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Program

• SM recapitulation

• Naturalness problem, Low-energy Susy

• MSSM Higgs sector

• Higgs couplings (to fermions and gauge bosons)

• radiatively-corrected Higgs masses

• LEP searches

• Higgs decays

• Higgs production at the LHC
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SM recapitulation

• SM cannot be the ultimate theory (gravitation, neutrinos). It breaks down at MPL or even
below at some energy scale Λ ; Λ is constrained by mHSM

once H is found

• three Higgs boson mass ranges

1. 110 GeV ≤ mHSM
≤ 130 GeV Λ 2nd glob.min at Λ

2. 130 GeV ≤ mHSM
≤ 180 GeV MPL :)

3. 180 GeV ≤ mHSM
≤ 190 GeV Λ λ blows up

190 GeV - upper limit from SM fit

given Λ→ allowed max and min of Higgs mass
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Naturalness

• nothing restricts the SM to survive up to the Planck scale if the Higgs mass is in the region
(130 GeV,180 GeV). However, this is unlikely. Why?

• First consider this: In an EFT, all parameters of the low-energy theory (couplings, etc.) are
calculable in terms of parameters of a more fundamental theory, that describes physics at the
scale Λ. Most of the low-energy parameters are logarithmically sensitive to Λ but not scalar
masses. They are quadratically sensitive. See below.

• Higgs boson self-energy

ig0 ig1

p+q

q
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Naturalness

=
i
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• if we do not use DimReg but cut-off Λ instead
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Naturalness

⇒ A0 is quadratically divergent
note: B0 is only logarithmically divergent

• Higgs mass: m2
H = m2

H0 − δm2
H, δm2

H = Π(m2
H) = 4

∑

f

m2
f

v216π2

︸ ︷︷ ︸

Λ2 +O(lnΛ)

c
where mH0 is the parameter of the fundamental theory. The "natural" value for m2

H is cΛ2.

• expectation value for Λ :

Λ =
mH√
c
≃ 120v2π

mt

.
= 1060GeV

⋄ if Λ is much larger (hierarchy problem, fine-tuning problem): "unnatural" cancellation
between m2

H0 and δm2
H so that Higgs mass was associated with the scale of EWSB. But

the two terms are of completely different origin.
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Low-energy Supersymmetry

• Higgs boson self-energy revisited

qp M = iΠ(p2),

L ↔ −λs|H|2|S|2

M = µ4−D

∫
dDq

(2π)D
ig0
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q2 −m2 + iε
=
−i

(4π)2
g0 A0(m

2)

Π(m2) =
−g0
(4π)2

[
−Λ2 +O(ln(Λ))

]
, g0 ≡ −λs

• overall mass-shift:
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f
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Low-energy Supersymmetry

• for each Dirac fermion f = (fL, fR) there are two sfermions f̃L, f̃R with quartic coupling
λs = 2y2

f . So, in unbroken supersymmetry → "naturalness" problem is solved

• supersymmetry is broken (we do not observe new particles with masses equal to masses of
SM particles). Is broken softly (no dimensionless couplings in Lsoft)
→ additional non-supersymmetric corrections to m2

H . They must vanish in msoft → 0 limit.

δm2
H = m2

soft

[−4y2
f

16π2
ln

(
Λ2

m2
soft

)

+ . . .

]

• now if Λ = MPL then msoft ≤ O(1 TeV) so that MSSM scalar Higgs potential provides a
Higgs VEV resulting in mW ,mZ = 80.4, 91.2 GeV
→ "naturalness" problem is solved in supersymmetric models with SUSY scale of order 1
TeV. Low-energy supersymmetry can be valid up to the Planck scale, while still being natural.
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Susy brief Intro

• matter superfield: Φ̂ = (φ, ψ, F ), vector superfield: V̂ = (λ, V,D)

• L = iλ(a)σµDµλ̄
(a) − 1

4F
(a)
µν F (a) µν + 1

2D
(a)D(a) + i(ψ̄iσ̄

µDµψi) + F ∗
i Fi

+ (Dµφi)
∗(Dµφi) + i

√
2gT

(a)
ij [φ∗i (λ

(a)ψj)− (λ̄(a)ψ̄i)φj] + gD(a)T
(a)
ij φ∗iφj

+W + Lsoft

• W = (1
2mijΦ̂iΦ̂j + 1

3λijkΦ̂iΦ̂jΦ̂k)F → (φiFj, φiφjFk, ψiψjφk)

• Lsoft = −m2
Hd
|Hd|2 −m2

Hu
|Hu|2 − bεij(H

i
dH

j
u +H†i

d H
†j
u ) + . . .

where the covariant derivatives and the non-abelian field strength tensor are

Dµλ̄
(a) = ∂µλ̄

(a) − gfabcV (b)
µ λ̄(c)

F (a)
µν = ∂µV

(a)
ν − ∂νV

(a)
µ − gfabcV (b)

µ V (c)
ν

Dµψ = ∂µψ + igVµψ

Dµφ = ∂µφ+ igVµφ
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"Derivation" of the Higgs potential

• relevant terms in the lagrangian: Hu = (H+
u ,H

0
u), Hd = (H0

d ,H
−
d )

L = εijµ(Hi
dF

j
Hu

) + F ∗
H0

d
FH0

d
+ F ∗

H−
d

FH−
d

+ F ∗

H+
u
FH+

u
+ F ∗

H0
u
FH0

u
+ h.c.

+ 1
2DBDB + 1

2DW iDW i + g′DB(Hd)
∗
a

(
Y
2

)

ab
(Hd)b + g′DB(Hu)∗a

(
Y
2

)

ab
(Hu)b

+ g
∑

iDW i(Hd)
∗
a

(
τ i

2

)

ab
(Hd)b + g

∑

iDW i(Hu)∗a

(
τ i

2

)

ab
(Hu)b

−m2
Hu
|Hu|2 −m2

Hd
|Hd|2 − bεij(H

i
dH

j
u +H†i

d H
†j
u )

F-terms, D-terms, Susy-breaking terms

• E-L equations: F ∗

H−
d

= −µH+
u + · · ·

DB = g′

2 (|Hd|2 − |Hu|2) + . . .

DW i = −g
(

(H∗
d)a

(
τ i

2

)

ab
(Hd)b + (H∗

u)a

(
τ i

2

)

ab
(Hu)b

)

+ . . .

we substitute back to the lagrangian and we obtain
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EWSB and MSSM Higgs sector

• there are two comlex Higgs doublets Hu = (H+
u ,H

0
u) and Hd = (H0

d ,H
−
d ). The classical

scalar potential is given by

V = (|µ|2 +m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 +m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [b(H+

u H
−
d −H0

uH
0
d) + c.c] +

1

2
g2|H+

u H
0∗
d +H0

uH
−∗
d |2

+
1

8
(g2 + g′2)(|H0

u|2 + |H+
u |2 − |H0

d |2 − |H−
d |2)2

• we demand that the minimum of this potential breaks electroweak symmetry down to
electromagnetism. To simplify the analysis we first make SU(2) gauge transformation to
rotate away possible VEV of H+

u . One then finds that at the minimum also H−
d = 0. So we

are left to consider

V = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (bH0
uH

0
d + c.c)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2

• only b-term depends on the phases of the Higgs fields. Phases redefinition → real b > 0
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EWSB and MSSM Higgs sector

• minimum requires that H0
uH

0
d is real and positive as well. It follows that

〈
H0

u

〉
and

〈
H0

d

〉

have opposite phases. Since Hu and Hd have opposite hypercharges we can make both
〈
H0

u

〉
,
〈
H0

d

〉
real and positive at the same time by using U(1)Y gauge transformation. It

follows that tree level Higgs sector is CP conserving.

• Potential must be bounded form below for large values of neutral Higgs fields. Quartic
couplings will do the job up to the case when |H0

u| = |H0
d |. For the potential to be bounded

from below in this special case we further must require

2b < 2|µ|2 +m2
Hu

+m2
Hd

• to obtain a stable minimum different from zero the following condition must be satisfied

det < 0 : b2 > (|µ|2 +m2
Hu

)(|µ|2 +m2
Hd

)

• minimum conditions: b cotβ = m2
Hu

+ |µ|2 − (m2
Z/2) cos 2β

b tanβ = m2
Hd

+ |µ|2 + (m2
Z/2) cos 2β βǫ(0, π/2)

• if m2
Hu

< m2
Hd

then cos 2β is negative, otherwise is positive
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Tree-level MSSM Higgs sector

• Two Higgs doublets are required in supersymmetric theories to generate mass for both "up"
type and "down" type quarks and charged leptons. They receive mass and VEVs from
generalized Higgs potential.

Hd =

(
(vd + φ0

d + iχ0
d)/
√

2
φ−d

)

Hu =

(
φ+

u

(vu + φ0
u + iχ0

u)/
√

2

)

normalization: v2 ≡ v2
d + v2

u = 4m2
W/g2 = (246GeV)2

• mass eigenstates:

Neutral sector Charged sector
2 CP even Higgs bosons: h, H charged Higgs bosons: H±

1 CP odd Higgs boson: A charged Goldstone bosons: G±

1 Goldstone boson: G0
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Tree-level MSSM Higgs sector

• two doublet Higgs fields expanded in mass-eigenstates

Hu =
1√
2

( √
2[H− sinβ −G− cosβ]

vu + [H cosα− h sinα] + i[A sinβ +G0 cosβ]

)

Hd =
1√
2

(
vd + [H sinα+ h cosα] + i[A cosβ −G0 sinβ]√

2[H+ cosβ +G+ sinβ]

)

• the angle β is determined by the VEVs

vd = v cosβ, vu = v sinβ, ⇒ vu
vd

= tanβ, βǫ(0, π
2)

• all Higgs sector parameters at tree-level are determined by two parameters:
→ tanβ and one Higgs mass, convienently chosen to be mA

• in particular, m2
H± = m2

A +m2
W
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Tree-level MSSM Higgs sector

• squared masses of h,H are eigenvalues of the following matrix

M2
0 =

(
m2

A sin2 β +m2
Z cos2 β −(m2

A +m2
Z) sinβ cosβ

−(m2
A +m2

Z) sinβ cosβ m2
A cos2 β +m2

z sin2 β

)

that is: m2
H,h = 1

2

(

m2
A +m2

Z ±
√

(m2
A +m2

Z)2 − 4m2
Zm

2
A cos2 2β

)

• and α is the angle that diagonalizesM2
0. From the above results one obtain

cos2(β − α) =
m2

h(m2
Z−m2

h)

m2
A(m2

H−m2
h
)

convention: positive tanβ (0 ≤ β ≤ π/2)→ α lies in the range −π/2 ≤ α ≤ 0

• from equation for m2
h one can derive an upper bound to the light CP even Higgs boson h

m2
h =

2m2
Zm2

A cos2 2β

m2
A
+m2

Z
+
√

(m2
A
+m2

Z
)2−4m2

Z
m2

A
cos2 2β

≤ m2
Z cos2 2β

Hana Hlucha, Uniwien, 23rd, 30th April, 2008 15/36



Tree-level MSSM Higgs sector

• mh as a function of mA

mh

mA

mh,mH

mA

tanβ = 2, tan β = 4, tan β = 10 tan β = 3, tanβ = 30
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note 1: m2
h ≤ m2

Z cos2 2β → mh ≤ mZ is ruled out by LEP data ⇒ need to include
radiative corrections

note 2: SM does not constrain the value of m2
hSM

at tree level. In SM m2
hSM

= λv2

and λ is free parameter. In MSSM Higgs self-couplings are related to electroweak couplings.
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Tree-level MSSM Higgs sector

• the m2
h reaches its upper bound value in the limit of large mA. In this limit we found

m2
h ≃ m2

Z cos2 2β cos2(β − α) ≃ m4
Z sin2 4β

4m4
A

m2
H ≃ m2

A +m2
Z

1− 2 cos2 2β

2
m2

H± = m2
A +m2

W

⋄ mA ≃ mH ≃ mH±

⋄ cos(β − α) ≃ 0 → decoupling limit

• if we now focus on an effective-field theory below mA the effective Higgs sector consists only
of one Higgs boson h. Moreover, the tree-level couplings of h are precisely those of SM Higgs
boson when cos(β − α) = 0.
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Higgs couplings to gauge bosons

• relevant Lagrangian reads

L = (DµHu)†DµHu + (DµHd)
†DµHd

=
1

2
|∂µφ

0
u|2 +

1

2
|∂µφ

0
d|2 +

(
g2

Z

8
ZµZ

µ +
g2

4
W+

µ W
−µ

)[

(vu + φ0
u)2 + (vd + φ0

d)
2
]

• weak boson masses: m2
W = g2v2

4 m2
Z = g2+g′2

4 v2 =
m2

W
cos2 θW

v2 = v2
u + v2

d

• couplings arise from: 2vuφu + 2vdφd = 2v[H cos(β − α) + h sin(β − α)]

ghWW = g mW sin(β − α) gHWW = g mW cos(β − α)
ghZZ = g

cosθW
mZ sin(β − α) gHZZ = g

cosθW
mZ cos(β − α)

• decoupling limit: cos(β − α)→ 0⇒ H decouples from W,Z
sin(β − α)→ 1⇒ h couples like SM Higgs boson

• there are no tree level couplings of A,H± to V V (where V = W,Z)
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Higgs couplings to gauge bosons

• summary of Higgs couplings to gauge bosons

cos(β − α) sin(β − α)

HW+W− hW+W−

HZZ hZZ

ZAh ZAH

W±H∓h W±H∓H

ZW±H∓h ZW±H∓H

γW±H∓h γW±H∓H

• vertices that contain at least one vector boson and exactly one non-minimal (H,A, or H±)
are proportional to cos(β − α)
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Higgs couplings to fermions

• Yukawa Lagrangian:

−L = ht(t̄PLtH
0
u − t̄PLbH

+
u ) + hb(b̄PLbH

0
d − b̄PLtH

−
u ) + h.c.

hb =

√
2mb

vd
=

√
2mb

v cosβ
ht =

√
2mt

vu
=

√
2mt

v sinβ

= mt
v t̄

(

v +H sin α
sin β + h cos α

sin β − iγ5A cotβ
)

t+mb
v b̄

(

v +H cos α
cos β − h sin α

cos β − iγ5A cotβ
)

b

• couplings relative to SM values: decoupling limit

hb̄b: −sin α
cos β = sin(β − α)− tan β cos(β − α) → 1

ht̄t: cos α
sin β = sin(β − α) + cotβ cos(β − α) → 1

Hb̄b: cos α
cos β = cos(β − α) + tanβ sin(β − α) → tanβ

Ht̄t: sin α
sin β = cos(β − α)− cotβ sin(β − α) → −(tanβ)−1

Ab̄b: γ5 tan β

At̄t: γ5 cotβ
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world at large tan β

• large tan β → enhancement in some Higgs couplings

⋄ mA ≫ mZ:
∗ decoupling limit is reached
∗ equal strength of bb̄H, bb̄A couplings, tan β enhancement
∗ V V H coupling is negligibly small
∗ V V h, bb̄h couplings are equal to those in SM (tan β cos(β − α)≪ 1, see p.17)

⋄ mA . mZ

∗ if tanβ ≫ 1 then | sin(β − α)| ≪ 1 and mh ≃ mA rad. corr. included
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world at large tan β

∗ bb̄h, bb̄A have equal strength, tanβ enhanced
∗ V V h coupling is negligibly small
∗ V V H coupling is equal to V V hSM

∗ bb̄H coupling may differ from bb̄hSM (tanβ sin(β − α) is not negligibly small)

• in both cases only two of three Higgs bosons have enhanced coupling to bb̄

note: The decoupling limit is effective for all values of tan β. Since sin(β − α) approaches
1 quite rapidly if mA is larger than 200 GeV, the region of MSSM Higgs sector param-
eter space in which the decoupling limit is applicable is large. Consequently, the search
for the lightest CP even Higgs boson is equivalent to the search of SM Higgs boson.

tan2 cos2(β − α) tan2 sin2(β − α)
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radiatively-corrected Higgs masses

• radiative corrections must be considered since tree level upper bound on a Higgs mass
mh < mZ does not hold

• dominant effects arise from loops involving the 3rd generation quarks and squarks and are
proportional to large Yukawa couplings

• squarks

⋄ for left-handed and right-handed quark there is a supersymmetric partner q̃L and q̃R
⋄ q̃L, q̃R are interaction eigenstates; the corresponding mass-matrix is not diagonal

(
M2

Q +m2
f +DL mfXf

mfXf M2
R +m2

f +DR

)

where DL ≡ (T3f − ef sin2 θW )m2
Z cos 2β and DR ≡ ef sin2 θWm2

Z cos 2β,
MR ≡MU(MD) for the top-squark (bottom squark)

⋄ squark mixing parameters: Xt ≡ At − µ cotβ, Xb ≡ Ab − µ tanβ
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radiatively-corrected Higgs masses

• When tan β is large and mA ≫ mZ then tree mh < mZ. Dominant effects in radiative
corrections - incomplete cancellation of top and stop loops. The qualitative behaviour of
radiative corrections is easily seen in the limit of large stop quark mass

the upper bound on the lightest CP-even Higgs mass is approximately given by

m2
h . m2

Z +
3g2m4

t

8π2m2
W

[

ln

(
M2

S

m2
t

)

+ x2
t

(

1− x
2
t

12

)]

where M2
S ≡ 1

2(M
2
t̃1

+M2
t̃2

), xt ≡ Xt/MS

this relation correctly reflects following:

⋄ increase of the Higgs mass upper-bound (due to m4
t enhancement)

⋄ dependence of Higgs mass on the Xt, maximal value at Xt =
√

6MS - maximal mixing
scenario (more precise calculations - asymmetry under Xt → −Xt )

⋄ logarithmic sensitivity to stop quark masses
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radiatively-corrected Higgs masses

• Xt dependence
from a more complete computation: maximal mixing
case and minimal mixing case values (Xt = 0,

√
6MS)

are shifted

upper bound Higgs mass depends on the upper
limit of stop masses
msoft = MSUSY = MQ = MU = MD

• msoft sensitivity
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maximal value of mh

•

• in the region of large tanβ: mmax
h ≃ 122GeV, if maximal stop mixing

mmax
h ≃ 135GeV, if minimal stop mixing

• in practice, maximal mixing scenario is not expected → mmax
h is somewhere between

• if mA > mmax
h then mh ≃ mmax

h and mH ≃ mA

if mA < mmax
h then mh ≃ mA and mh ≃ mmax

h m2
H± = m2

A +m2
W
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MSSM Higgs mass limits after LEP in maximal mixing scenario

•
ZZh ∼ sin(β − α)

ZhA ∼ cos(β − α)

• production processes: e+e−→ Z∗ → Zh and hA (in tiny region - production of H)

large mA: hZ searches mh > 91.0 GeV ← non observation of hA
low mA, large tanβ: hA searches mA > 91.9 GeV ← at large tanβ when
low mA, low tanβ : both channels Zh is suppressed

• as tanβ is lowered the limits on mh and mA become more stringent. Then hA production is
suppressed while Zh rate approaches SM value → SM Higgs limit applies (mh > 114 GeV).
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Searches for e+e−→ h0A0

no Higgs signal?

models with cos2 β − α 6= 0
have mh ≈ mA

dominant bb̄, τ+τ− decays

mh ≈ mA = 90 GeV
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Searches for e+e−→ h0A0
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Higgs boson decay modes

• mA ≫ mZ

⋄ and large masses of susy particles → decoupling limit applies → h indistinguishable from
SM Higgs

⋄ light susy masses→ decoupl. limit does not apply b/c of modified BRs due to new allowed
decay channels

in both cases: H,A,H± are mass degenerate and their BRs depend crucially on tanβ

• mA ∼ mZ

⋄ all Higgs bosons masses below 200 GeV - non has properties of SM Higgs boson,
⋄ tan β ≫ 1 : bb̄ and τ+τ− decay rates significantly modified due to radiative corrections
⋄ new Higgs boson decay channels

• big difference between "low" and ’high" tan β regime

• next figures: BRs for h and H as functions of mass; mA varies from 90 GeV to 1 TeV
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Higgs boson decay modes

•
MSUSY = 1TeV

Xt = 2.4MSUSY

mh close to mhmax

µ = M2 = 1TeV

2M1 ≃ 1TeV
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Higgs boson total widths

•

• large Higgs masses - smaller widths compared to SM (suppressed HVV, no tree AVV,
H+W−Z)

decoupling limit - same widths for h and hSM (as mh reaches its maximum)

small mA (large tan β) - H approaches hSM properties, but deviations in Hbb̄ coupling at
large tan β → discrepancy between H and hSM contours
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Higgs production at the LHC in maximal mixing scenario

•
dominant gluon-gluon-fusion mediated by
heavy top, stop, bottom, sbottom triangle loops

qq → qqV ∗V ∗ → qqφ (gauge boson fusion)
qq̄ → V ∗→ V φ (V-B bremsstrahlung)
also relevant

gg, qq̄ → φbb̄/φtt̄ (associated production)
Higgs boson radiation of bottom quarks
important at large tan β (enhanced Hbb̄)
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