 160 180 200

∆b ∝ tanβ · µ



bΦ → bbb (3)
D0 analysis (2.6 fb-1):

separation into 3/4/5-jet samples

flavour composition estimated using multiple b-tagging criteria

likelihood discriminant to improve S/B ratio

using topological information

obtain from double-tagged data, use to predict triple-tagged bkgd

8
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D0 analysis (2.6 fb-1):

separation into 3/4/5-jet samples
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bΦ → bbb (3)
D0 analysis (2.6 fb-1):

separation into 3/4/5-jet samples

flavour composition estimated using multiple b-tagging criteria

likelihood discriminant to improve S/B ratio
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Φ → τ+τ-

Branching fraction only ~ 0.1, but much cleaner!                            
! can use this decay mode with gluon fusion channel

but need ≥ 1 leptonic decay: τμτhad, τeτhad, τeτμ
τ decays ! no sharp mass peak

substantial backgrounds: Z → τ+τ-, W+jets, multijets

9

t,b



Φ → τ+τ-

Branching fraction only ~ 0.1, but much cleaner!                            
! can use this decay mode with gluon fusion channel

but need ≥ 1 leptonic decay: τμτhad, τeτhad, τeτμ
τ decays ! no sharp mass peak

substantial backgrounds: Z → τ+τ-, W+jets, multijets

CDF published analysis (1.8 fb-1):

using “visible mass”

Z → τ+τ- from MC: energy scale

instrumental backgrounds:
from initial looser τhad selection,
known fake rate

9

t,b

0  50 100 150 200 250 300

mA = 140 GeV/c2

0.1

1

10

100

mvis  (GeV/c2)

1

10

100

1000
mA = 140 GeV/c2

e+τ, μ+τ

e+μ

Jet→τ
Other EW
Z/γ*→ττ
φ→ττ

ev
en

ts
ev

en
ts

(a)

(b)

m2
vis = (pτ1 + pτ2 + /pT )2

/pT ≡ (/ET , /Ex , /Ey , 0)



Φ → τ+τ-

Branching fraction only ~ 0.1, but much cleaner!                            
! can use this decay mode with gluon fusion channel

but need ≥ 1 leptonic decay: τμτhad, τeτhad, τeτμ
τ decays ! no sharp mass peak

substantial backgrounds: Z → τ+τ-, W+jets, multijets

CDF published analysis (1.8 fb-1):

using “visible mass”

Z → τ+τ- from MC: energy scale

instrumental backgrounds:
from initial looser τhad selection,
known fake rate

9

t,b

m2
vis = (pτ1 + pτ2 + /pT )2

/pT ≡ (/ET , /Ex , /Ey , 0)

small model dependence!



Φ → τ+τ- (2)
D0: extended published analysis (1 fb-1) by 1.2 fb-1 (τμτhad)

Analysis similar to CDF (Z → τ+τ-, instrumental backgrounds)

optimised (NN) identification of τ→πντ, τ→ρντ, 3-prong decays

additional rejection against  W (→ e/μ ν) + jets background (MT)
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Φ → τ+τ- (2)
D0: extended published analysis (1 fb-1) by 1.2 fb-1 (τμτhad)

Analysis similar to CDF (Z → τ+τ-, instrumental backgrounds)

optimised (NN) identification of τ→πντ, τ→ρντ, 3-prong decays

additional rejection against  W (→ e/μ ν) + jets background (MT)
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Φ → τ+τ- (2)
D0: extended published analysis (1 fb-1) by 1.2 fb-1 (τμτhad)

Analysis similar to CDF (Z → τ+τ-, instrumental backgrounds)

optimised (NN) identification of τ→πντ, τ→ρντ, 3-prong decays

additional rejection against  W (→ e/μ ν) + jets background (MT)
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bΦ → bτ+τ-

Small overlap with inclusive τ+τ- search, reduced Z → τ+τ- 

background at low mΦ ! complementarity

D0 published analysis (2.7 fb-1, τμτhad):

dominant backgrounds: tt, multijet, Z+jets

estimate multijet background from same-sign events

enrich further using two (tt, multijet) multivariate discriminants
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bΦ → bτ+τ-

Small overlap with inclusive τ+τ- search, reduced Z → τ+τ- 

background at low mΦ ! complementarity

D0 published analysis (2.7 fb-1, τμτhad):

dominant backgrounds: tt, multijet, Z+jets

estimate multijet background from same-sign events

enrich further using two (tt, multijet) multivariate discriminants
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bΦ → bτ+τ-

Small overlap with inclusive τ+τ- search, reduced Z → τ+τ- 

background at low mΦ ! complementarity

D0 published analysis (2.7 fb-1, τμτhad):
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estimate multijet background from same-sign events
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Combinations

Several channels with similar sensitivity
 ! combining results makes sense!

D0: combination of all neutral MSSM Higgs boson results

Tevatron: combination of τ+τ- results
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Combinations

Several channels with similar sensitivity
 ! combining results makes sense!

D0: combination of all neutral MSSM Higgs boson results

Tevatron: combination of τ+τ- results
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Combinations

Several channels with similar sensitivity
 ! combining results makes sense!

D0: combination of all neutral MSSM Higgs boson results

Tevatron: combination of τ+τ- results
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Charged Higgs Bosons

Focus on t → H+b decays (heavy H → tb out of Tevatron reach)

exploited in multiple ways to search for H → cs, τν decays in tt 
events

modified distribution of 
tt events over l+jets, l+l,
and l+τhad final states

l = e, μ
peak in l+jets di-jet invariant
mass spectrum (H → cs)
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Charged Higgs Bosons:  H→τν
High tanβ: dominant decay mode

D0 analysis (0.9 fb-1) of l+τhad mode:

separate 3-jet, >3-jet channels

significant background from W+jets ! likelihood discriminant

Fix σ(tt) to SM value 

14

published
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Charged Higgs Bosons:  H→τν
High tanβ: dominant decay mode

D0 analysis (0.9 fb-1) of l+τhad mode:

separate 3-jet, >3-jet channels

significant background from W+jets ! likelihood discriminant

Fix σ(tt) to SM value 
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Charged Higgs Bosons: Combination

Better alternative: consider l+jets, l+l, l+τhad channels simultaneously

D0 analysis (1 fb-1):

follow earlier individual analyses, but use ε(MH)

allows for simultaneous fits of σ(tt) ! improvement for small MH!

Interpretation in various MSSM scenarios

15

published
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Charged Higgs Bosons: Combination

Better alternative: consider l+jets, l+l, l+τhad channels simultaneously

D0 analysis (1 fb-1):

follow earlier individual analyses, but use ε(MH)

allows for simultaneous fits of σ(tt) ! improvement for small MH!

Interpretation in various MSSM scenarios
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Charged Higgs Bosons: Combination

Better alternative: consider l+jets, l+l, l+τhad channels simultaneously

D0 analysis (1 fb-1):

follow earlier individual analyses, but use ε(MH)

allows for simultaneous fits of σ(tt) ! improvement for small MH!
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Charged Higgs Bosons: Combination

Better alternative: consider l+jets, l+l, l+τhad channels simultaneously

D0 analysis (1 fb-1):

follow earlier individual analyses, but use ε(MH)

allows for simultaneous fits of σ(tt) ! improvement for small MH!

Interpretation in various MSSM scenarios
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Charged Higgs Bosons: Combination

Better alternative: consider l+jets, l+l, l+τhad channels simultaneously

D0 analysis (1 fb-1):

follow earlier individual analyses, but use ε(MH)

allows for simultaneous fits of σ(tt) ! improvement for small MH!

Interpretation in various MSSM scenarios
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Charged Higgs Bosons:  H→cs
CDF analysis (2.2 fb-1) of double-tagged l+jets final states:

kinematic fit using mt, (leptonic) MW constraints

binned ML fit to non-b di-jet mass distribution

16
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Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

D0 analysis (4.2 fb-1):

Vh and VBF production lumped
together (no “V” selection)

NN γ identification

Fermiophobic Higgs: H →γγ

17

update from 2.7 fb-1
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Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

D0 analysis (4.2 fb-1):

Vh and VBF production lumped
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NN γ identification

cut on pT(γγ)

Fermiophobic Higgs: H →γγ
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Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

D0 analysis (4.2 fb-1):

Vh and VBF production lumped
together (no “V” selection)

NN γ identification

cut on pT(γγ)

jj/γj identified using
known fake rates

fit signal in 20 GeV
mass window
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Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

D0 analysis (4.2 fb-1):

Vh and VBF production lumped
together (no “V” selection)

NN γ identification

cut on pT(γγ)

jj/γj identified using
known fake rates

fit signal in 20 GeV
mass window
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Fermiophobic Higgs: H →γγ
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Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

CDF analysis (3 fb-1):

Vh and VBF production lumped
together (as in D0 analysis)

pT(γγ) > 75 GeV

fit with 10 GeV
signal mass window

18
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Fermiophobic Higgs: H →γγ
Possible in various (more exotic) SM extensions

Benchmark model: SM couplings to 
vector bosons, no couplings to fermions

CDF analysis (3 fb-1):

Vh and VBF production lumped
together (as in D0 analysis)

pT(γγ) > 75 GeV

fit with 10 GeV
signal mass window

18

published

q(′)
q̄

V !

h

V V !

V !
h

W

)2c (GeV/hm
70 80 90 100 110 120 130 140

) 
 

 
 h(

B

-310

-210

-110

1

)-1CDF limit (3.0 fb
Expected limit
1 sigma region
2 sigma region
Benchmark prediction
LEP limit

)2c (GeV/hm
70 80 90 100 110 120 130 140

) 
 

 
 h(

B

-310

-210

-110

1



Four Fermion Generations
Straightforward SM extension

evade Nν=3 constraint by heavy ν
enhanced gg→H cross section (factor 7.5 - 9)

Tevatron combined analysis (CDF 4.8 fb-1, D0 5.4 fb-1) adjusting 
corresponding SM H → W+W- search:

correct signal acceptance for different VH, VBF admixtures
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Four Fermion Generations
Straightforward SM extension

evade Nν=3 constraint by heavy ν
enhanced gg→H cross section (factor 7.5 - 9)

Tevatron combined analysis (CDF 4.8 fb-1, D0 5.4 fb-1) adjusting 
corresponding SM H → W+W- search:

correct signal acceptance for different VH, VBF admixtures

H → W+W- branching fraction affected by decays to heavy 
fermions ! 2 scenarios (both: mb´, mt´ ~ 400 - 500 GeV):

ml = 100 GeV, mν = 80 GeV

ml = mν = 1 TeV
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NMSSM Higgs Phenomenology
NMSSM:  adds one gauge singlet superfield

preserves ρ=1

SSB: replaces μ (MSSM) with dimensionless coupling constant

Higgs sector:

additional CP-odd (a) and CP-even (h) Higgs boson

Allows for Higgs loophole at LEP:

SM-like h (within LEP kinematic reach), decaying mostly as h → aa

Ma < 2mb: a → ττ, gg, cc 
! only looked for by OPAL in MSSM context

limited to mh < 86 GeV
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NMSSM: Charged Higgs Boson
CDF analysis (2.7 fb-1): search in l+jets sample
(regular tt event w/ extra τ+τ- pair)

soft τ’s ! identify through add’l isolated track

backgrounds:

underlying event (universal pT spectrum, check in l+1/2jet events)

Z/γ∗+jets (1 lepton missed or from τ decay)
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NMSSM: Charged Higgs Boson
CDF analysis (2.7 fb-1): search in l+jets sample
(regular tt event w/ extra τ+τ- pair)

soft τ’s ! identify through add’l isolated track

backgrounds:

underlying event (universal pT spectrum, check in l+1/2jet events)

Z/γ∗+jets (1 lepton missed or from τ decay)
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NMSSM: Neutral Higgs Boson

D0 analysis (4.2 fb-1): search for gg → h → aa, with a → μ+μ-/τ+τ- in 
inclusive dimuon events (pT > 10 GeV)

2mμ < ma < 2mτ:  muons too collinear to be reconstructed 
separately ! association with track (R < 1) only (NB: BF uncertain)
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NMSSM: Neutral Higgs Boson

D0 analysis (4.2 fb-1): search for gg → h → aa, with a → μ+μ-/τ+τ- in 
inclusive dimuon events (pT > 10 GeV)

2mμ < ma < 2mτ:  muons too collinear to be reconstructed 
separately ! association with track (R < 1) only (NB: BF uncertain)

ma > 2mτ (μ+μ-τ+τ-): reconstruct a → μ+μ-  candidates explicitly

use of muons ! low efficiency
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Not Discussed
Fermiophobic Higgs boson searches

CDF  W±h → W±W+W- (2.7 fb-1)

D0 hhW± → γγγγW± (0.8 fb-1)

Doubly charged Higgs boson searches

D0 H++H-- → μ+μ+μ-μ- (1.1 fb-1)

CDF H++H-- → l+τ+l-τ- (0.3 fb-1)

23



Conclusion & Outlook

Consolidation in mainstream MSSM analyses

First MSSM combinations have been performed

Analyses with significantly larger datasets are underway

In the near future, the Tevatron will likely continue to play an 
important role in BSM Higgs physics
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