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Abstract The top-Yukawa-coupling enhanced two-loop
corrections to the charged Higgs-boson mass in the real
MSSM are presented. The contributing two-loop self-energ-
ies are calculated in the Feynman-diagrammatic approach
in the gaugeless limit with vanishing external momentum
and bottom mass, within a renormalization scheme compris-
ing on-shell and DR conditions. Numerical results illustrate
the effect of the O(atz) contributions and the importance of
the two-loop corrections to the mass of the charged Higgs
bosons.

1 Introduction

Charged Higgs bosons go along with many extensions of
the Standard Model, such as supersymmetric versions of the
Standard Model or general Two-Higgs-Doublet models. The
neutral Higgs-like particle with a mass ~125 GeV, discov-
ered by the ATLAS and CMS experiments [1,2], behaves
within the presently still sizeable experimental uncertainties
like the Higgs boson of the Standard Model (see [3,4] for
latest results), but on the other hand leaves ample room for
interpretations within extended models with a richer spec-
trum. A scenario of particular interest thereby is the Minimal
Supersymmetric Standard Model (MSSM) with two scalar
doublets accommodating five physical Higgs bosons, at low-
est order given by the light and heavy C P-even h and H, the
C P-o0dd A, and the charged H* Higgs bosons. The discovery
of a charged Higgs boson would constitute an unambiguous
sign of physics beyond the Standard Model, providing hence
a strong motivation for searches for the charged Higgs boson.

Experimental searches for the charged Higgs bosons of
the MSSM (or a more general Two-Higgs-Doublet Model)
have been performed at LEP [5-8], yielding >80 GeV [9].
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The Tevatron bounds [10-12] are meanwhile superseded by
the constraints from the searches for charged Higgs bosons
at the LHC [13-18].

The Higgs sector of the MSSM can be parametrized at
lowest order in terms of the gauge couplings g and g2, the
mass m 4 of the C P-odd Higgs boson, and the ratio of the
two vacuum expectation values, tan § = v»/vy; all other
masses and mixing angles are predicted in terms of these
quantities. Higher-order contributions, however, give in gen-
eral substantial corrections to the tree-level relations.

The status of higher-order corrections to the masses and
mixing angles in the neutral Higgs sector is quite advanced.
A remarkable amount of work has been done for higher-order
calculations of the mass spectrum, for real SUSY parameters
[19-51] as well as for complex parameters [5S2—61]. They are
based on full one-loop calculations improved by higher-order
contributions to the leading terms from the Yukawa sector
involving the large top and bottom Yukawa couplings. Quite
recently, the O(atz) terms for the complex version of the
MSSM were computed [60,61]; they are being implemented
into the program FeynHiggs [62—-64].

Also the mass of the charged Higgs boson is affected by
higher-order corrections when expressed in terms of m4.
The status is, however, somewhat less advanced as compared
to the neutral Higgs bosons. Approximate one-loop correc-
tions were already derived in [65-70]. The first complete
one-loop calculation in the Feynman-diagrammatic approach
was done in [71], and more recently the corrections were
re-evaluated in [59,72,73]. At the two-loop level, impor-
tant ingredients for the leading corrections are the O(w; o)
and O(e?) contributions to the charged H* self-energy.
The O(asa5) part was obtained in [58] for the complex
MSSM, where it is required for predicting the neutral Higgs-
boson spectrum in the presence of C P-violating mixing of
all three neutral C P eigenstates with the charged Higgs-
boson mass used as an independent (on-shell) input param-
eter instead of m 4. In the C P-conserving case, on the other
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hand, with m 4 conventionally chosen as independent input
quantity, the corresponding self-energy contribution has been
exploited for obtaining corrections of O(w; ) to the mass
of the charged Higgs boson [73]. In an analogous way, the
recently calculated O(atz) part of the H™ self-energy in the
complex MSSM [60,61] can now be utilized for the real,
C P-conserving, case to derive the O(a,z) corrections to the
charged Higgs-boson mass as well.

In the present paper we combine the new two-loop terms
of O(a,z) with the complete one-loop and O(«;ay) two-loop
contributions to obtain an improved prediction for the mass of
the charged Higgs boson. The results have been implemented
into the code FeynHiggs. An overview of the calculation
is given in Sect. 2, followed by a numerical evaluation and
discussion of the two-loop corrections in Sect. 3 and Con-
clusions in Sect. 4.

2 Higgs-boson mass correlations
2.1 Tree-level relations

We consider the Higgs potential of the MSSM with real
parameters, at the tree level given by

VHiggs = m% HIH[ + m% H;Hz + (m%2 eabH‘lez’ + h.c.)

n é (g +83) (Hira - Hjm)z

+1g (HIHQ) (H§H1> :

> 2.1

with the mass parameters m%, m%, m%z, and the gauge-
coupling constants g1, g2. The two scalar Higgs doublets in
the real MSSM can be decomposed according to

H, = (Ul + \%(d’l - iX1)> ,

Hy = ¢; 2.2)
2= v2+\/%(¢2+i)(2) ’ '

with real vacuum expectation values v and v,. The ratio vz /vy
is denoted as tanB = tg. The mass-eigenstate basis is
obtained by the transformations

hY\ _ [—Saca (@1 H®\ _ (=sp. cp.\ (07
H - Cq Sa ¢2 ’ Gi N CB. Sﬂc ¢§t ’
(6)=(ar ) (2)
G Cpu Spu) \X2

[with s, = sinx and ¢, = cosx], where i, H, A and H*
denote the physical neutral and charged Higgs bosons, and

2.3)
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G, G* the unphysical neutral and charged (would-be) Gold-
stone bosons.

The Higgs potential in the real MSSM can be written
as the following expansion in terms of the components
h,H, A, H, G* [with (H")" = H, (G7)" = G*]:

2 2 +
_ _ m m4,_ H
Viiges = —Thh —Tu H + (H™, G )( o H* HZG*>< )

me—p+ Mg G*
m: m2, 0 0 h
1 m2, m3, 0 0 H
+5(h H A G) |72 T H S + -
2 ( ) 0 0 my myg A
0 0 mﬁG m2G G
2.4)

omitting higher powers in the field components. Explicit
expressions for the entries in the mass matrices are given
in Ref. [59] for the general complex MSSM [the special case
here is obtained for setting 74 = 0 in those expressions].
Of particular interest for the correlation between the neutral
C P-odd and the charged Higgs-boson masses are the entries

for m% and m%i, reading

m = mi sj, +m3 ch +miy 525, — 1 (81 +83) (v} —v3) c2p,.

My = mi s +m3 g +miy 525~ 587 + 8] — v3) cap,

+ 18 (ics, +vasp). (2.5)

At lowest order, after applying the minimization conditions

for the Higgs potential, the tadpole coefficients 7},, Ty vanish

and the mass matrices become diagonal for 8. = B, = B,
yielding

mi. =mj + My, (2.6)

2 1 2 2 2 232 2472 2
MhH = 5 my + Mz F/ (m5 + M3) —4my M7 crp )
(2.7)

when « is chosen according to

m2 o ox
tan(2a) = 5 tan(2p), with — 5 <a<0.

m
mix —mz
(2.8)

The Goldstone bosons G® and G* remain massless.

In the following we focus on the modification of the rela-
tion (2.6) by higher-order contributions, which allows one
to derive the charged Higgs-boson mass in terms of the A-
boson mass m 4 and the model parameters entering through
quantum loops.

2.2 The charged Higgs-boson mass beyond lowest order

Beyond the lowest order, the entries of the mass matrix of the
charged Higgs bosons are shifted by adding their correspond-
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ing renormalized self-energies. The higher-order corrected
mass Mg+ of the physical charged Higgs bosons, the pole
mass, is obtained from the zero of the renormalized two-point
vertex function,

Mye = Ne0), Fon(p)

pr=s0

—i [p2 — i+ Sy (pZ)]pZ:SO —0. (29

by H+H- (pz) denotes the renormalized self-energy for the
charged Higgs bosons H*, which we treat as a perturbative
expansion,

(2.10)

5 (k)
=0

and

At each loop order k, the renormalized self-energy

(k)
X -
a corresponding counterterm 8(k)m%i , according to

&(k k
25_1le <p2> = 2;1le (pZ) — 5(k)m%1i <p2>

At the one-loop level the counterterm is given by

is composed of the unrenormalized self-energy

@2.11)

5(1)’”%11 (pz) = (m%]i — pz) S(I)ZHiH:t + S(I)m%i,
2.12)

and at the two-loop level by

2
§Pms (p?) = (miy=—p?) [S(Z)ZHiHi‘l‘% (S(I)ZHiHi) }

2
- pZ% (B(I)ZHiGi)
480 Z e 8Vm? s + 160 Zpege

(2.13)

involving field-renormalization constants and genuine mass
counterterms of one- and two-loop order; they are specified
in Ref. [61], from where conventions and notations have been
taken over and simplified to the case of the real MSSM.
Whereas the one-loop self-energy 221 - p?) of the
charged Higgs boson is completely known, at the two-loop
level only results in the approximation for p?> = 0 have
become available, namely the O(a,ay) corrections calcu-
lated earlier [58,73], and the two-loop Yukawa contribu-
tions O (atz) which are presented in this paper. The evaluation
of these terms is performed in the gaugeless limit and with
the bottom-quark mass set to zero (as done in Ref. [73]), thus
yielding the top-Yukawa-coupling enhanced parts. Detailed

analytical results of the two-loop self-energy and renormal-
ization were published in Ref. [61]. The diagrammatic calcu-
lation of the self-energies and counterterms was performed
with FeynArts [74], FormCalc [75],and TwoCalc [76].
The full list of Feynman diagrams of O(atz) for the self-
energy of the charged Higgs boson is illustrated in Fig. 1.

Within our approximations for the two-loop part of the
charged Higgs-boson self-energy,

$@

- (0) =24

i (0) = 8@ mY.0),

(2.14)

the two-loop counterterm (2.13) simplifies to

2
5(2)1’”%1;& (O) = mzi |:(S(2)ZH:EH:E + 4_11 <8(1)ZHj:Hj:) :|

5O

+ 8D Zpape sOm2e + 15070 6e

o (5(1)m§1—g++3(1)mé—m)- (2.15)

The genuine mass counterterms (S(k)mi]i are determined by
Eq. (2.5) and setting 8, = B, = B (see also Ref. [61]). In
the gaugeless limit they are given by (for k = 1, 2)

8Om2 . =s®m3. (2.16)

The other genuine mass counterterms are determined by the
relation

SV e =60

= —m sOTy —mys ch 6Wig, (2.17)
w

involving the tadpole counterterm 8T and the countert-
erm S(I)Iﬂ for the renormalization of tan S.

In the real MSSM, the mass of the CP-odd Higgs
boson m 4 is conventionally chosen as a free input parameter;
it can thus be renormalized on-shell at each order. Accord-
ingly, the corresponding renormalization conditions in our
present approximation read in terms of the renormalized A-
boson self-energy as follows:

£00) = 2P 0) — sOm%(0) = 0. (2.18)

The unrenormalized self-energy Zf) corresponds to the
Feynman diagrams depicted in Fig. 2. The counterterms in
(2.18) at the one-loop and two-loop level read as follows:
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Fig. 1 Full list of two-loop self-energy diagrams for the charged Higgs bosons. Each cross denotes a one-loop counterterm insertion. ®0 =

h,H, A, G; " =H, G~

8DmE0) =m3 8V Zas +8Vm3, (2.19a)
2
5Pm%(0) = m3 [5<2>ZAA +4(6W2Z40) ] +5Pm3

+ S(I)ZAA 5(1)171124 + S(I)ZAG S(I)m%G.
(2.19b)

The one-loop non-diagonal mass counterterm S(I)miG there-
in is given by

$Vmig = —=——— 80Ty —mi 3 sWis.  (220)

2SWMW
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From the conditions (2.18) for k = 1, 2 the renormalization
constants S(k)mi are determined and thus the mass countert-
erms 8®)m? . for the charged Higgs bosons in Eq. (2.16),
required for the two-loop counterm (2.15) in the charged
Higgs-boson self-energy. All field-renormalization constants
S(k)Z{AA,AG,HiHi,HiGi} are linear combinations of the
basic field-renormalization constants S(k)ZH[ for the two
scalar doublets (2.2), as given in Ref. [61].

In addition to the mass counterterms 8®)m?, the inde-
pendent renormalization constants required for renormaliza-
tion of the charged Higgs-boson self-energy are: the field
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Fig. 2 Full list of two-loop self-energy diagrams for the A-boson. Each cross denotes a one-loop counterterm insertion. ®° = h, H, A, G;

PO=A,G; ® =H ,G

renormalization constants S(I)ZHi, the renormalization con-
stant § (l)tﬂ for tan $, and the tadpole renormalization con-
stants W7, W Ty (the two-loop field-renormalization
constants cancel in the renormalized self-energies in the
p? = 0 approximation). Moreover, for the one-loop sub-
renormalization, we need the counterterms for the top quark
and squark masses S(I)m,, 8(])m,~l, S(I)mgz and for the trilin-
ear coupling 8 (VA,, as well as the counterterm for the bilinear
coefficient of the superpotential, (V.. They are fixed in the
same way as described in Ref. [61] and we do not repeat them
here.

3 Numerical analysis

In this section we compute numerically the charged Higgs-
boson mass Mg+ in the real MSSM in terms of m 4 cho-
sen as an input parameter. For this purpose, we combine in
the renormalized charged Higgs-boson self-energy our new
(@) (atz) contribution described in the previous section with the
already known complete one-loop term and the O(«; ;) con-
tribution,
Suen D =50 )+ 89 0+ 59 (0),
3.1

Table 1 Default input values of the MSSM and SM parameters

MSSM input SM input
M, =200 GeV m; = 1732 GeV
My = (5s2)/ (3c3) M mp = 4.2 GeV

= mg, = 2000 GeV

mg, =My =mg = 2000 GeV
Ay, =A1=4A4,=0

=mp; = 2000 GeV

G = Mg = mg = 2000 GeV
A=Ay =A,=0

m; = 1.777 GeV
My = 80.385 GeV
Mz = 91.1876 GeV
Gp = 1.16639 x 107
o =0.118

mj,

mjp

m

as the currently best approximation for (2.10). The resulting
charged Higgs-boson mass My« is obtained via Eq. (2.9)
with the help of FeynHiggs.

In the following numerical analysis we use the input
parameters as listed in Table 1 (giving also those parame-
ters that are not needed for the two-loop self-energies but
that are required for specifying the input for the other terms
in (3.1) and for FeynHiggs). The other parameters of
the MSSM not contained in Table 1 are kept variable and
are given in the figures. The quantities u, g and the Higgs
field-renormalization constants are defined in the DR scheme
at the scale m; (see also Ref. [61] for more details).

@ Springer
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— total — without O(a?)
-- without O(a,z), O(ag) — mass shift by O(a',z)
m; = 1000 GeV my = 500 GeV
506
505
Mpy: — mpy+ My-
(Gev] Gev
¢ ¢ 503
502
-0.3 -0.15
-0.4 -0.20
AMi o AMu_o5s
[GeV] _g¢ [GeV] _o30
~07 -0.35
100 200 300 400 500 600 800 1000 1200 1400
my [GeV] m; [GeV]

Fig. 3 Upper parts: prediction for the charged Higgs-boson mass M g+
including all known contributions (blue), without the (’)(oz,z) contri-
butions (green) and without any two-loop corrections (black dashed)
[mpy=+ is the tree-level mass according to Eq. (2.6)]. Lower parts the

The influence of the O (atz) corrections on the charged
Higgs-boson mass decreases with increasing values of g,
where the top Yukawa coupling is diminished. Therefore we
constrain our analysis on values of 75 < 10. In the case of
larger tg also the corrections of O(ap0;) may become rele-
vant (see also Ref. [73] for more discussions on the validity
range).

The shifts in the charged Higgs-boson mass resulting
from the (9(05,2) contributions are in general small. In Fig. 3
the dependence of M+ on the Higgs-sector input param-
eter ms and on the third-generation soft-breaking squark
mass parameter m; = mg, = m; = mg is depicted,
showing a decreasing size of the two-loop mass shift (red)

mass shift AMp+ by the O(a?) contributions (red). Left m; = mg, =
my, = mj = 1000 GeV. Rightm 4 = 500 GeV. The other input param-
eters are 1g = 8, 1 = 2000 GeV, my =mg = 1000 GeV, X; =2m;,
Ap = Ar =0, mg = 1500 GeV, for both cases

for increasing values of both variables. The upper sec-
tion of the figure shows the charged Higgs-boson mass
as obtained at the one-loop level (dashed), and with the
inclusion of the O(ws5) contributions (green) and also
the (’)(alz) terms (blue). The lower section of Fig. 3 shows
the mass shift originating solely from the O(a?) two-loop
part. Thereby, the O(af) corrections appear as negative, thus
diminishing the two-loop contribution of O(«; ). In total,
the two-loop terms still yield a positive shift upon the one-
loop result for M py=.

Figure 4 contains the charged Higgs-boson mass My,
together with the two-loop shift of O(c?), for a typical low-
my scenario (left) [77] and for a scenario with heavier H +

— total — without O(a?)
-- without O(a?), O(a,a;) — mass shift by O(a?)
tg=7T, my=120GeV tg=8, my=500GeV
142 506 F
140
My- 138 . My- 505§
136 .
[GeV] 134 [GeV] 04}
132 503 f
130
-0.2 -0.1
AM -0.4 AMy:= -0.2
-0.6 -0.3
\%
[GeV] 08 [GeV] o4
-1.0 ) ) ) ) ) . g -0.5 ) ) ) ) ) ) )
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
1 [GeV] 4 [GeV]
Fig. 4 Upper parts prediction for the charged Higgs-boson mass M g+ Left tg = 7, maq = 120 GeV, Ay = 2.5mg, Ap = A = 0.
including all known contributions (blue), without the (’)(oz,z) contri- Right tp = 8, my = 500 GeV, X; = 2mg, Ap = A = 0

butions (green) and without any two-loop corrections (black dashed).
Lower parts the mass shift AMy+ by the (’)(a,z) contributions (red).
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The other input parameters are mg, = mz = m e = 1000 GeV,
mp =Mz = 1000 GeV, m; = 1500 GeV, for both cases
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(right), versus the Higgsino mass u. For large values of pu,
the charged Higgs-boson mass M+ decreases, but the mass
shift A M+ resulting from the O(atz) contributions becomes
more sizeable, reaching 1 GeV and more for the low Mg+
case. In the scenario shown in the right panel of Fig. 4 the two-
loop contributions are smaller in comparison to the one in
the left panel, which is a consequence of the smaller Yukawa
couplings for larger values of m 4 and tanp.

In all cases, the (’)(oz?) contributions appear with nega-
tive sign and reduce slightly the positive mass shift arising
from O(a;ay). In general, the combined two-loop correc-
tions result in a positive shift, which can amount to several
GeV, on top of the one-loop prediction for M y+.

In the figures mentioned above, the constraint m; =
125 + 1GeV on the light Higgs-boson mass is imposed,
except for the low-m g scenario in Fig. 4 (left) where it is the
heavier H-boson that appears with a mass around 125 GeV
(a scenario which may soon be excluded by more stringent
limits on the charged Higgs-boson mass). One has to keep
in mind, however, that not all of the parameter values in the
figures, which are shown for illustrating the parameter depen-
dence, will actually be allowed when more comprehensive
phenomenological studies on the properties of the Higgs par-
ticle at 125 GeV will be performed. We have added such a
more comprehensive analysis by probing the regions com-
patible with the experimental constraints by means of the
program HiggsBounds [78-80]. The result is shown in
Fig. 5, where the O(oe,z) effects for Mg+ are displayed for

— total — without O(a/,z)

1800 F
1600
1400
1200
1000

800

214 ¢
213 ¢ 1
My
[GeV]

212 ¢ 1

211 ¢ 1

210 ¢ 1

Fig. 5 Mass M+ of the charged Higgs boson with all available higher-
order terms and without the O(atz) contributions, for ranges of m; and
X, allowed by HiggsBounds and m; = 125 GeV. Other parameters
are my = 200 GeV, tg = 8, u = 3000 GeV, A, = A; =0, my =
mg, = 1000 GeV, m; = 1500 GeV

possible combinations of the stop-sector parameters. Also
here we find negative mass shifts in the typical range from
—0.5to —0.8 GeV.

4 Conclusions

We have calculated the two-loop O(e?) contributions to the
mass M g+ of the charged Higgs boson when derived from the
A-boson mass m 4 as an on-shell input parameter within the
real, C P-conserving, MSSM and combined them with the
complete one-loop and the two-loop (9(0{,2) contributions.
We have presented numerical studies for scenarios of current
phenomenological interest and discussed the effects of the
various two-loop terms.

The (’)(af) two-loop corrections appear with opposite sign
and smaller size with respect to the O (o, a5 ) contributions; in
combination, the two-loop terms yield a positive shift to the
mass of the charged Higgs boson as calculated at one-loop
order. This shift in Mg+ can be at the level of several GeV
and thus of a size that may be relevant for the LHC (and a
future electron—positron collider).

The set of two-loop corrections considered here are
expected to be particularly relevant in parameter ranges of
the real MSSM where the top-Yukawa terms provide a good
approximation to the complete one-loop result, especially for
relatively low values of tanf and m 4. In this range, besides
precise mass predictions, the experimental constraints on the
mass and the phenomenological features of the lightest Higgs
are important and play a substantial role when comprehen-
sive analyses within the MSSM Higgs sector are performed.

Our results for the charged Higgs-boson mass have
become part of the Fortran code FeynHiggs.
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