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1. Complex Parameters in the MSSM

Higgs Sector

The Higgs sector of the Minimal Supersym-
metric Standard Model with complex parameters
(cMSSM) consists of two Higgs doublets

H1 =

(

v1 +
1√
2
(φ1 − iχ1)

−φ−
1

)

, (1)

H2 = eiξ
(

φ+
2

v2 +
1√
2
(φ2 + iχ2)

)

(2)

which form the following Higgs potential:

V = m2
1 H1H̄1 +m2

2 H2H̄2−

(m2
12 εαβH

α
1 H

β
2 + h.c.)+

g21 + g22
8

(H1H̄1 −H2H̄2)
2 +

g22
2

|H1H̄2|
2.

(3)

The Higgs potential contains two complex phases
ξ, arg(m2

12). The phase arg(m2
12) can be rotated

away [1,2] and, at tree level, ξ has to vanish in or-
der to fulfill the minimum condition of the Higgs
potential, so there is no CP-violation at tree level
and the spectrum contains five states of definite
CP-parity: h, H , A, H±.
CP-violating effects are induced by complex pa-

rameters that enter via loop corrections: the tri-
linear couplings At,b,τ , the Higgsino mass param-
eter µ, and the gaugino mass parameters M1,2,3.

They yield Σ̂hA, Σ̂HA 6= 0 and induce mixing be-
tween h, H , and A [3]. The Higgs mass matrix

has the form

M
2 =







q2 −m2

h + Σ̂hh Σ̂hH Σ̂hA

Σ̂Hh q2 −m2

H + Σ̂HH Σ̂HA

Σ̂Ah Σ̂AH q2 −m2

A + Σ̂AA







where mh,H,A denote the tree-level Higgs masses
and the self-energies’ momentum dependence has
only been suppressed for compact notation. It
should be noted that in general M2 is symmetric
but not Hermitian. In the approximation of van-
ishing external momentum (q2 = 0), one can ob-
tain the higher-order corrected mass eigenstates
via a unitary transformation from the tree-level
states:





h1

h2

h3



 =





U11 U12 U13

U21 U22 U23

U31 U32 U33









h

H

A



 . (4)

2. Higgs-boson Self-Energy Corrections in

FeynHiggs

2.1. Higgs-boson Masses

The following contributions to the mass ma-
trix and the charged-Higgs-boson self-energy are
taken into account:






q2 −m2
h + Σ̂➀➁➂

hh Σ̂➀➁➂
hH Σ̂➀➂

hA

Σ̂➀➁➂
Hh q2 −m2

H + Σ̂➀➁➂
HH Σ̂➀➂

HA

Σ̂➀➂
Ah Σ̂➀➂

AH q2 −m2
A + Σ̂➀➂

AA







Σ̂➀➂
H+H− (5)
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➀ Leading O(αtαs) cMSSM two-loop corr. [4].

➁ Leading O(α2
t ) and subleading O(αbαs, αtαb,

α2
b) two-loop corrections evaluated in the real

MSSM (rMSSM) [5,6,7]. For the treatment of
phases see Sect. 2.2 below.

➂ Full one-loop evaluation (all phases, q2 depen-
dence) [14] and leading non-minimal flavour-
violating (NMFV) corrections [10].

FeynHiggs [11,12,13,14] performs a numerical
search for the complex roots of detM2(q2) which
are denoted M2

h1,2,3
. We decompose M2 = M2−

iMΓ, where M is the mass of the particle and
Γ its width, and then define the loopc̄orrected
masses according to Mh1

6 Mh2
6 Mh3

.
The Higgs masses are thus determined as the

real parts of the complex poles of the propagator.
Complex contributions to the Higgs mass matrix
(from Im Σ̂) are taken into account [14,15].

2.2. Two-loop Corrections in the cMSSM

The full phase dependence is taken into account
in the complete one-loop [14] and O(αtαs) two-
loop [4] contributions to the Higgs self-energies.
We used the approximation of vanishing external
momenta and vanishing electroweak gauge cou-
plings in the evaluation of all two-loop diagrams.

The tlCplxApprox flag controls the treatment
of phases in the part of the two-loop corrections
known only in the rMSSM so far. The following
values are possible:

• 0 = all corrections: O(αtαs, αbαs, α
2
t , αtαb, α

2
b)

in the rMSSM,

• 1 = only the cMSSM O(αtαs) corrections,

• 2 = the cMSSM O(αtαs) corrections combined
with the remaining corrections in the rMSSM,
truncated in the phases,

• 3–6 = the cMSSM O(αtαs) corrections com-
bined with the remaining corrections in the
rMSSM, interpolated in the phases.

• New in 2.7 is the choice of interpolation vari-
ables: At, Ab,M3, µ (3), At, Xb,M3, µ (4),
Xt, Ab,M3, µ (5), Xt, Xb,M3, µ (6).

FeynHiggs thus not only has the most pre-
cise evaluation of the Higgs masses in the

cMSSM available to date (using the Feyn-
mand̄iagrammatic approach), but can also de-
liver an estimate of the uncertainties due to the
rMSSM-only parts, by comparing the output for
different values of tlCplxApprox.

2.3. Improvements in the ∆b Resummation

Corrections to the bottom-Yukawa coupling are
potentially large and important phenomenologi-
cally, in particular for large values of tanβ.
A resummation of the terms O(αn

s tann β) and
O(αn

t tann β) can be performed with the help of
∆b [8,9].
Some care has to be taken when applying the

resummed ∆b corrections in FeynHiggs because
the ∆b terms inserted into the one-loop Higgs self-
energies have to be consistent with the two-loop
corrections selected. Whenever the corrections ➁

in Eq. (2.1) are enabled (tlCplxApprox 6= 1), we
also have to use the ∆b of Ref. [6]. The deter-
mination of ∆b was improved in this direction in
Version 2.7, avoiding incomplete higher-order cor-
rections at O(αbαs) and beyond.
In all other instances (e.g. decays, production

cross-sections), the ∆b of [17] is used in FeynHiggs
2.7, computed self-consistently according to the
procedure in [18].

3. Decay Rates and Production Cross-

Sections

3.1. hi → fj f̄k at One-Loop Precision

The Higgs decays to fermions, hi → fj f̄k are
now available at full one-loop precision [24]. The
real gluon (photon) which cancels the IR pole is
treated fully inclusively [25].
The routine FHCouplings has an additional

flag fast to switch off the computation of the
off-diagonal decays (j 6= k) for efficiency. These
decays hardly contribute to the total decay rate
and can safely be neglected.
The phenomenologically important resummed

∆b corrections are still taken into account in hi →
bb̄, with the corresponding one-loop contribution
subtracted to prevent double counting.
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3.2. Improvements in the gg → h Produc-

tion Cross-Section

For the Standard Model estimate, we use the
NNLL prediction of Ref. [19].
The MSSM production cross-section is esti-

mated in the effective-coupling approximation
[23] by multiplying pieces of the amplitude with
the corresponding state-of-the-art amplitude cor-
rection factors as follows:

AMSSM = cNLO
t cNNLO

t AMSSM,LO
t + (6)

cb,r ReA
MSSM,LO
b + cb,i ImAMSSM,LO

b +

cf̃A
MSSM,LO

f̃
+AMSSM,LO

rest ,

ASM = cNLO
t ASM,LO

t + (7)

cb,r ReA
SM,LO
b + cb,i ImASM,LO

b +

AMSSM,LO
rest ,

σMSSM =
|AMSSM|2

|ASM|2
σSM,NLO. (8)

The factors cNLO
t , cNNLO

t , cb,r, cb,i are taken from
Ref. [21] and by construction reproduce the top
and bottom loops at NLO including the interfer-
ence term. cf̃ is taken from Ref. [22]. The LO
cross-sections are parameterized with mb(mb).
The σSM,NLO is also taken from Ref. [21] and

contains only SM top and bottom loops.

4. Non-Minimal Flavour Violation

In the NMFV MSSM, the sfermion flavours are
allowed to mix with each other, i.e. the mixing is
6×6 rather than 2×2:

NMFV MFV

ũi = Ru

ij

















ũL

c̃L
t̃L
ũR

c̃R
t̃R

















j

ũi = U
u

ij

(

ũL

ũR

)

j

c̃i = U
c

ij

(

c̃L
c̃R

)

j

t̃i = U
t

ij

(

t̃L
t̃R

)

j

and likewise for the sdown sector.
The mixing matrices Ru,d diagonalize the mass

matrices (M2)u,d = (M2
MFV)

u,d +∆u,d, where

M
2

MFV =





















M2

L̃,i
0 0 miX

∗
i 0 0

0 M2

L̃,j
0 0 mjX

∗
j 0

0 0 M2

L̃,k
0 0 mkX

∗
k

miXi 0 0 M2

R̃,i
0 0

0 mjXj 0 0 M2

R̃,j
0

0 0 mkXk 0 0 M2

R̃,k





















.

The four sectors are clockwise labelled LL, LR,
RR, RL with entries

M
2

L̃,q = M
2

Q̃,q +m
2

q + cos 2β (T q
3
−Qqs

2

W )m2

Z ,

M
2

R̃,q = M
2

Ũ/D̃,q +m
2

q + cos 2β Qqs
2

Wm
2

Z ,

Xq = Aq − µ
∗ tan−2T

q
3 β .

Technical remark: FeynHiggs 2.7 keeps the MFV
mixing matrices U exactly ‘on top’ of the NMFV
matrices R, such that the MFV entries are au-
tomatically updated whenever the NMFV entries
change and vice versa.
The most immediately notable effect comes

from the LR(RL) sector, as the Af
ij enter the cou-

plings directly, e.g.

d̃i

d̃j

A
∝

∑

g,g′

[

mdg′
Rd∗

i,g+3R
d
j,g′(δgg′µ+Ad∗

g′g tanβ)−

mdg
Rd∗

i,gR
d
j,g′+3(δgg′µ∗ +Ad

gg′ tanβ)
]

This enters the Higgs masses through the A self-
energy and can lead to sizable effects.
The main constraints on the ∆u,d come from

low-energy observables. Currently included in
FeynHiggs are b → sγ and ∆Ms, both at one-
loop level including NMFV effects, with more to
follow.

5. Output of FeynHiggs 2.7

We give a short overview of the output routines
of the FeynHiggs library.

FHHiggsCorr – All Higgs-boson masses and mix-
ings: Mh1,2,3

, MH± , αeff , UHiggs, ZHiggs.

FHUncertainties – Uncertainties of the masses
and mixings.
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FHCouplings – Couplings and Branching Ratios
for the following decay channels:

h1,2,3 → fif̄j , γγ, ZZ(∗),WW (∗), gg,

hiZ
∗, hihj, H

+H−,

f̃if̃j , χ̃
±
i χ̃

±
j , χ̃

0
i χ̃

0
j ,

H± → f (∗)f̄ ′, hiW
±∗, f̃ f̃ ′, χ̃0

i χ̃
±
j ,

t → W+b,H+b,

plus the corresponding ones of an SM Higgs with
mass Mhi

: hSM
1,2,3 → fif̄j , γγ, ZZ(∗), WW (∗), gg.

FHHiggsProd – Higgs production-channel cross-
sections (SM total cross-sections multiplied with
MSSM effective couplings, see Ref. [19,23,27])

• gg → hi – gluon fusion.

• WW → hi, ZZ → hi – gauge-boson fusion.

• W → Whi, Z → Zhi – Higgs-strahlung.

• bb̄ → bb̄hi – bottom Yukawa process.

• bb̄ → bb̄hi – ditto, one b tagged.

• tt̄ → tt̄hi – top Yukawa process.

• t̃¯̃t → t̃¯̃thi – stop Yukawa process.

FHConstraints – Electroweak precision observ-
ables, see e.g. Ref. [26] for details:

• ∆ρ at O(α, ααs), including NMFV effects.

• MW , sin2 θeff via SM formula + ∆ρ.

• BR(b → sγ) and ∆Ms at one-loop level includ-
ing NMFV effects [28].

• (gµ − 2)SUSY including full one- and leading/
subleading two-loop SUSY corrections.

• EDMs of electron (Th), neutron, Hg.

6. Download and Build

• Get the tar file from feynhiggs.de, unpack and
configure:

tar xfz FeynHiggs-2.7.0.tar.gz

cd FeynHiggs-2.7.0

./configure

• “make” builds the Fortran/C++ part only.
“make all” builds also the Mathematica part.

• “make install” installs the package.

• “make clean” removes unnecessary files.

7. Usage

FeynHiggs has four modes of operation: Li-
brary mode, Command-line mode, Web mode,
and Mathematica mode.

7.1. Library Mode

The FeynHiggs library libFH.a is a static For-
tran 77 library. Its global symbols are prefixed
with a unique identifier to minimize symbol colli-
sions. The library contains only subroutines (no
functions), so that no include files are needed (ex-
cept for the couplings) and the invocation from
C/C++ is hassle-free. Detailed debugging out-
put can be turned on at run time. All routines
are described in detail in the API guide and on
man-pages.

7.2. Command-Line Mode

The user submits a text file, such as

MT 172.6

MSusy 500

MA0 200

Abs(M_2) 200

Abs(MUE) 1000

TB 5

Abs(Xt) 1000

Abs(M_3) 800

to the FeynHiggs executable with a command like

FeynHiggs file [flags]

where the flags are optional. The output is a
human-readable version of the results. The table
utility converts the output to machine-readable
format, for example

FeynHiggs file [flags] | table TB Mh0 > out

Loops over parameter values (parameter scans)
are possible:

• MA0 200 350 50, linear: 200, 250, 300, 350,

• TB 5 40 *2, logarithmic: 5, 10, 20, 40,

• TB 5 50 /4, number of steps: 5, 20, 35, 50.
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7.2.1. Command-Line Mode Scripted

If a “-” is specified as file name in command-
line mode, FeynHiggs reads the input from stdin.
This allows to script FeynHiggs sessions, such
that parameters, flags, and possibly environment
variables are preserved in a compact shell script.
For example:

#! /bin/sh

make || exit 1

FHDEBUG=2 ./build/FeynHiggs - ${1:-400302103} << END
MT 173.1
MSusy 3000

MA0 1000
Abs(M_2) 2500

Abs(MUE) 2000
TB 5

Abs(Xt) 1000
Abs(M_3) 2000
END

make || exit 1 updates the FeynHiggs exe-
cutable and terminates with an error if any prob-
lem occurred in the build.
The prefixed FHDEBUG=2 sets an environment

variable, here to increase the debugging level.
There are default flags, overridable through

command-line argument 1 (${1:-400302103}).
The actual parameters are fed to FeynHiggs up

to the END marker. The identifier END can be cho-
sen freely but must match exactly the one at the
bottom of the parameter list.

7.3. SUSY Les Houches Accord Format

The FeynHiggs executable can also process
files in SUSY Les Houches Accord 2 (SLHA2)
format [29]. It uses the SLHA Library [30]. Pro-
cessing of SLHA2 files can also be done in Library
Mode with the subroutine FHSetSLHA.
FeynHiggs in fact tries to read each file in

SLHA format first and falls back to its native for-
mat if that fails.

7.4. Web Mode

The FeynHiggs User Control Center (FHUCC)
is online at feynhiggs.de/fhucc. It is a Web in-
terface for the command-line frontend. The user
gets the results together with the input file for
the command-line frontend.

7.5. Mathematica Mode

A more powerful interactive environment is
provided by the Mathematica interface of Feyn-
Higgs. The MathLink executable MFeynHiggs

must first be loaded with

Install["MFeynHiggs"]

and makes all FeynHiggs routines available as
Mathematica functions. In combination with the
arsenal of standard Mathematica functions such
as ContourPlot and Manipulate, even sophisti-
cated analyses can be carried out easily.

8. Summary: Main New Features

Version 2.7 of FeynHiggs includes the following
new features:

• Inclusion of the full cMSSM two-loop O(αtαs)
corrections in highly optimized form. Extended
interpolation options for rMSSM parts.

• Inclusion of the full one-loop corrections to the
hi → fj f̄k decays.

• Inclusion of NMFV corrections in the Higgs
self-energies, decays, and low-energy con-
straints.

• Improvements in the ∆b resummation.

• Total Higgs production cross-sections in effec-
tive coupling approximation, with particular
improvements in the ggh channel.
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