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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
σ/σSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
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Combined Tevatron Result

27 S.Z. Shalhout [UC Davis] ICHEP 2012
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Figure 2: Left: pull comparison of the fit results with the direct measurements in units of the experimental
uncertainty. Right: determination of MH excluding the direct MH measurements and all the sensitive
observables from the fit, except the one given. Note that the fit results shown are not independent.

which exceeds the experimental world average in precision. The indirect determination of the
effective weak mixing angle, cf. Fig. 3 (bottom right, blue band) gives

sin2θ�eff = 0.23150± 0.00010 , (3)

which is compatible and more precise than the average of the LEP/SLD measurements [9]. Finally,
the top quark mass, cf. Fig. 3 (top right, blue band), is indirectly determined to be

mt = 175.8+2.7
−2.4 GeV , (4)

in agreement with the direct measurement and cross-section based determination (cf. Footnote 5).

The measured value of MH together with the fermion masses, the strong coupling strength αS(M2
Z
)

and the three parameters defining the electroweak sector and its radiative corrections (chosen

here to be MZ , GF and ∆α(5)
had(M

2
Z
)) form a minimal set of parameters allowing one, for the

first time, to predict all the other SM parameters/observables. A fit using only this minimal
set of input measurements6 yields the SM predictions MW = 80.360 ± 0.011 GeV and sin2θ�eff =

6For αS(M
2
Z) we use the result from Table 1.
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Effective Lagrangian Approach

� Effective Lagrangian: assume symmetry to reduce number of parameters

� Field content: SM with scalar field h Contino eal ’10,’12

L = Lh − (M2
W

W+
µ

Wµ− +
1
2
M2

Z
ZµZµ)[1 + 2a

h

v
+O(h2)]

−mψiψ̄iψi[1 + c
h

v
+O(h2)] + ...

� Remarks:

∗ Chiral Lagrangian with a cutoff at Λ >∼ 4πv

∗ SU(2)L × U(1)Y → U(1)em breaking implemented

∗ Custodial symmetry incorporated: (M 2
W

W+
µ

Wµ− + 1
2M2

Z
ZµZµ)[1 + 2ah

v
+O(h2)]

∗ No tree-level FCNC due to h exchange: −mψiψ̄iψi[1 + ch

v
+O(h2)]

� Higher dimensional operators: assume no large BSM CP violation

L
5
HD

= −cg g2
3

2 Λ
h GA

µ νGA µ ν − cW g2
2

2 Λ
h W a

µ νW a µ ν − cB g2
1

2 Λ
h Bµ νBµ ν

M.M. Mühlleitner, HiggsDays 2012, Santander

Contino et al ’10,’12

Is it the SM Higgs Boson? - Effective Lagrangian Approach

L = Lh − (M2
W W

+
µ W

µ− +
1
2
M

2
ZZµZ

µ)[1 + 2a
h

v
+O(h2)]

−mψiψ̄iψi[1 + c
h

v
+O(h2)] + ...

• Extension of the SM Lagrangian by two parameters a,c; SM: (a, c) = (1, 1)

a ghV V c ghff

• Further operators relevant for Higgs searches:
g2

16π2 [cγAµνA
µν + cgG

A
µνG

Aµν ]h
v

H → gg : ∼ c

p

(−)
p

g

g

Q

H

M.M. Mühlleitner, HiggsDays 2012, Santander

Including Constraints from EWPD

∗ EWPD constrain a: Espinosa,Grojean,MMM,Trott ’12

(green/yellow/grey)

(65/90/99% CL)

SM within ∼ 2σ

from best fit point

Two minima

M.M. Mühlleitner, HiggsDays 2012, Santander

Espinosa, Grojean, Mühlleitner, Trott ’12 
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So, why SUSY?
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2 Spinors

To understand SUSY QFT, we need a good understanding of spinors. We will cover this
topic in some detail in this part of the lectures, and things will be clearer for it later.
The aim is to find all irreducible representations (‘irreps’) of the Poincaré group, as all
fields in physics live in such representations.

2.1 The Poincaré group

§1 Definition. The Poincaré group is the group of isometries (maps preserving dis-
tance) on Minkowski space R1,3. It is a non–compact Lie group. Its generators are four
translations, Pµ, and a total of six boosts and rotations, Mµν = −Mνµ. The Lie algebra
relations are

[Pρ,Mµν ] = i
(
ηµρPν − ηνρPµ

)
≡ iηµρPν + symm. , (17)

[Mµν ,Mρσ] = −i
(
ηµρMνσ + symm.

)
. (18)

In the first line we have introduced the operation “symm.” which takes account of the
symmetries of the generators, i.e. it symmetrises or antisymmetrises as appropriate. For
example, the left hand side of (17) is antisymmetric in µ and ν, hence “symm.” generates
the second term on the right hand side of (17).

Exercise 2. Check you understand the definition of “symm.” by generating the remain-
ing three terms on the right hand side of (18).

The Poincaré group is R1,3 !O(1, 3), the semi–direct product of the abelian group of
translations R1,3 generated by Pµ and the Lorentz group O(1, 3) generated by the Mµν .
It is not a direct product because translations and boosts do not in general commute.
We now look in more detail at the Lorentz subgroup.
§2 The Lorentz subgroup. Consider the vector representation of O(1, 3). That is,
given an element x ∈ R1,3,

x =





x0

x1

x2

x3




,

an element of the Lorentz group will be represented by a 4 × 4 matrix. There are four
special elements of the group we would like to consider. They are:

12

• Some internal symmetry group with generators Bl which are Lorentz scalars,

and which are typically related to some conserved quantum number like electric

charge, isopin, etc...

The full symmetry algebra hence reads

[Pµ, Pν ] = 0

[Mµν ,Mρσ] = −iηµρMνσ − iηνσMµρ + iηµσMνρ + iηνρMµσ

[Mµν , Pρ] = −iηρµPν + iηρνPµ

[Bl, Bm] = if
n

lm Bn

[Pµ, Bl] = 0

[Mµν , Bl] = 0 ,

where f n
lm are structure constants and the last two commutation relations simply

say that the full algebra is the direct product of the Poincaré algebra and the algebra

G spanned by the scalar bosonic generators Bl

ISO(1, 3)×G . (2.48)

(A nice proof of the Coleman-Mandula theorem can be found in Weinberg’s book,

Vol. III, chapter 24.B).

The Coleman-Mandula theorem can be evaded by weaking one (or more) of its

assumptions. For instance, the theorem assumes that the symmetry algebra involves

only commutators. Haag, Lopuszanski and Sohnius generalized the notion of Lie

algebra to include algebraic systems involving, in addition to commutators, also

anticommutators. This extended Lie Algebra goes under the name of Graded Lie

algebra. Allowing for a graded Lie algebra weakens the Coleman-Mandula theorem

enough to allow for supersymmetry, which is nothing but a specific graded Lie

algebra.

Let us first define what a graded Lie algebra is. Recall that a Lie algebra is a

vector space (over some field, say R or C) which enjoys a composition rule called

product

[ , ] : L× L → L (2.49)

9
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3 The SUSY algebra

The SUSY algebra is an extension of the Poincaré algebra we met earlier. A theorem
due to Haag et al [17] says that the SUSY algebra we will present below is the only
possible extension of the Poincaré group consistent with the axioms of quantum field
theory.

3.1 SUSY algebra on R1,3

§1 SUSY algebra. Along with the generators Pµ and Mµν which obey the algebra
(17)–(18), we choose N ∈ N+, and then for i = 1 . . .N we introduce the supersymmetry
charges Qi

α and Q̄iα̇ which obey

{Qi
α, Qj

β} = {Q̄iα̇, Q̄jβ̇} = 0 , (69)

{Qi
α, Q̄jα̇} = 2 δi

j σµ
αα̇Pµ , (70)

where Q̄ is the complex conjugate of Q. Note the positions of the i indices labelling the
different supercharges, which will serve as a bookkeeping device for correct contractions
later. Note also that the zero vector–component on the right hand side of (70) looks like
the Hamiltonian in quantum mechanics, just as we had in our toy model, earlier. The
commutators of the SUSY charges with the generators of the Poincaré group are

[Pµ, Qi
α] = [Pµ, Q̄iα̇] = 0 , (71)

[
Mµν , Q

i
α

]
= i(σµν)α

β Qi
β , (72)

[
Mµν , Q̄

α̇
i

]
= i(σ̄µν)α̇

β̇ Q̄β̇
i , (73)

where we have introduced

(σµν) β
α ≡ 1

4

(
σµ

αα̇σ̄ν α̇β − σν
αα̇σ̄µ α̇β

)
,

(σ̄µν)α̇
β̇
≡ 1

4

(
σ̄µ α̇ασν

αβ̇
− σ̄ν α̇ασµ

αβ̇

)
.

(74)

If N > 1 we call this the N–extended SUSY algebra. The number of real supercharges
in the game is 4N (in four dimensions) since each of the Qi is a two component complex
Weyl spinor.
§2 Theorem of Haag, Sohnius, Lopuszanski. Up to introducing ‘central charges’
Z [i,j] such that

{Qi
α, Qj

β} = εαβZ [i,j] , (75)

where the Z are just complex numbers, the N–extended SUSY algebra is the only exten-
sion of the Poincaré group which is consistent with the axioms of relativistic quantum
field theory [17]. We will set the central charges to zero in the majority of these lectures
– for completeness, we retain them only in Sect. 3.2, §6 when discussing the massive
representations of the SUSY algebra.
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possible extension of the Poincaré group consistent with the axioms of quantum field
theory.

3.1 SUSY algebra on R1,3

§1 SUSY algebra. Along with the generators Pµ and Mµν which obey the algebra
(17)–(18), we choose N ∈ N+, and then for i = 1 . . .N we introduce the supersymmetry
charges Qi

α and Q̄iα̇ which obey

{Qi
α, Qj

β} = {Q̄iα̇, Q̄jβ̇} = 0 , (69)

{Qi
α, Q̄jα̇} = 2 δi

j σµ
αα̇Pµ , (70)

where Q̄ is the complex conjugate of Q. Note the positions of the i indices labelling the
different supercharges, which will serve as a bookkeeping device for correct contractions
later. Note also that the zero vector–component on the right hand side of (70) looks like
the Hamiltonian in quantum mechanics, just as we had in our toy model, earlier. The
commutators of the SUSY charges with the generators of the Poincaré group are
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product

[ , ] : L× L → L (2.49)

9

Theory:

Tuesday, September 25, 2012



Supersymmetry: Motivation

The SM is in a pretty good shape.

Why MSSM? (Is it worth to double the particle spectrum?)

1.) Stability of the Higgs mass

against higher-order corr.

2.) Unification of gauge couplings:

Not possible in the SM, but in

the MSSM (although it was not

designed for it.)

3.) Spontaneous symmetry breaking

via Higgs mechanism is

automatic in SUSY GUTs

4.) SUSY provides CDM candidate

5.) . . .
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Fine Tuning
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⇒ particle spectra from renormalization group running to weak scale

q~

l~

H 

H 
g~

W~

B~

⇒ one parameter turns negative ⇒ Higgs mechanism for free
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I am not a SUSY fan.
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Enlarged Higgs sector: Two Higgs doublets

H1 =




H1

1

H2
1



 =




v1 + (φ1 + iχ1)/

√
2

φ−
1





H2 =




H1

2

H2
2



 =




φ+
2

v2 + (φ2 + iχ2)/
√

2





V = m2
1H1H̄1 + m2

2H2H̄2 − m2
12(εabH

a
1Hb

2 + h.c.)

+
g′2 + g2

8︸ ︷︷ ︸

(H1H̄1 − H2H̄2)
2 +

g2

2︸︷︷︸

|H1H̄2|2

gauge couplings, in contrast to SM

physical states: h0, H0, A0, H±

Goldstone bosons: G0, G±

Input parameters: (to be determined experimentally)

tanβ =
v2

v1
, M2

A = −m2
12(tanβ + cotβ )
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Radiative corrections

M2
H = M2

H,tree −

(

Σ̂φ1 Σ̂φ1φ2

Σ̂φ1φ2 Σ̂φ2

)

one-loop:
+ + · · ·

m2
h = m2

h,tree +
3αtm2

t
π

ln
M2
susy

m2
t

+ · · · , αt =
h2t
4π , ht =

mt
v sin β

[J. Ellis, Ridolfi, Zwirner ’91], [Okada, Yamaguchi, Yanagida ’91], [Haber, Hempfling ’91]
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Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and 
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta]

For moderate to large values of tan beta and large non-standard Higgs masses 
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Analytic expression valid for  MSUSY~ mQ ~ mU
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MH precision observable for SUSY

Radiative corrections

M2
H = M2

H,tree −

(
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one-loop:
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Figure 11: Confidence intervals in the (µ,mH) plane for the
H→ZZ(∗)→ 4!, H→ γγ, and H→WW(∗)→ !ν!ν channels, including
all systematic uncertainties. The markers indicate the maximum like-
lihood estimates (µ̂, m̂H ) in the corresponding channels (the maximum
likelihood estimates for H→ZZ(∗)→ 4! and H→WW(∗)→ !ν!ν coin-
cide).

by the common parameter µggF+tt̄H . Similarly, µVBF and
µVH have been grouped together as they scale with the
WWH/ZZH coupling in the SM, and are denoted by the
common parameter µVBF+VH . Since the distribution of
signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the
plane of µggF+tt̄H ×B/BSM and µVBF+VH ×B/BSM, where
B is the branching ratio for H→ γγ, can be obtained
(Fig. 12). Theoretical uncertainties are included so that
the consistency with the SM expectation can be quanti-
fied. The data are compatible with the SM expectation
at the 1.5σ level.

10. Conclusion

Searches for the Standard Model Higgs boson have
been performed in the H→ ZZ(∗)→ 4!, H→ γγ and
H→WW (∗)→ eνµν channels with the ATLAS experi-
ment at the LHC using 5.8–5.9 fb−1 of pp collision data
recorded during April to June 2012 at a centre-of-mass
energy of 8 TeV. These results are combined with ear-
lier results [17], which are based on an integrated lu-
minosity of 4.6–4.8 fb−1 recorded in 2011 at a centre-
of-mass energy of 7 TeV, except for the H→ ZZ(∗)→ 4!
and H→ γγ channels, which have been updated with the
improved analyses presented here.
The Standard Model Higgs boson is excluded at

95% CL in the mass range 111–559GeV, except for
the narrow region 122–131GeV. In this region, an ex-
cess of events with significance 5.9σ, corresponding
to p0 = 1.7 × 10−9, is observed. The excess is driven

SM B/B% 
ttHggF+

µ
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 B

/B
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VH
VB
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µ
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2

4

6

8

10

! ! "H 

ATLAS 2011 - 2012
-1Ldt = 4.8 fb$ = 7 TeV:  s
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Figure 12: Likelihood contours for the H→ γγ channel in the
(µggF+tt̄H , µVBF+VH ) plane including the branching ratio factor
B/BSM. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor
for the ggF and tt̄H (VBF and VH) production cross sections. The
best fit to the data (+) and 68% (full) and 95% (dashed) CL contours
are also indicated, as well as the SM expectation (×).

by the two channels with the highest mass resolution,
H→ ZZ(∗)→ 4! and H→ γγ, and the equally sensitive
but low-resolution H→WW (∗)→ !ν!ν channel. Taking
into account the entire mass range of the search, 110–
600GeV, the global significance of the excess is 5.1σ,
which corresponds to p0 = 1.7 × 10−7.
These results provide conclusive evidence

for the discovery of a new particle with mass
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV. The signal
strength parameter µ has the value 1.4 ± 0.3 at the
fitted mass, which is consistent with the SM Higgs
boson hypothesis µ = 1. The decays to pairs of vector
bosons whose net electric charge is zero identify the
new particle as a neutral boson. The observation in
the diphoton channel disfavours the spin-1 hypothe-
sis [140, 141]. Although these results are compatible
with the hypothesis that the new particle is the Standard
Model Higgs boson, more data are needed to assess its
nature in detail.
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Figure 11. Dependence of Mh on At. The dotted, dashed and solid line corresponds to the one-,
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tan β = 10 ,

MA = 1500 GeV . (5.2)

Furthermore, we employ only the m4
t corrections since it is not possible to transmit

the parameters of eq. (5.2) directly to FeynHiggs and evaluate the corresponding

Higgs boson mass.

It is interesting to note that the three-loop corrections are quite sizeable, amounting

up to about 3 GeV. In contrast to the two-loop terms they are positive and lead to a

compensation. For At = −2TeV and At = 0 the three-loop prediction is even above the

one-loop value for Mh.

In order to get an impression on the size of the three-loop corrections we show in fig-

ure 12 (lower panel) the difference between our best three-loop prediction and the full two-

loop result as a function of m0 and m1/2. We observe that the corrections are always positive

and vary for our parameters between a few hundred MeV and about 2 GeV. They show only

a mild dependence on m0, but vary strongly with m1/2. In particular the corrections become

larger for increasing values of m1/2. For comparison, we show in figure 12 (upper panel) the

corresponding quantity at two-loop order, i.e., the difference between the two-loop and the

one-loop result. In contrast to the three-loop contributions they are negative and amount

to about twice the three-loop terms in a large region of the parameter space. However,
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Figure 10. Mh for the different slopes of the benchmark scenarios SPS1a (a), SPS2 (b) and
SPS3 (c). Dotted, dashed and solid lines correspond to the one-, two- and three-loop predictions.
The dashed line with longer dashes (at two loops) correspond to the full results, the one with the
shorter dashes to the approximation implemented in H3m. In (d) the dependence of Mh on the
renormalization scale is shown where the dotted, dashed and solid line corresponds to the one-,
two- and three-loop prediction.

small whereas the three-loop term still amounts to about 500 MeV. Around µr = Mt, which

is often used as a default choice, one has negative two-loop corrections of about −2GeV

and a slightly larger three-loop contribution than for µr = 250 GeV. The corresponding

plots for SPS2 and SPS3 look very similar. Thus, we refrain from presenting them here;

they can easily be generated with the help of H3m.

It is interesting to investigate the dependence of Mh on the soft breaking parameter

At. In figure 11 we show the result for Mh where the following values for the parameters

have been chosen

mt̃1 = 500 GeV ,

mt̃2 = 1000 GeV ,

mg̃ = 500 GeV ,

mq̃ = 2000 GeV ,

µSUSY = 800 GeV ,
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Furthermore, we employ only the m4
t corrections since it is not possible to transmit

the parameters of eq. (5.2) directly to FeynHiggs and evaluate the corresponding

Higgs boson mass.

It is interesting to note that the three-loop corrections are quite sizeable, amounting

up to about 3 GeV. In contrast to the two-loop terms they are positive and lead to a

compensation. For At = −2TeV and At = 0 the three-loop prediction is even above the

one-loop value for Mh.

In order to get an impression on the size of the three-loop corrections we show in fig-

ure 12 (lower panel) the difference between our best three-loop prediction and the full two-

loop result as a function of m0 and m1/2. We observe that the corrections are always positive

and vary for our parameters between a few hundred MeV and about 2 GeV. They show only

a mild dependence on m0, but vary strongly with m1/2. In particular the corrections become

larger for increasing values of m1/2. For comparison, we show in figure 12 (upper panel) the

corresponding quantity at two-loop order, i.e., the difference between the two-loop and the

one-loop result. In contrast to the three-loop contributions they are negative and amount

to about twice the three-loop terms in a large region of the parameter space. However,
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal

top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass

for mt̃1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark

mixing and do not yield a 124 GeV Higgs mass for mt̃1 below 3 TeV. Here we have taken

tan β = 20. The shaded regions highlight the difference between the Suspect and FeynHiggs

results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, λSHuHd, that is perturbative to unified scales, thereby constraining λ � 0.7

(everywhere in this paper λ refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h = M

2
Z cos

2
2β + λ2

v
2
sin

2
2β + δ2t , (2)

where here and throughout the paper we use v = 174 GeV. For λv > MZ , the tree-level

contributions to mh are maximized for tan β = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan β as in the MSSM. However, even for λ taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

δt � 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan β in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 � λ � .7, near the

boundary of perturbativity at the GUT scale.

2

Hall, Pinner, Ruderman ’12

Arbey, Battaglia, Djouadi, Mahmoudi, Quevillon ’12

see also:
Heinemeyer, Stål, Weiglein ’12
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Figure 19: Values of σ/σSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall σ/σSM value 0.87 ± 0.23. The symbol
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the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
σ/σSM values for individual modes; they include both statistical and systematic uncertainties.
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to significances of 1 to 6 σ.

110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while

)µSignal strength (
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ATLAS 2011 - 2012

Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
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NMSSM Higgs Boson and Enhanced Diphoton Rate

• SM-like NMSSM Higgs of ∼ 125 GeV

Can be either H1 or H2 (H1 singlet-like, suppr. SM couplings)

• Enhanced Diphoton rate

BR(h125 GeV → γγ) =
Γ(h125 GeV → γγ)

(Γbb̄ + ΓWW + ΓZZ + ...)[h125 GeV]

∗ Suppression of Γ(h125 GeV → bb̄) due to Hall,Pinner,Ruderman; Ellwanger; King,MMM,Nevzorov;

Cao,Heng,Yang,Zhang,Zhu; Albornoz-Vasquez,Belanger,Boehm,DaSilva,Richardson,Wymant

� strong singlet-doublet mixing � reduced coupling to bb̄

∗ Enhanced Γ(h125 GeV → γγ) due to charged Higgs and/or chargino loop contributions

∗ h
125 GeV

can be H1, H2

M.M. Mühlleitner, HiggsDays 2012, Santander

Tuesday, September 25, 2012



Figure 4: Results from the MSSM parameter scan on the ratio Rh
γγ in the (MA, tanβ)

plane. The grey points are excluded by the limits from direct Higgs searches (from
HiggsBounds 3.6.1, i.e. including LHC2011). MSSM Points with an enhancement of Rh

γγ ,
corresponding to Rh

γγ > 1, are indicated in black, points with Rh
γγ > 2 are shown in red.

The dominant higher-order contribution to ∆b are the QCD corrections, given in [75]. Those
contributions are not included in our analysis, but their effect can be approximated by using
a scale ofmt for the evaluation of the one-loop expression, Eq. (33). While the loop-corrected
hbb̄ coupling, Eq. (32), approaches the tree-level coupling, Eq. (31), in the decoupling limit
(MA ! MZ), a suppression of ghbb̄ is possible for not too largeMA if ∆b is numerically sizable
and positive. For µ > 1 TeV we find enhancements of Rh

γγ of more than 1.5 for values of MA

up to roughly 450 GeV and with moderate to large values of tanβ. Points with Rh
γγ > 2

are possible if ∆b is relatively large, ∆b " 0.5. The corresponding effect on Rh
γγ can be seen

in Fig. 4 for the (MA, tanβ) plane. The points with Rh
γγ > 1 are indicated in black, and

the ones with Rh
γγ > 2 are shown in red. The regions with only grey points are excluded

by the limits from the Higgs searches at LEP and the LHC2011, where the latter ones arise
from the searches for MSSM Higgs bosons in the τ+τ− channel [48]. As can be seen from
the figure, a slight enhancement of Rh

γγ > 1 can be accommodated over the whole allowed
region displayed in Fig. 4, while scenarios with Rh

γγ > 2 tend to be closer to the boundary
of the region allowed by the LHC Higgs limits.

We now turn to the alternative case where h is light and has suppressed couplings to
gauge bosons, whereas the heavier CP-even Higgs H is a SM-like Higgs boson. One finds a
similar enhancement for RH

γγ , which is due to the suppression of gHbb̄, if

gHbb̄

gHSMbb̄

=
cosα

cos β
(35)

is small. Such an enhancement is restricted to the mass region MH
<∼ 130 GeV, since for

higher mass values the coupling of the heavy CP-even Higgs to gauge bosons is suppressed,
so that the partial width Γ(H → γγ) is smaller than for the SM case, see Fig. 2. Accordingly,
the scenarios with RH

γγ > 1 are only realised in a relatively small parameter region close to

the exclusion bounds from the Higgs searches, for MA
<∼ 150 GeV and intermediate tan β.
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Grey: excluded
Black: Rγγ > 1
Red:   Rγγ > 2

bosons, but is nevertheless not excluded due to a (much) suppressed coupling to b quarks,
which weakens the corresponding LEP limit. The fact that an enhanced rate for the decay
of a Higgs boson to two photons is possible even below the LEP limit provides a motivation
to extend the LHC Higgs searches to this region. In the following we focus on the mass
region above the LEP limit. There we find scenarios in which Γ(h → γγ) is enhanced by
up to ∼ 70% with respect to the SM. On the other hand, as can be seen from the lower left
plot in Fig. 2, the BR(h → γγ) can be enhanced by a factor ∼ 3 over the SM in the same
mass range (due to a suppression of the bb̄ decay mode as discussed in more detail below).
It is interesting to note that for the points that are allowed by all constraints the maximum
enhancement of the branching ratio occurs around Mh ∼ 125 GeV. One can finally observe
that no SM values are reached for Mh

<∼ 114.4 GeV, reflecting the fact that a SM-like Higgs
boson is ruled out by the LEP Higgs searches.

The corresponding results for the heavy CP-even MSSM Higgs boson are shown in the
right column of Fig. 2. For MH

<∼ 130 GeV we find viable points with a BR slightly larger
than for a SM Higgs boson. For larger values of MH one can see the behaviour expected
from the decoupling properties of the MSSM, i.e. Γ(H → γγ) and BR(H → γγ) are both
suppressed with respect to the SM, with the level of suppression increasing with MH .

In order to investigate the phenomenology at the LHC, besides the branching ratio of
course also the Higgs production cross section — which in general will also be modified in a
model of physics beyond the SM— has to be taken into account. The combined enhancement
or suppression over the SM for a process pp → hi → X can therefore be summarised in the
ratio

Rhi

X =
σ(pp → hi)× BR(hi → X)

σ(pp → HSM)× BR(HSM → X)
. (29)

In the MSSM hi denotes either h or H , while in the NMSSM (discussed in the next subsec-
tion) hi (i = 1 . . . 3) can be any of the three CP-even Higgs states. If the Higgs production
cross section is dominated by a single mechanism, such as gluon fusion which is often the case
at the LHC7, a common approximation is to use instead of σ(pp → hi) the parton-level cross
section σ̂(gg → hi). Neglecting the differences in kinematics, the decay width Γ(hi → gg)
has the same dependence as σ̂(gg → hi) on the couplings of the involved particles, and the
dominant higher-order QCD corrections are expected to cancel out in the ratio.8 Making use
of this approximation, Eq. (29) can be expressed as

Rhi
X $

Γ(hi → gg)× BR(hi → X)

Γ(HSM → gg)× BR(HSM → X)
=

Γ(hi → gg)× Γ(hi → X)× Γtot(HSM)

Γ(HSM → gg)× Γ(HSM → X)× Γtot(hi)
. (30)

This definition will be used to calculate Rhi
γγ and Rhi

WW in the MSSM (and also in the NMSSM
below).

7 We have checked that for the relevant regions of parameter space discussed below the gluon fusion
production cross section always strongly dominates over the associated Higgs boson production from bottom
quarks.

8 Non-negligible differences are mainly expected if the bottom loop contribution to hi → gg dominates
over the top loop contribution. In the case of the light CP-even Higgs boson can happen for very low
MA and moderate to large tanβ values, whereas in the case of the heavy CP-even Higgs boson this can
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X = γγ

Benbrik, Gomez Bock, Heinemeyer, 
Stål, Weiglein, Zeune ’12

Parameter Minimum Maximum
MSUSY 750 1500

M2 ! 2M1 200 500
At = Ab = Aτ −2400 2400

µ 200 3000
MA 100 600
tanβ 1 60

Table 2: Parameter ranges for the MSSM scan. All parameters with mass dimension are
given in GeV.

(iv) SM+singlet limit
When the doublet decoupling condition MH± # MZ is fulfilled for points with finite
non-zero λ, κ (i.e., values that differ from the MSSM limit) we speak of the SM+singlet
limit. This name is appropriate, since the low mass Higgs spectrum in this scenario
consists of two CP-even and one CP-odd degree of freedom.

4.1 Decays of CP-even Higgs bosons in the MSSM

Before we proceed to the NMSSM case, we study the two photon decays of the two CP-even
Higgs bosons, h and H , in the MSSM and compare to the SM. For the numerical evaluation
in the MSSM we use the code FeynHiggs (version 2.8.6) [17, 22–24], which is also used to
evaluate SM quantities given in this section. To study interesting regions of the MSSM
parameter space, where differences in the di-photon channel between the MSSM and the
SM can occur, we perform a random scan over the parameter ranges given in Tab. 2. The
remaining MSSM parameters are kept at their ‘benchmark’ values specified in Eq. (25).

It should be noted that we allow for comparably high values for µ; this is relevant for the
possible size of some of the effects that we will discuss in detail below. However, such large
values of µ, together with large values of tan β, can lead to parameter combinations that show
a non-stable behaviour in perturbation theory. In order to avoid parameter combinations
that result in unacceptably large two-loop corrections in the evaluation of the Higgs boson
self-energies and related quantities, we implement an upper limit on the corrections to the
elements of the Z matrix (see Ref. [17]). Comparing the one- and two-loop values of the
respective diagonal elements, we require the following condition for the light CP-even Higgs,
||Z2−loop

11 |−|Z1−loop
11 ||/|Z1−loop

11 | < 0.25, and analogously for the heavy CP-even Higgs with the
replacement Z11 → Z22. We found that this upper bound is effective for avoiding parameter
regions that are deemed unstable under higher-order corrections.

In Fig. 2 we show Γ(h → γγ) in the top left and BR(h → γγ) in the bottom left plot
as a function of Mh. The corresponding plots for H → γγ are given in the right column.
The colour coding is as follows: all points in the scan which are allowed by the theoretical
constraints and the direct search limits for sparticles [54], as discussed above, are plotted in
grey. Points which are also allowed by direct Higgs search limits (from HiggsBounds 3.6.1,
i.e. including LHC2011) are shown in blue (on top of the grey points). Finally, points which
fulfil additionally the constraint from (g−2)µ and BR(b → sγ) (both are here calculated with
FeynHiggs) are plotted in black. The red (solid) curve in Fig. 2 shows the corresponding
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NMSSM:  

The NMSSM Higgs Sector

• Next-to-Minimal Supersymmetric Extension of the SM: NMSSM

Fayet; Kaul eal; Barbieri eal; Dine eal; Nilles eal; Frere eal; Derendinger eal; Ellis eal;

Drees; Ellwanger eal; Savoy; Elliott eal; Gunion eal; Franke eal; Maniatis; Djouadi eal; Mahmoudi eal; ...

• The µ-problem of the MSSM:

Higgsino mass parameter µ must be of order of EWSB scale Kim,Nilles

• Solution in the NMSSM:

µ generated dynamically through the VEV of scalar component of an

additional chiral superfield field Ŝ: λŜĤuĤd � µ = λ�S�

• Enlarged Higgs and neutralino sector:

7 Higgs bosons: H1, H2, H3, A1, A2, H
+
, H

−

5 neutralinos: χ̃0
i (i = 1, ..., 5)

• Significant changes of Higgs boson phenomenology

M.M. Mühlleitner, HiggsDays 2012, Santander

NMSSM Higgs Mass in V iew of the LHC Results

• Vast literature on NMSSM Higgs of ∼ 125 GeV

Hall eal; Ellwanger; Gunion eal; King,MMM,Nevzorov; Albornoz Vasquez eal; Cao eal; Gabrielli eal;

Ellwanger, Hugonie; Kang eal; Cheung eal; Jeong eal; Hardy eal; Kim eal; Arvanitaki eal; ...

• Compatibility of NMSSM Higgs mass with LHC Searches:

� Upper mass bounds + corrections to the MSSM, NMSSM Higgs boson mass:

MSSM: m2
h
≈ M2

Z
cos2 2β + ∆m2

h

NMSSM: m2
h
≈ M2

Z
cos2 2β + λ2v2 sin2 2β + ∆m2

h

⇒ MH ≈ 125 requires:

MSSM: ∆mh ≈ 85 GeV (tanβ large) ⇒ large corrections are needed � conflict with fine-tuning

NMSSM: ∆mh ≈ 55 GeV (λ = 0.7, tanβ = 2)

⇒ NMSSM requires less fine-tuning Hall,Pinner,Ruderman; Ellwanger; Arvanitaki,Villadoro;

King,MMM,Nevzorov; Kang,Li,Li; Cao,Heng,Yang,Zhang,Zhu

M.M. Mühlleitner, HiggsDays 2012, Santander

King, Mühlleitner, Nevzorov ’12
Benbrik, Gomez Bock, Heinemeyer, Stål, Weiglein, Zeune ’12

Hall, Pinner, Ruderman ’12

Signal could be the heavy Higgs, also in the MSSM!

Belanger, Ellwanger, Gunion, Jiang, Kraml ’12
Have we seen two Higgses?

NMSSMTools Ellwanger, Gunion, Hugonie ’05

Radiative corrections:
Ellwanger ’93; Elliot, King, White ’93; Pandita ’93; Ellwanger, Hugonie ’05; Degrassi, Slavich ’10; 
Staub, Porod, Hermann ’10
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Overview about SUSY Higgs production cross sections (φ = h, H, A)
[Tev4LHC Higgs working group report ’06]
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gluon fusion: gg → φ

weak boson fusion (WBF):

qq̄ → q′q̄′φ

top quark associated

production: gg, qq̄ → tt̄φ

weak boson associated

production: qq̄′ → Wφ, Zφ

NEW: b̄bφ

Search for the lightest MSSM Higgs at the LHC:

⇒ full parameter accessible But there might be problems . . .

Sven Heinemeyer – CP3-Origins/DESY/Göttingen Autumn School, 14./15.11.2011 59
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Gluon Fusion
Supersymmetry
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NLO: [RH, Steinhauser ’04], [Anastasiou, Beerli, Daleo ’08 + Bucherer, Kunszt
’06], [Mühlleitner, Rzehak, Spira ’07/’08], [Aglietti, Bonciani, Degrassi, Vicini ’06],
[RH, Hofmann, Mantler ’11], [Degrassi, Slavich ’08/’10 + Bagnasci, Vicini ’11]

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 38 / 1
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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ỹ2

t

M̃2
t

�2 �
cosα
sinβ

�2

NLO: [RH, Steinhauser ’04], [Anastasiou, Beerli, Daleo ’08 + Bucherer, Kunszt
’06], [Mühlleitner, Rzehak, Spira ’07/’08], [Aglietti, Bonciani, Degrassi, Vicini ’06],
[RH, Hofmann, Mantler ’11], [Degrassi, Slavich ’08/’10 + Bagnasci, Vicini ’11]

R. Harlander ( BU Wuppertal ) Inclusive Higgs Cross Sections January 2012 38 / 1

t
t

t
H

b

b

h/H/A

(a)

h/H/A

g

g

b

b

(b)
Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Fig. 18: Typical diagrams for the Higgs-boson productionmechanisms related to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: (a) bb → h/H/A (5FS) and (b) gg → bb + h/H/A (4FS).

achieved if the factorization scale of the bottom-quark densities is chosen as about a quarter of the Higgs
mass [197,198]. If both bottom jets accompanying the Higgs boson in the final state are tagged, one has
to rely on the fully exclusive calculation for gg → bb+h/H/A. For the case of a single b-tag in the final
state the corresponding calculation in the 5FS starts from the process bg → b + h/H/A with the final-
state bottom quark carrying finite transverse momentum. The NLO QCD and electroweak corrections to
this process have been calculated [199–201] supplemented by the NLO SUSY QCD corrections recently
[202].

In our study we concentrated on the gluon-fusion processes and neutral Higgs-boson radiation
off bottom quarks as the first step. We have focused on the mmax

h scenario [147, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY QCD and SUSY electroweak corrections in
this scenario are below the 10% level for Higgs-boson radiation off bottom quarks as well as the gluon-
fusion processes. For the calculation of the MSSM Higgs-boson masses and couplings we have used
the program FEYNHIGGS 2.7.4 [148–151] which includes the most up-to-date radiative corrections to
the MSSM Higgs sector up to the two-loop level and the ∆b terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa couplings. In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak corrections where available and in addition allow for
complex MSSM parameters which leads to additional complications of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreover, for this study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case will not be possible due to the huge variety of the
MSSM parameter space. However, the results in the mmax

h scenario will not be representative for all
possible MSSM scenarios. In the further progress of this work we will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This requires the combination of the most advanced
results and tools available in our HEP community for neutral MSSM Higgs-boson production.

6.3 Gluon fusion
The gluon-fusion processes gg → φ (φ = h,H,A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark loops. Stop and sbottom loops have been neglected
in this first step but will be included in the next steps. We have generated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa couplings of SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individual parts by the corresponding MSSM Yukawa
coupling factors,

σMSSM(gg → φ) =

(
gMSSM
t

gSMt

)2

σtt(gg → φ) +

(
gMSSM
b

gSMb

)2

σbb(gg → φ)
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+
gMSSM
t

gSMt

gMSSM
b

gSMb
σtb(gg → φ), (5)

where σtt,σbb, and σtb denote the square of the top contributions, the square of the bottom contribu-
tions, and the top–bottom interference, respectively. For σbb and σtb we have used the full NLO QCD
calculation of HIGLU [203]. For σtt we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by using the program GGH@NNLO [14, 168] in
the following way: σ0

LO,σ
0
NLO, and σ0

NNLO have been calculated by GGH@NNLO. The additional part
added to the full NLO result of σtt is then given by

∆σNNLO
tt (gg → φ) = ∆KNNLO σLO

tt (gg → φ),

∆KNNLO =
σ0
NNLO − σ0

NLO

σ0
LO

, (6)

where the individual cross sections σ0
LO,σ

0
NLO,σ

0
NNLO have been evaluated consistently with LO, NLO,

and NNLO PDFs, respectively. Since top mass effects are small at NNLO [24–29] this procedure pro-
vides a result that is expected to be very close to full NNLOQCD accuracy for the σtt parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fusion have not been calculated. The corre-
sponding electroweak corrections in the SM case [31–33, 35] cannot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglected the NNLL resummation effects [18, 19, 22]
on the σtt part for two reasons: (i) The NNLL resummation has not been calculated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar and pseudoscalar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely consistent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use NNLO PDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced as pole masses in the calculation including
the corresponding Yukawa couplings. The MSSMYukawa coupling ratios to the SM couplings in Eq. (5)
have been taken from the program FEYNHIGGS 2.7.4 [148–151] . As mentioned above, for the numeri-
cal MSSM results we have chosen the mmax

h benchmark scenario as specified in Eq. (4). As the central
choices of the renormalization and factorization scales we adopted the corresponding Higgs-boson mass
Mφ. For the NLO pieces of the cross section we used the NLO MSTW2008 PDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used appropriately. The strong coupling constant
has been normalized according to the PDFs, i.e. αs(MZ) = 0.12018 at NLO and αs(MZ) = 0.11707 at
NNLO [41,44]. The scale uncertainty has been determined by varying the renormalization and factoriza-
tion scales betweenMφ/2 and 2Mφ. It amounts to about 10−15% for the whole Higgs mass and tan β
range although for large values of tan β the results are dominated by the bottom-quark loops which are
only known at NLO, unless the light (heavy) scalar Higgs mass is close to its upper (lower) bound, where
the top loops are dominant for large values of tan β, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that of the top quark ones [10, 160]. We have added the
68% CL PDF+αs uncertainties of the MSTW2008 PDFs to the scale uncertainties linearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include those sets in this uncertainty.

We have generated grids of the three cross section parts σNNLO
tt ,σNLO

bb , and σNLO
tb for the mass

ranges from 70 GeV up to 1 TeV in steps of 1 GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation and the resulting numbers rescaled and added according
to the coupling ratios of FEYNHIGGS. For the mmax

h scenario we have included the tan β-enhanced ∆b

corrections in the effective MSSM bottom Yukawa couplings, since we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses much larger than the Higgs masses [177].
The resulting cross sections for the pseudoscalar Higgs boson are shown for various values of tan β in
Fig. 19, while Figs. 20 and 21 display the corresponding results for the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PDF+αs uncertainties amount to about 15%. It is visible that for
small and moderate values of tan β virtual tt thresholds develop for Higgs masses Mφ = 2mt, while
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Figure 6: Dependence of (various contributions to) the cross section on tan β
for Tevatron conditions. Panel (b) is an zoom of the low- to intermediate-tan β
region of panel (a).

 0

 20

 40

 60

 80

 100

 120

 140

 160

 5  10  15  20  25  30  35  40

!
 [p

b]

tan "

pp @ 10 TeV

mh
max(+)

MA = 130 GeV

b+b~+t+t~
b+b~
t+t~
b+t

LO b+b~+t+t~
b+b~+t+t~ without resummation

 0

 5

 10

 15

 20

 25

 30

 35

 6  8  10  12  14

!
 [p

b]

tan "

pp @ 10 TeV

mh
max(+)

MA = 130 GeV

b+b~+t+t~
b+b~

t+t~
b+t

LO b+b~+t+t~
b+b~+t+t~ without resummation

(a) (b)

Figure 7: Same as Fig. 6, but for the LHC at 10TeV.

18

RH, Hofmann, Mantler ’11

Tuesday, September 25, 2012



g

g

h0

t

t

t

g

g

h0

t1˜

t1˜
g

g

h0

ε

ε

ε

g

g

h0

ε

ε

t

t

t

g

g

h0

q1˜

q1˜

t1˜

t1˜

q1˜ t1˜

g

g

h0t2˜

t2˜

g̃

g̃

t2˜

t

g̃

t1˜ t

g

g

h0

t
t

g̃
g̃

t1˜

t2˜
t2˜

g̃

t

g

g

h0

g

t2˜

t2˜

t1˜
t1˜

t1˜

g

g

h0

q2˜

q2˜

q2˜

t1˜

t2˜
t2˜

t2˜

g

g

h0

q1˜

q1˜

q1˜

t1˜

t1˜

q1˜

t1˜

g

g

h0

ε

ε

t2˜

t2˜

ε

g

g

t2˜

g

g

h0
t

t

t1˜

g

t1˜

t1˜

t1˜

g̃

Figure 1: Sample diagrams contributing to C1 at one, two and three loops originating

from the coupling of the Higgs boson to top quarks and top squarks. The symbols t, t̃i,
g, g̃, h and ε denote top quarks, top squarks, gluons, gluinos, Higgs bosons and ε scalars,

respectively.

It contains the coupling of the Higgs boson to two, three and four gluons. Heavy degrees

of freedom only contribute to the coefficient function C0
1 . In the SM this concerns only

the top quark whereas for supersymmetric QCD also squarks and gluinos contribute.

From the technical point of view C0
1 is computed from vertex diagrams involving two

gluons and a Higgs boson. In the practical calculation it is convenient to subdivide the

contributing Feynman diagrams into two classes. The first one contains all contributions

where the external Higgs boson couples to a top quark or top squark (see Fig. 1 for sample

diagrams) whereas all diagrams with a coupling of the Higgs boson to a super partner

of the five lighter quark flavours constitute the second class (see Fig. 2). Note that the

diagrams of the latter class lead to corrections to C0
1 which are suppressed by M2

Z/m
2
q̃

whereas the Higgs-top-squark coupling generates contributions proportional to 1, m2
t/m

2
t̃
,

mtµsusy/m2
t̃
and M2

Z/m
2
t̃
(where µsusy is the Higgs-Higgsino bilinear coupling from the

super potential). Although the relative suppression is formally only M2
Z/m

2
t all M2

Z/m
2
q̃

terms are numerically much smaller than the leading contribution. In our calculation we

consider all squarks except the top squark to be degenerate and we furthermore assume

4
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Overview about SUSY Higgs production cross sections (φ = h, H, A)
[Tev4LHC Higgs working group report ’06]

100 150 200 250 300 350 400 450 500
M
!
 [GeV]

10-1

100

101

102

103

104

105

106

!
 p

ro
du

ct
io

n 
cr

os
s 

se
ct

io
n 

[fb
]

h
H
A

LHC, "s = 14 TeV
mh

max, tan# = 5

(bb)!

gg!

qq!

W/Z!

tt!

gluon fusion: gg → φ

weak boson fusion (WBF):

qq̄ → q′q̄′φ

top quark associated

production: gg, qq̄ → tt̄φ

weak boson associated

production: qq̄′ → Wφ, Zφ

NEW: b̄bφ

Search for the lightest MSSM Higgs at the LHC:

⇒ full parameter accessible But there might be problems . . .

Sven Heinemeyer – CP3-Origins/DESY/Göttingen Autumn School, 14./15.11.2011 59

t
t

t
H

H

q

q

V
q

V

q

q

q H

V
_

V

t

_
t

H

H/A+ bb̄

H

b

_
b

( Bergische Universität Wuppertal ) Higgs production: higher orders March 2010 27 / 32

Tuesday, September 25, 2012



 [GeV]HM
100 200 300 400 500

H 
+ 

X)
 [f

b]
b

 b
!

(p
p 

"

1

10

210

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 H (NNLO)!bb

H (NLO)b b!gg

 = 7 TeVs

MSTW2008

)/4H+M
b

=(2m
0
µ

 [GeV]HM
100 200 300 400 500

H 
+ 

X)
 [f

b]
b

 b
!

(p
p 

"

1

10

210

 [GeV]AM
100 200 300 400 500

A 
+ 

X)
 [f

b]
b

 b
!

(p
p 

"

1

10

210

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

 A (NNLO)!bb

A (NLO)b b!gg

 = 7 TeVs

MSTW2008

)/4A+M
b

=(2m
0
µ

 [GeV]AM
100 200 300 400 500

A 
+ 

X)
 [f

b]
b

 b
!

(p
p 

"

1

10

210

Fig. 23: Total production cross sections of pp → bbH/A + X for
√
s = 7 TeV within the 5FS and the 4FS

using MSTW2008 PDFs [41, 44]. The upper bands (blue bands) exhibit the combined scale and 68% CL PDF+αs

uncertainties of the 5FS, while the lower bands (red bands) include the scale uncertainties of the 4FS only.
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5-FNS at NNLO
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• SUSY theory predictions lag behind SM
• only partially transferable
• calculational and conceptional issues
• QCD uncertainties need to be fixed
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What now?

• find another particle
superpartner, charged Higgs, exotic Higgs decays,...

• if not: precision physics

• if not: understand naturalness, ...
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Figure 4: The instability scale ΛI at which the SM potential becomes negative as a function of the

Higgs mass (left) and of the top mass (right). The theoretical error is not shown and corresponds

to a ±1GeV uncertainty in Mh.

The O(ααs) term, that is the parametrically smallest correction, is equivalent to a tiny shift

in Mt below 0.1 GeV. This effect is well below the O(ΛQCD) irreducible non-perturbative

uncertainty on the top-quark mass determined at hadron colliders (see e.g. ref. [35]), that

is responsible for the theoretical error in eq. (62). More explicitly, we estimate an irre-

ducible theoretical error of ±ΛQCD ≈ ±0.3GeV in Mt from non-perturbative effects, and an

additional uncertainty of ±0.15GeV from missing O(α4
s) threshold corrections.

Next, applying the threshold corrections discussed in section 2, we determine the following

value for the Higgs self coupling in the MS scheme renormalized at the pole top mass:

λ(Mt) = 0.12577 + 0.00205

�
Mh

GeV
− 125

�
− 0.00004

�
Mt

GeV
− 173.15

�
± 0.00140th . (63)

The residual theoretical uncertainty, that is equivalent to an error of ±0.7 GeV in Mh, has

been estimated varying the low-energy matching scale for λ between MZ and 2Mt.

For completeness, we also include in the one- and two-loop RG equation the contributions

of the small bottom and tau Yukawa couplings, as computed from the MS b-quark mass,

mb(mb) = 4.2GeV, and from Mτ = 1.777GeV.

16

in ref. [15] and discussed more recently in ref. [5,6,8,16,17] — the smallness of λ around MPl

is quite remarkable (see fig. 1). Motivated by this observation, we have explored in more

detail the robustness of the predictions for Mh and Mt assuming special boundary conditions

on λ and its beta function aroundMPl, as advocated in [16]. We have also critically examined

scenarios where the Higgs field plays a role during inflation. This could happen because of

a non-minimal coupling to gravity that flattens the SM potential close to MPl [8], provided

λ(MPl) is positive. Alternatively, the Higgs field could have caused inflation while it was

trapped in a second unstable minimum of the potential that appears near MPl if λ(MPl) is

positive and very close to zero [6], provided some non-SM mechanism is introduced to exit

inflation [18, 19]. Beside some technical problems, these frameworks could become viable

only if Mh satisfies the stability condition in eq. (2). We therefore conclude that both

these possibilities are not favored by present data, unless Mt is below about 172 GeV or

new-physics threshold corrections at the high scale modify the shape of the SM potential.

The paper is organized as follows: in section 2 we present the calculation of the threshold

correction ∆λ(µ). The numerical results for the condition of vacuum stability and, more

generally, for the structure of the SM Higgs potential up to very high field values are discussed

in section 3. The implications of these results for Planck scale physics are discussed in

section 4. The results are summarized in the conclusions. We include also an appendix in

which a ready-to-use expression for the two-loop effective potential is presented.

2 The two-loop threshold correction to λ(µ)

In this section we present our main new result, namely the calculation of the two-loop

contribution to ∆λ(µ). We first obtain the y
6
t and y

4
t g

2
s terms from the calculation of the

Higgs mass via the effective potential. Then, we present the full result for the two-loop QCD

and Yukawa contribution to ∆λ(µ) in the SM with the electroweak gauge couplings switched

off (the so-called gauge-less limit).

2.1 Two-loop corrected Higgs mass from the effective potential

We write the SM potential for the Higgs doublet H in the usual way:

V = −m
2|H|2 + λ|H|4 H =

�
G

+

(v + h+ iG
0
)/
√
2

�
, (4)

3
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Conclusions

• Theory seems intact

• SM still unchallenged

• SUSY gets cornered

• be prepared for precision physics!
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