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Abstract

In the framework of MSSM the one-loop corrections to the parameters of effective two-
doublet Higgs potential at finite temperature are calculated. The scalar quarks mass split-
ting influences strongly on the effective parameters of temperature potential, providing inter-
esting possibilities for the phase transition evidence. The physical masses vanish, when the
temperature increases up to the critical values, which corresponds to the phase transition.
In the limiting case, when the temperature is equal to zero and all mass parameters of the
soft SUSY breaking sector are degenerated, the predictions for observables from two-doublet
potential coincide with known previous results.

The baryon asymmetry and an extremely small observed ratio of the baryon number to
entropy could be understood on the basis of Sakharov conditions which are respected at the
electroweak phase transition. Necessary requirements for the baryogenesis are the baryon num-
ber violation, CP violation and heat non-equilibrium. The most scenarios of baryon asymmetry
generation demand the presence of strong first order phase transition, differently the baryon
asymmetry generated at the electroweak phase transition subsequently disappears [1]. The
phase transition is described by the temperature Higgs boson potential [2-7]. The theoretical
predictions should be coordinated with LEP2 restriction on the lightest neutral Higgs boson
mass myg >115 GeV. And the effective connection of baryogenesis constrains with nondirect fu-
ture LHC data analysis on the definition of trilinear coupling constant Appp, [8] could be possible
in consistence with the first order phase transition requirement on the light Higgs boson mass.
One of the most perspective scenarios is the one with small mass parameter of the right t-squark
in the minimal supersymmetric model (MSSM) [7]. For the description of finite temperature
potential evolution and for the concrete definition of phase transition type it is necessary to
calculate the ”scalar quarks- Higgs boson” sector contributions to the parameters \; of effective
potential, using the decomposition method on degrees of 1/M gU sy 19, 2] or a high-temperature
decoupling limit [8, 2], and also the diagrammatic method [6].

In this article in the framework of MSSM with explicit C'P-violation the one-loop effective
potential of two-Higgs doublet model (THDM) at finite temperature is considered. The calcu-
lations of scalar integrals in the temperature field theory are carried out as the calculations of
one-loop Feynman diagrams. This types of integrals are reduced to the generalized Gurvits’s
zeta-functions. For the special case of MSSM two-doublet Higgs sector, when CP invariance is
violated by the Higgs boson interaction with the scalar quarks of third generation, we calculate
the Higgs boson masses.
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1 The method of integration and summation for the calculation
of effective potential parameters

The extended Higgs sector of MSSM [10] with real parameters A5¢7 of the effective Higgs
potential includes five scalar particles, two CP-even h,H, a pseudoscalar A, and two charged
H#* scalar bosons. The radiatively corrected mass of the lightest Higgs boson h must be less
than 135 GeV [11], which is accessible at the next generation colliders. This picture becomes
more complicated in the more general case of complex-valued parameters A567 in the two-
doublet Higgs potential [12], which are naturally induced radiatively in the MSSM by the Higgs
bosons interaction with the third generation scalar quarks [13, 14, 15].

In THDM there are two SU(2) doublets of complex scalar fields with nonzero vacuum
expectation values. The effective two-doublet Higgs potential of MSSM at the energy scale
Miop has four real parameters A\ + A4 and three complex-valued parameters As, Ag, A7, which
explicitly violates CP invariance in the Higgs sector. The parameters A1 + A7 can be calculated
and expressed through the parameters of MSSM sector of scalar quarks-Higgs boson interaction.
In this sense the MSSM Higgs sector can be embedded in a general THDM, providing the
possibilities to interpret some special MSSM features in the language of THDM parameters
space.

The parameters of effective potential of any model depend on the energy scale where they
are fixed or measured. The dependence is described by the renormalization group equations. At
the energies smaller than the supersymmetry breaking scale the physical parameters are affected
by the large quantum corrections where the main contribution is coming from the Higgs boson
interactions with the third generation of quarks and scalar quarks.

In the imaginary time formalism of finite temperature quantum field theory Feynman
diagrams with the boson propagators are represented as one with Matsubara frequencies,
wp = 2mnT (n = 0,£1,4+2,...), T" — temperature, which lead to calculation of the following
objects
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where the summation and integration can be made in any order. Here k is the three-dimensional
momentum. First we integrate over the three-dimensional momentum and then take the sum
over frequencies. Such approach is the reduction to three-dimensional theories at the high-
temperature limit (for zero Matsubara frequencies). In our case at n # 0 we obtain [16]:
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where

S(M,b—3/2) = /{:U}Z +M2b3/2, M2—(2;”T)2. (3)

n=1

At b > 1 the parameter m? is a linear function of m? and Feynman parametrization vari-

ables {z}. At the integer values of b the sum S(M,b— 3/2) represents the integral over general-
ized Hurwits zeta-function. For calculation of the leading threshold corrections to the effective
potential parameters b > 2, therefore the wave-function renormalization appears in connection
with divergency at b = 2 (which are suppressed by vertex factors [9]).

The first method of integral calculation consists of the using the Feynman parametrization
for simplification of momentum integrals, and then using the dimensional regularization. At
the final stage the summation by Matsubara frequencies is carried out. Here the dividing of
components with zero and nonzero Matsubara frequencies is convenient. The calculations by
means of the first method are very consuming. In the other method we present analytically



the result of integration from two propagators in the basic case, and receive corresponding
integrals with more propagators by the differentiation of basic case. Using the basic integrals,
it is possible to calculate easily the particles contributions to Feynman diagrams for effective
potential. In the considered case of scalar quarks contributions the combinations of propagators
depend on two or three mass parameters. Both methods lead to identical results.

In the limiting case T — 0 the values of effective parameters coincide numerically with
those at zero temperature field theory. At high-temperature limit the zero boson mode gives
the defining contribution, that corresponds to the well known conclusion about the suppression
of quantum effects at high temperature.

The effective potential parameters at finite temperature, received by the diagram method,
contain the threshold corrections A)\fh’" from diagrams with three and four propagators, the
logarithmic (also from ’fish’-type diagrams) and the field renormalization corrections A)\Zf ield
(see fig. 1). The threshold corrections AN to effective parameters [9] at finite temperature:
)\i — )\SUSY _ A)\ghr‘

The generalization of effective potential method is developed, where the logarithmic contri-
butions corresponding to the summation of high order corrections in the case of non-degenerated
mass parameters arise. The logarithmic corrections for unequal squark masses are considered
by generalization of the results for degenerated mass parameters (corresponding to remarks,

offered in [17] and [18], and also [9]), replacing In <%) on In (mfn?’]) Also we considered

t t
logarithms which are not connected with the renormalization group, and arising in the integra-

tion for non-degenerate mass parameters.
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Figure 1: The bars for the parameters of effective potential A1, Ao, Az + A4, A5, Ag, A7 with
various corrections (threshold, logarithmic (summarised by the effective potential method)),
depending on temperature in C'PX-scenarios (A =1000 GeV, p =2000 GeV) in following cases:
equal scalar quark mass parameters at zero temperature (mg = m; = mpy = Msysy =500 GeV),
equal scalar quark mass parameters at finite temperature (mg = my = my = Mgygy =500 GeV,
T =200 GeV), unequal scalar quark mass parameters at zero temperature (mg =500 GeV;
my =800 GeV; mp =200 GeV), unequal scalar quark mass parameters at finite temperature
(mg =500 GeV; my =800 GeV; my, =200 GeV, T' =200 GeV)



2 Higgs boson masses at finite temperature in the case of non-
degenerate squarks mass parameters

Using the expressions for effective parameters in the case of non-degenerated mass parameters
of squark sector, it is possible to receive the physical states of Higgs bosons and to calculate
their masses at finite temperature. The diagonalization procedure is similar to the one with
degenerated scalar quark mass parameters [9].

Two opposite scenarios for the MSSM Higgs sector has been discussed in many details. In
the decoupling regime of the CP-conserving MSSM Higgs sector (see e.g. the appendix of [9])
the Higgs bosons H,A and H* are very heavy and almost degenerate in mass, while the lightest
scalar h has the properties of the Standard Model (SM) Higgs boson. In the decoupling regime
it is possible the large CP violation due to the mixing in H and A states. It was shown by
detailed phenomenological analysis that the experimental detection of h is straightforward, but
other scalars with masses ~ 1 TeV are not accessible, and it is questionable whether one could
distinguish between the SM and the MSSM in the decoupling regime. Much more interesting
situation takes place in the CP-conserving MSSM when the three neutral scalars h,H and A
have very close masses of the order of maximal value allowed for mj, ~ 135 GeV with the charged
scalar mass less than 150 GeV [19]. This case is particularly interesting if the tan 3 parameter
of the MSSM is large, leading to large couplings of the h, H to the b-quark and 7-lepton together
with maximal h, HZ and h, HEW couplings. In this intense-coupling scenario all five scalars
would be accessible at the next generation colliders. The purpose here is to perform a study of
the intense-coupling scenario in the MSSM with complex A5 ¢ 7 parameters of the effective two-
doublet Higgs potential. In the following we are using the so-called CPX scenario [20] of strong
CP-violation in the Higgs sector, when the imaginary parts of A5 ¢ 7 parameters are large leading
to strong mixing of CP-even/CP-odd states, most interesting from the phenomenological point
of view. Decoupling regime take place for the large values of charged Higgs boson mass (more
then 250 GeV). The intensive regime is observed for the small mass of charged Higgs boson and
tan 3 ~30.

On fig. 2 the lightest Higgs boson mass is presented depending on CP violating phase ¢ for
the decoupling regime of heavy Higgs bosons. Green (horizontal) lines are for the CP-conserving
case, blue curves correspond to mediate state mp(p), red curves correspond to physical state
mp,. The left plot corresponds to a degenerated case, the right plot corresponds to the unequal
mass parameters. Figure 3 corresponds to the intensive coupling regime when m g+ =190 GeV.
All results are obtained for CPX scenario. In CPX scenario there are maximum effects of CP
mixing. The mass of the lightest Higgs boson in MSSM with CP violation can deviate from the
CP conserving case up to 30 GeV and get values up to 50 GeV down.

For the consideration of non-degenerated case the behavior of lightest Higgs boson mass
differs essentially from the case of equal mass parameters of squark sector. Similar plots are
constructed for the case of strong mixing, and also the behavior of heavy Higgs boson masses
is investigated depending on the parameters of model.

3 Summary

In the framework of MSSM the one-loop corrections to the parameters of effective two-doublet
Higgs potential at finite temperature are calculated. The scalar quarks mass splitting influences
strongly on the effective parameters of temperature potential. In the limiting case, when the
temperature is equal to zero and three mass parameters of the soft SUSY breaking sector are
equal My = Mp = Mg, the predictions for observables from two-doublet potential coincide
with known previous results.

The lightest Higgs boson mass is arisen at low temperature, and the mass my,, is arisen at
larger temperature (see fig. 4). At lower temperatures mp, ~100 GeV, which is rather usual for
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Figure 2: The neutral Higgs boson masses my, (red curve) and my, (green line) (in GeV) vs on
phases ¢ in CPX-scenarios at my+ =300 GeV. Left plot — for Mgy sy =500 GeV, right plot —
for the case of non-degenerated mass parameters of scalar sector: mg =500 GeV, m; =800 GeV,
myp =200 GeV
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Figure 3: The neutral Higgs boson masses my, (red curve) and my, (green line) (in GeV) vs on
phases ¢ in CPX-scenarios at my+ =190 GeV. Left plot — for Mgirgy =500 GeV, right plot —
for the case of non-degenerated mass parameters of scalar sector: mg =500 GeV, m; =800 GeV,
myp =200 GeV

mpy+ =100 GeV. Such situation takes place at tan 5 ~40, usual for ration between the masses
of t- and b-quarks or the vacuum expectation values v; and ve. There is a reduction separately
of masses myp, and my, to zero at temperature growth up to two different values, at which
and v —0. And at the same time it is natural as the reference critical condition in a zero of a
gradient from a combination of mass terms of effective temperature potential was demanded.
Therefore it is necessary to find only the area of parameters where such extremum will exist,
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Figure 4: The neutral Higgs boson masses my, (left plot) and my, (right plot)

and this area will be reasonable from the point of view of possible restrictions. Thus we also
consider the minimum conditions at a finding of mass states. The physical masses vanish, when
the temperature increases up to the critical values, which corresponds to the phase transition.
And at heats thus symmetry is restored.
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