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The mass of the discovered Higgs boson is one of its most precisely measured properties with an
experimental accuracy at the sub-percent level. Besides its coupling behaviour, which conforms
with the prediction of the Standard Model so far, the measured Higgs mass value can place
strong constraints on extensions of the Standard Model, in particular supersymmetric ones. To
fully exploit this experimental accuracy, a very precise prediction of the mass of the Standard
Model-like Higgs boson in the respective model is required. In these proceedings, we comment
on different methods to calculate the mass and present some recent developments in the effort of
improving the predictions within the Minimal Supersymmetric Standard Model. In particular, we
consider scenarios with heavy supersymmetric partner particles but relatively light Higgs bosons
with and without CP-violation.
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1. Introduction

One of the best measured properties of the discovered Higgs boson is its mass with a value of
my = 125.09 + 0.21(stat) £ 0.11(syst) GeV according to the combined Run 1 results of ATLAS
and CMS [1]. Hence, the experimental accuracy reaches already the order of O(100 MeV). In
extensions of the Standard Model (SM), in particular in the Minimal Supersymmetric Standard
Model (MSSM), the SM-like Higgs-boson mass can be predicted from other model parameters'.
Quantum corrections can shift its value beyond the upper tree-level mass bound given by the
Z boson mass. Therefore, the value of the mass of the discovered Higgs-boson constrains the viable
parameter space significantly. In order to fully exploit the remarkably accurate measurement, the
theoretical uncertainty originating from missing higher-order corrections due to the truncation of
the perturbation theory needs to be at least at the same level as the experimental accuracy. The
theoretical uncertainty depends on the specific scenario but is in general not much below O(1 GeV),
see discussions in Refs. [3, 4]. In addition, quantum corrections also change the mixing of the
Higgs bosons leading to CP-odd admixtures in scenarios with CP-violation in the Higgs sector.

2. The fixed-order approach

In general, the Higgs-boson-mass spectrum in the MSSM is obtained by evaluating the deter-
minant of the two-point vertex function I,

Thma(p?) = i [p*1 - diag(m}, m3;,m%) + £(p?)] (D)

where, in this formula, the contribution of the Goldstone bosons is neglected. The zeros of the
determinant correspond to the poles of the inverse of the two-point vertex function and hence the
squared poles masses of the considered Higgs boson. The masses m%l, mlzq, mi are the tree-level
masses of the light and heavy CP-even and of the CP-odd Higgs boson, respectively, and X the
renormalized self energy. In a fixed-order approach the self energies are evaluated up to a fixed
order in perturbation theory, see for example the reviews [4, 5].

In the expression for the self energies, logarithms of mass ratios appear, such as the logarithm
of the ratio of the mass of the top squarks m; and of the top quark m,. These logarithms can
become large if the one mass is much heavier than the other, requiring higher-order corrections
to be included possibly beyond the feasible fixed-order calculation. In such a case, a different
approach, the effective field theory (EFT) approach, is more appropriate.

3. The EFT approach

In the EFT approach, first a hierarchy of masses and a corresponding tower of EFTs is identified.
Following Ref. [6], we consider the MSSM with heavy supersymmetric partner particles and
relatively light Higgs bosons. At the scale of the soft-breaking mass parameter Msysy, the full
MSSM is matched to a type III Two-Higgs-Doublet Model (2HDM) without an additional Z;
symmetry and both Higgs doublets coupling to top and bottom quarks in such a way that, at Msysy,

Tn the MSSM, the lightest Higgs-boson is in general considered to be the Standard-Model-like Higgs boson (see for
example Ref. [2] for a benchmark scenario where this is not the case).



Precise predictions of the SM-like Higgs-boson mass in SUSY scenarios Heidi Rzehak

125 Figure 1: The mass of the SM-
like Higgs boson Mj, in depen-
dence of the mass of the charged
Higgs boson M7;. The different
colours depict the different tow-
ers of EFT applied (see text for
details). The SUSY soft break-
ing mass parameter is Msysy =
3 TeV, the absolute values of the
trilinear couplings A;, Ap as well
as the Higgs mixing parameter u
, are |A;| = [Ap| = |u| = 3Msusy
120 and tan = 5. The phases are
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the MSSM and the 2HDM describe the same physics. Then, the 2HDM parameters are evolved
down to a low scale applying two-loop renormalization group equations derived using Refs. [7]
and compared to Refs. [8]. The mass of the SM-like Higgs boson M}, evaluated at the low scale
is shown in dependence of the mass of the charged Higgs boson Mj; in Fig. 1 for four different
treatments at the low scale:

1. The calculation of the Higgs mass spectrum is performed at the scale M}, within the 2HDM
(violet line in Fig. 1).

2. The Higgs mass spectrum is calculated at the scale of the MS top-quark mass mMS within the
2HDM (green line in Fig. 1).

3. At the scale Mj,;, the 2HDM is matched to the SM. The resulting SM couplings are evolved

down to the scale m?/ls, at which the Higgs-boson mass is evaluated (blue line in Fig. 1).

4. In this approach we combine the first two and the third case: A tree-level matching to the SM is
performed at the scale My« and the SM-quartic coupling A5M, the SM-top-Yukawa coupling
¥, the strong coupling constant g as well as the vacuum expectation value are evolved down
to the scale m;. Then, the My, element of the Higgs mass matrix in the (¢, @2, ay,a2)
basis with the CP-even and the CP-odd components ¢1, ¢», a;, as, respectively, is replaced
by My — M + ¥ /sin® B where Y™™ = v2(m,)A(m;) — vZ(Mpg+)A(Mg+), see also
Ref. [9, 10] for a similar approach. (yellow line in Fig. 1).

In the calculation we allowed for non-vanishing phases in order to be sensitive for possible CP-
violating effects. The matching of the MSSM to the 2HDM was performed at one-loop order, i.e.
for quartic couplings A; to A7 the order O(hlg’sgf’lz{gz, g3, hlg’sgivlz}) was taken into account where
RMSSM (RMSSM) are the top (bottom) MSSM Yukawa couplings and g, g the SU(2), U(1) gauge
couplings, respectively [10, 11]. For the Yukawa couplings in the 2HDM h;, hy,, h{, h; , one-loop

contribution of the order O(hl{fsbs?/[{hgsgiwz, g2}) are included. The primed Yukawa couplings are

the 'wrong’ Yukawa couplings that only receive a non-zero value due to the one-loop threshold
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contributions. The Yukawa couplings of the first and second generation are set to zero and ignored.
The calculation of the mass spectrum at the low scale within the 2HDM includes one-loop Yukawa
contributions but neglects all higher-order corrections beyond these ones.

As can be seen in Fig. 1, the result of variant 4 (yellow) where also logs of the form log(M}; /m;)
are resummed interpolates between the results of the 2HDM EFT for small M}; (violet/green) and
of the SM EFT at m;, for large M}, (blue). Increasing the value of tan S leads to higher values of
the Higgs-boson mass and a faster approach of the interpolating result to the SM EFT.

4. Combining fixed-order approach and EFT method: The hybrid approach

The EFT approach is particularly useful if large mass differences appear, since it resums large
logarithms up to all orders. It is required for a precise prediction, if very heavy particles occur.
The fixed-order approach has the advantage that it is complete up to the considered order including
non-logarithmic terms. Also, moderate mass differences are automatically taken into account.

In order to make use of the advantages of both, the fixed-order and the EFT approach, hybrid
approaches combining these methods have been considered, see e.g. Refs. [12].

For the combination we have applied the following two steps: First, the Higgs fields of fixed-
order calculation are redefined to match the normalization of the Higgs fields in the EFT [10, 13].
Second, the individual results of EFT and fixed-order calculation are added such that no double
counting of logarithms appears. Therefore, the self energies in Eq. (1) need to be replaced by

ﬁ:?}]brld(pz) — iif})ced order 2) + AEFT _ A?;b 2)

where ﬁlﬁj"ed order(5)2) is the fixed-order self energy, the EFT contribution to the mass matrix and

A?}‘b the subtraction terms to avoid the double counting of logarithms [10]. This procedure allows
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to calculate not only the mass but also the mixing of the Higgs bosons. As described in Ref. [14],
we have combined the EFT calculation of Sect. 3 with the fixed-order calculation implemented
in FeynHiggs [15], however, in the EFT part, we neglected the bottom Yukawa contributions in
contrast to Sect. 3 but improved the accuracy of the threshold contributions and the extraction of
the pole masses with respect to the previous calculation: For the threshold contributions for the
2HDM quartic couplings 4 to A7, also purely electroweak contributions of one-loop order as well
as O(a;a,) contributions following the approach described in Ref. [9] and using the results of [16]
have been taken into account. Additionally, electroweak one-loop contributions to the thresholds
of the 2HDM Yukawa couplings have been added. Furthermore, the matching between the SM and
the 2HDM is performed at one-loop level instead of tree level only and the extraction of the mass
of SM-like Higgs boson includes full one- and two-loop-order contributions [17].

In Fig. 2, the CP-odd admixture to the SM-like Higgs boson is shown in the tan 5-Mj; plane as
blue contour lines. The green lines depict the mass of the SM-like Higgs boson and the grey region
is the area where its mass is below 122 GeV and the red lines show the value of Mgygy that is needed
to reach a Higgs mass of about 125 GeV. It is obvious that the CP-odd-admixture decreases strongly
with increasing mass of the charged Higgs boson. It should also be noted that the charged Higgs
boson is assumed to be very light with values only up to 300 GeV, and that these low values of My .
are strongly disfavoured by in particular B-physics observables. This shows clearly that the CP-odd
admixture is already strongly constrained by both the mass value of the SM-like Higgs boson as
well as of the charged Higgs boson without considering further constraints such as those from the
electric dipole measurements. While the CP-violating effects are tiny for the SM-like Higgs boson
in the MSSM, the heavy Higgs bosons can still have both, a CP-even and a CP-odd component.

5. Conclusion

We discussed different methods to calculate the Higgs-boson mass spectrum and their advan-
tages. In the case of large mass differences, an EFT approach is required to resum large logarithms
while the fixed-order approach takes small mass differences automatically into account. A com-
bination of both, the hybrid approach, can be advantageous. We extended existing calculations to
allow for CP-violating effects: The CP-odd admixture to the SM-like Higgs boson is tiny in the
MSSM, most likely immeasurable at the LHC, however, CP-violating effects can appear between
the heavy Higgs bosons in the MSSM.
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