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ABSTRACT

We provide a detailed description of the Fortran code CPsuperH, a newly—developed com-
putational package that calculates the mass spectrum and decay widths of the neutral and
charged Higgs bosons in the Minimal Supersymmetric Standard Model with explicit CP
violation. The program is based on recent renormalization-group-improved diagrammatic
calculations that include dominant higher—order logarithmic and threshold corrections, b-
quark Yukawa-coupling resummation effects and Higgs-boson pole-mass shifts. The code
CPsuperH is self-contained (with all subroutines included), is easy and fast to run, and is
organized to allow further theoretical developments to be easily implemented*. The fact
that the masses and couplings of the charged and neutral Higgs bosons are computed at a
similar high-precision level makes it an attractive tool for Tevatron, LHC and LC studies,
also in the CP-conserving case.

*The program may be obtained from http://theory.ph.man.ac.uk/~jslee/CPsuperH.html
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1 Introduction

The quest for the still-elusive Higgs boson [1], the missing cornerstone of the renormalizable
Standard Model (SM), has become not only more pressing, after the completion of the LEP
experimental programme, but also more exciting in light of the upcoming experiments
at the upgraded Tevatron collider and the Large Hadron Collider (LHC). Indeed, direct
searches for possible realizations of the mechanism of spontaneous electroweak symmetry
breaking within and beyond the SM are expected to dominate the scene of particle-physics
phenomenology in the present and next decades.

One of the most theoretically appealing realizations of the Higgs mechanism for mass
generation is provided by Supersymmetry (SUSY). The minimal supersymmetric exten-
sion of the SM (MSSM) has a number of interesting field—theoretic and phenomenological
properties, if SUSY is softly broken such that superparticles acquire masses not greatly ex-
ceeding 1 TeV. Specifically, within the MSSM, the gauge hierarchy can be made technically
natural [2,3]. Unlike the SM, the MSSM exhibits quantitatively reliable gauge-coupling uni-
fication at the energy scale of the order of 10'® GeV. [4]. Furthermore, the MSSM provides
a successful mechanism for éosmological baryogenesis via a strongly first-order electroweak
phase transition [5,6], and provides viable candidates for cold dark matter [7,8].

The MSSM makes a crucial and definite prediction for future high-energy experiments,
that can be directly tested at the Tevatron and/or the LHC. It guarantees the existence
of (at least) one light neutral Higgs boson with mass less than about 135 GeV [9]. This
rather strict upper bound on the lightest Higgs boson mass is in accord with global analyses
of the electroweak precision data, which point towards a relatively light SM Higgs boson,
with Mpg, < 211 GeV at the 95 % confidence level [10]. Furthermore, because of the
decoupling properties of heavy superpartners, the MSSM predictions for the electroweak
precision observables can easily be made consistent with all the experimental data [11].

Recently, a new important phenomenological feature of the MSSM Higgs sector has
been observed. It has been realized that loop effects mediated dominantly by third-
generation squarks may lead to sizeable violations of the tree-level CP invariance of the
MSSM Higgs potential, giving rise to significant Higgs scalar-pseudoscalar transitions [12],
in particular. As a consequence, the three neutral Higgs mass eigenstates Hi o3, labelled
in order of increasing mass such that My, < My, < Mpy,, have no definite CP parities,
but become mixtures of CP-even and CP-odd states. Much work has been devoted to
studying in greater detail this radiative Higgs—sector CP violation in the framework of the
MSSM (13,14,15,16,17,18,19,20,21,23,22]. In the MSSM with explicit CP violation, the
couplings of the Higgs bosons to the SM gauge bosons and fermions, to their supersymmet-
ric partners and to the Higgs bosons themselves may be considerably modified from those
predicted in the CP-conserving case. Consequently, radiative CP violation in the MSSM
Higgs sector can significantly affect the production rates and decay branching fractions of



the Higgs bosons. In particular, the drastic modification of the couplings of the Z boson to
the two lighter Higgs bosons H; and H, might enable a relatively light Higgs boson with a
mass My, even less than about 70 GeV to have escaped detection at LEP 2 [16,22]. The
upgraded Tevatron collider and the LHC will be able to cover a large fraction of the MSSM
parameter space, including the challenging regions with a light Higgs boson without definite
CP parity [24,22,25]. Furthermore, complementary and more accurate explorations of the
CP-noninvariant MSSM Higgs sector can be carried out using high-luminosity ete™ [26]
and/or yy [27] colliders. In addition, a complete determination of the CP properties of the
neutral Higgs bosons is possible at muon colliders by exploiting polarized muon beams [28].

It is obvious that a systematic study of Higgs phenomenology in the MSSM with
explicit CP violation would be greatly facilitated by an appropriate computational tool.
For this purpose, we have developed the Fortran program CPsuperH, a new self-contained
computational package, which calculates the mass spectrum and the decay widths of the
neutral and charged Higgs bosons in the MSSM with explicit CP violation'. It calcu-
lates the neutral Higgs-boson masses Mpy,,, and the corresponding 3 x 3 Higgs-boson
mixing matrix O, employing the renormalization-group- (RG-)improved diagrammatic ap-
proach of [23]. We include the leading two-loop QCD logarithmic corrections as well as the
leading two-loop logarithmic corrections induced by the top- and bottom-quark Yukawa
couplings [30]. We also include the leading one-loop logarithmic corrections due to gaugino
and higgsino quantum effects [31]. Moreover, we implement the potentially large two-loop
non-logarithmic corrections originating from one-loop threshold effects on the top- and
bottom-quark Yukawa couplings, associated with the decoupling of the third-generation
squarks (32,16, 15]. Finally, the RG-improved diagrammatic calculation takes account of
mass shifts determined by the positions of the poles in the corresponding Higgs-boson prop-
agators. These Higgs—boson pole-mass shifts for the lightest Higgs boson are small, of the
order of a few GeV. However, the mass shifts for the heavier Higgs bosons, H, and Hj,
can be much larger and of the order of several tens of GeV [23], especially if their masses
Mpg, and My, happen to be close to thresholds for the on-shell production of squark pairs.
Finally, we note that the computation of all the Higgs-boson decay widths by the code
CPsuperH relies on the extensive analytic results for the decay widths presented in [18].

After this introductory discussion, the next section summarizes all the topics of Higgs
phenomenology that can be studied with the code CPsuperH. In Section 3, we describe the
execution procedure of the Fortran code and present examples of input and output files
from a test run. Finally, we summarize the essential features of the code and provide an
outlook for further developments of CPsuperH in Section 4.

tWe note in passing that a Fortran code called HDECAY has already been developed for the calculation
of Higgs boson decays in the CP-invariant version of the MSSM [29].



2 Higgs Phenomenology in the MSSM with Explicit
CP Violation

In the presence of nontrivial CP-violating phases for the higgsino mass parameter y and
the soft SUSY-breaking parameters in the MSSM, the couplings of the Higgs bosons to the
gauge bosons, fermions and sfermions, as well as those to the Higgs bosons themselves, are
strongly modified. In order to investigate these modifications and their phenomenological
implications, we begin by stating our conventions for the mixing matrices of the neutral
Higgs bosons and SUSY particles, and then we present all the relevant Higgs interactions
with the MSSM particles to be used subsequently for calculating the masses, total decay
widths and’ decay branching fractions of the neutral and charged Higgs bosons.

2.1 Conventions

In this subsection, we give our conventions for the mixing matrices of neutral Higgs bosons,
charginos, neutralinos and third—generation sfermions.

e Neutral Higgs bosons: In the presence of nontrivial CP-violating phases of the soft

supersymmetry-breaking parameters, most relevantly in the third-generation sfermion
sector, the three neutral Higgs bosons all mix together via radiative corrections:

(¢1,¢2,0,)£ = Oai(HlaH27H3)1.T? (1)

where OTM% O = diag (M}, M%,, Mg,) with My, < My, < Mpg,. We refer
to [16, 23] for the details of the calculations of the mass-squared matrix M?%, the
diagonalization matrix O and the pole masses of the Higgs bosons.

e Charginos: In SUSY theories, the spin—1/2 partners of the W* gauge bosons and
the charged Higgs bosons, W* and H*, mix to form chargino mass eigenstates. We
adopt the convention ﬁL_( R) = H 12)) where the subscripts 1 and 2 are associated with
the Higgs supermultiplets leading to the tree-level mass generation of the down- and
up-type quarks, respectively. The chargino mass matrix in the (VV‘, H ~) basis

( Mg \/§MW C3 )
c= ;

2
s (2)

is diagonalized by two different unitary matrices CeMcCl = diag{mﬁe, miét}, where
Mg < Mg The chargino mixing matrices (C7);, and (Cg)ia relate the electroweak
eigenstates to the mass eigenstates, via
Xor = (Cu)iXip, Xar = W, HT)L,
Xor = (CR)XiR: Xar = W7, H )f. (3)
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We use the following abbreviations throughout this paper: sg = sinf, cg = cos 3,
tg = tan B, syp = sin 203, ¢y = cos 203, sy = sin Oy, cw = cos by, ete.

Neutralinos: The neutralino mass matrix in the (B, W3, H?, H?) basis is given by

Ml 0 —Mzc,33W MzsﬁSW
0 M2 MZCBCW —MzsﬁCW
Mpy = _ . (4)
—Mzc,BSW MZCﬁCW 0 — U
MzSﬁSW ——MZsﬁcW — M 0

This neutralino mass matrix is diagonalized by a unitary matrix N: N*MuyNT =
diag (mﬁ,mig,mig,mﬁ) with mgo < mge < mye < mgo. The neutralino mixing
matrix V;, relates the electroweak eigenstates to the mass eigenstates via

(B,WE‘,ET?,I:IS) _N* (XI7X2:X37X4) . (5)

Stops, sbottoms, staus and tau sneutrino: The stop and sbottom mass matrices may

conveniently be written in the (gz,qr) basis as

M3+ my + cosMg (TF — Qgsty)  hyvg(Ay — uRy)/V2 6
have(Aq = ' Ry) /2 M3, + m? + copM3 Qusly |

with g = t,b, R=U,D, T! = -T = 1/2, Q; = 2/3, Qs = —1/3, v, = v, v; = vy,

Ry = tan 8 = vy/v1, R, = cot B, and h, is the Yukawa coupling of the quark g. On
the other hand, the stau mass matrix is written in the (77, 7r) basis as

B = M% + m2 + cogMZ (%, — 1/2) hivi(Ar — ptanB)/v/2
T hv1(A; — p*tan 8) /2 ME + m} — copMg sy |

2 =

q

(7)

and the mass of the tau sneutrino v is simply m;_ = \/M 2 4 CQﬁM %, as it has
no right—handed counterpart in the MSSM. The 2 x 2 sfermion mass matrix M2 for
f =t,band 7 is diagonalized by a unitary matrix U/: U7t M2 Uf = dlag(m m2 )

fa
with m2 < m2%. The mixing matrix U7 relates the electroweak eigenstates - LR to
A f2’ 8

the mass eigenstates f1,2, via

(fr. fR)E = UL (A, F)T . (8)
We parameterize the mixing matrices as follows:

uf - CoS ef. —sin 0f~ i (9)
sin 6/ etits cos 67 ’

and we calculate numerically the mixing angle 8 7 and phase ¢; in the ranges between
—m/2 and 7/2, so that cos 07 > 0 and cos¢7 > 0.



2.2 Higgs—Boson Interactions

In this subsection, we list all the Higgs interactions with gauge bosons, SM fermions,
squarks, sleptons, charginos, and neutralinos. We also present all the trilinear and quartic
Higgs—boson self-couplings.

o Interactions of Higgs bosons with gauge bosons: The interactions of the Higgs bosons
with the gauge bosons Z and W¥ are described by the three interaction Lagrangians:

1
['HVV = gMW (W:W—“ + EZNZ/L) Z gH,-vv Hia (10)
9 S i
Lyuz = - ZgHiHJ‘Z ZM(H;i 8, Hy), (11)
"”.7
EHH:twq: = —g Z gHiH+W— W_”(Hi’igﬂ H+) + h.C., (12)

where g = e/ sin Ay is the SU(2), gauge-coupling constant, and the couplings Tuvvs
e,z and g, ... are given in terms of the neutral Higgs-boson mixing matrix O
by (note that det(O) = 1 for any orthogonal matrix O):

Juvv = €8 Ogii + 88 Ogyi s
In,m,z2 = sign[det(O)] e vy
Iomrw- = ©80pi — 5504 — 104, (13)

leading to the following sum rules:
EN 2
Z Ty = 1 and giivv + |gHiH+W_] = 1 foreachi. (14)
i=1
e Higgs—quark—antiquark and Higgs-lepton-antilepton interactions: The effective La-

grangian governing the interactions of the neutral Higgs bosons with quarks and
charged leptons is

3

Ly = —del 5,%/ ; H; F (957 + i9h,55%) | - (15)

At the treelevel, (¢°, gF) = (O4,i/cs, —Oui tan B) and (¢°, g¥') = (Op,i/ 85, —Oai cot B)
for f = (l,d) and f = u, respectively. In the case of third-generation quarks, the pro-
gram CPsuperH computes the finite threshold corrections induced by the exchanges
of gluinos and charginos. As described in Appendix A, we include the all-orders
resummation [33, 34, 22] of the leading powers of tan 3, as required for a meaning-
ful perturbative expansion. Correspondingly, in the presence of CP violation, the
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effective couplings of the charged Higgs boson to quarks and leptons in the weak-
interaction basis are described by the interaction Lagrangian:

g _
ﬁMW(f f)z(:d)( l])’_’-_l—fT (me gII-}+fol PL + mfl gfl+fol PR)fl + h.C.,
TJ1 )=\, )\ v,

(16)

where Prjp = (1 F 75)/2. At the tree level, g* = cot and g% = tan8 with
m, = 0. The loop—induced threshold corrections to the gfl’f 24 couplings are presented
in Appendix A.

Luzpgy =

e Higgs-sfermion—sfermion interactions: The Higgs—sfermion—sfermion interactions can
be written in terms of the sfermion mass eigenstates as

LHff:U Z gﬂigfk(Hiﬁ fk), ’ (17)
f=u,d

where
. _ (paff grfrrf
Y9u;frf = (F ),g,y Oaillj; Uy »

with @ = (¢1,¢2,a) = (1,2,3), 8,y = L,R, ¢ = (H1,Hs,Hs) = (1,2,3) and
J.k = 1,2. Likewise, the charged Higgs-boson interactions with up— and down-type
sfermions are given by

Lysjp = UgH+fJ=rf/k(H+ f;“ Fv) +hec, (18)

where
o Hf* fr Feprf
ng+f;f’k - (F )‘B'y U,B] U’yk .

The expressions for the couplings re/*f and THT I F to third—generation sfermions are
presented in Appendix B. As shown in [34], our iterative treatment of the threshold
corrections that are enhanced at large tan § ensures that the corresponding corrections
to the Higgs-boson couplings to squarks are also resummed correspondingly.

o Interactions of neutral Higgs bosons and charginos: These are described by the fol-
lowing Lagrangian:

g = . —
ACHOS‘CQ-;C‘— = —— Z HkXi (gf[kiji» +Z’Ysg]1;k)~<;|')~cf> Xj y
V2 5 g d
]' * * . +1*
Stz = 51(CR)a(CL)OE + (CR)a(CLHGE] + i = 41"}
i * * 2 . k]
Iz = 5 (CRA(CLLGY + (CR(CERGE] ~ i = g}, (19)

where G,qsl = (Od)lk - iSBOak); G]qu = (O¢2k - z'cﬁOak), i,j = 1, 2, and k=1-3.



e Interactions of neutral Higgs bosons and neutralmos These are described by the fol-
lowing Lagrangian:

EH‘J;{OZO = -3 E%Hkxz <9H,c %9 + i’Ysggrk;zggg) X? :
’\77
ggki?i? = 5%6[(1\@5 — twN;)(NGE — NAGE) + (i o j)]
1 * * % * . .
gflk)—(?pzq = —E%m[(sz - tWle)(Ni:’,Gz1 - Ni4sz) + (i« )], (20)

where ¢, j = 1-4 for the four neutralino states and k& = 1-3 for the three neutral Higgs
bosons.

e Interactions of charged Higgs bosons, charginos and neutralinos: These are described

by the following Lagrangian:

ﬁHd:;z?;(-j: = Z H+ (9H+x°~_ + Z’)’5gH+X0 ~_) XJ_ +he. :
gfl"'i?i; = { [\/_Ns(CL)Jl (N + tWN:l)(CL);Z]
+cp [\/— Nig(Cr)jy + (Nig +‘tWN¢1)(CR)§2]} ;
i * * * * *
911;+>zg>zj— = 3 {3,8 [\/éNiB(CL)jl — (N + tWNil)(CL)jQ]
= Cg [\/ENM(CR);;[ + (N'LQ + tWNil)(OR);Q]} . (21)

e Trilinear and quartic Higgs-boson self-couplings [18,22]: The effective trilinear and
quartic Higgs self-couplings can be cast into the form

Loy = v Z Grtysrm, HiH H, +ngHH+H_ H;HYH™, (22)
i>j5>k=1
3
E4H = Z gHHHkHZHHHkHl—i_ ZgHHH+H—HHH H~
1>j>k>l=1 i>7=1
+ gH+H—H+H— (H+H_)2 ’ (23)
where
3 3
gHiHij = Z {OaiOﬂjO’Yk} gaﬂ'yy gHiH"'H— = Z Oai gaH+H— ! (24)
a<p<y=1 a=1
3
Inamr, = 2. {00800} aprs
agf<y<é=1
3
gHiHjH+H— = Z {OaiOﬁj} Gaprta— - (25)
alf=1



2.3

In the above equations (24) and (25), the expressions within the curly brackets {---}
need to be symmetrized with respect to the indices i, j, k,! and divided by the cor-
responding symmetry factors in cases where two or more indices are the same. For
example, {04;0p;O,} can explicitly be evaluated as follows:

1
{04i05;0,1} = e (04i08;Oxk + 0aiOptO4; + OajOpiOxk + OajOpiOri
’I’OakoﬁiO'yj + OakOﬂjO"/i> ) (26)

with Ng = 6 when ¢ = j = k, Ng = 1 when (4,j,k) = (3,2,1), and Ng = 2 in all
the other cases. We present the couplings gagy, gari+H-, 9apys, and gagm+pm- of the
Higgs weak eigenstates in Appendix C.

Neutral and Charged Higgs Boson Decays

In this subsection, we calculate all the two-body decay widths of the Higgs bosons. We
consider the decays of the Higgs bosons into pairs of leptons, quarks, charginos, neutralinos,

massive gauge bosons, Higgs bosons, squarks, sleptons, photons and gluons as well as into
a massive gauge boson and a Higgs boson. For the decay modes involving more than one
massive gauge boson, three-body decays are also considered [18].

I'p = N¢

H;, H* — ff': First, let us consider the decays into a pair of fermions. Without loss
of generality, the Lagrangian describing the interactions of the Higgs bosons with two
fermions can be written as

Lupp = =Y grHifulg®  +igh  w)f

H; fi.fj Hyfr.f;
ik ifkJj ilkdj

7 J

where f) stands for a lepton, a quark, a chargino, or a neutralino, and the tree-level

couplings gy, g7y and g5 are given in Table 1. In terms of these generic couplings,
the width for a decay into two Dirac fermions is given by
2 1/2 )
gf f MH)\ (].,K:J,K}k)
L (=5 =m) (19°1 + 19"1%) - 2y/Fimallg® = lg"%)] |
| (25)
where k; = m}, /M and A(1,2,y) = (1 — z — y)® — 4zy. We note that 'y becomes

2 /M Bn
N(;gf(fg—ﬂH(ﬂ,flgle + |gp|?) when k; = ki = &, where B, = +/1 — 4k. The colour

factor N¢ = 3 for quarks and 1 for leptons, charginos, and neutralinos. The decay

widths into two Majorana fermions are given by

rM=< 1 )rD, (29)

1+5jk
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where 6;; = 1 for identical Majorana fermions.

Table 1: The couplings g¢, gy and g>F in Eq. (27) at the tree level.

Decay Mode gy 9° g°
H, — T~ QQI\T;JV Ogsifcs —(88/¢8)Oai
H;, — dd -2%;“‘; Ogsifcs —(88/¢)Oai
H; — ug Hre Ogyil sp —(¢s/58)Oai
H; — 5% 9/2 gzigggg Inos

) T S P
H; — X Xx g/\/§ gHi)Z;rfc; gmg}'g;
Decay Mode grs 9° 4"
H S l+_z/ _T% t5/2 —itg/2
H* —ud | = (1t + (ma/ma) tel/2 i1/t — (mafmy) t3]/2
H+ - )2;_5(? g/\/§ gfﬁgg;zj— gfﬁigi}

For the couplings gfii];b, gfl’;t and gffffw the finite loop—induced threshold correc-

tions due to the exchanges of gluinos and charginos can be included by taking
IFLAG.H(10)=0 (the default setting) in the code CPsuperH, as explained in Sec. 3.
For H; — qq, the leading-order QCD correction is taken into account by applying the
enhancement factor KI = 1 + 5.67 co(M) to the decay width given above. We take
the running fermion masses at the scale mP® as reference values. The effect on the
couplings of the running of the quark masses from the top—quark pole mass scale to
the Higgs—boson mass scale is also considered in calculating the corresponding decay
widths, as

mg(mf°)
pole

where my(m{®°) is used in gy, but my(my,) is used in ks, when calculating I'p.
Likewise, running q and ¢’ quark masses are used when computing ['(H*+ — ¢¢'),
while the dominant one-loop QCD corrections have been included by factors very
similar to K. Finite quark-mass and higher-order QCD effects will depend, to some
extent, on the CP-violating parameters of the MSSM, and require an independent
study. In the present version of the code, we only include the leading-order QCD
effects which remain unaffected by CP violation. Also, we do not include flavour-
violating decays of the neutral Higgs bosons. We plan to implement such refinements
in future versions of CPsuperH.

D(H: — q7) Kf( ) Po(H: — qd). (30)
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e H;, — VV: The width for decay into two massive gauge bosons is given by

2 3
GF Iu,vv My,

1627

where Gr/v2 = ¢°/8MZ,, ki = M /M3, Biv = /1= 4Ky, and dw = 2 and 67 =
My, /(ew Mz)* = 1. The three-body decay width T'(H; — VV*) is also calculated,

oy
Biv(l — 4k + IZﬁ?v) ) (31)

using [18]:
P(H, - VV*) = Grgy, ,, My, 0voyv- /( wi-1)? derAW(wi,x, DM, z, 1) + 122]
’ N 16v/27 0 witl(z = 1) + €} ’

(32)
where w; = M}, /M% = 1/kv, Svv+ = 2, and ey = I'y/My. We note that

A2 (wi, 1, DA (wi, 1,1) + 12)/wf = Biv (1 — 4kay + 1262 .

e H,— HjZ and H* — H;W*: The decay width of a heavier Higgs boson into a
lighter Higgs boson and a massive gauge boson is given by

GrM3,
827
where (MH7g) = (MHHgHiHjZ) or (MH+’gHjH+W—)’ Kj = MJ%IJ/MgD and Ky =

M% /M. The three-body decay widths I'(H; — H;Z*) and T(H* — H;W**) are
given [18] by:

r = IGI12X%2(1, k;, k), (33)

GFM?Iigzisz /(\/“’_i—\/@zd ez N (w;, wj, 7)

I'H;, - H;Z*) = , 34
(= 8,29 = — 5 ), a1 Y
with w; = M}, /M%, and similarly
GrMielgy pow-? ryoz—yem? 3/2 .
T(HY - H;W*) = Ty / Y e ZWA (wi’w”xz) , (35)
8v/2m 0 wir(z — 1) + €]

with w; = My /M, and wy = M. /M3,

o H,— H;H,, H, — fjf;:‘, and H* — fjf’,: The decay widths into two scalar particles
can be written as

I' = NFM—)\l/Q(l K Iik) (36)
167 M, 9 RS

wheret (Nr,G) = (1+(5jk,gszHij), (Nc,gH”;;fk) or (NC,9H+f;f'k)a and k; = M?IJfJ/MIz{

*We note that the couplings 9r,u,u, are defined via the Lagrangian (22). The H;H;H; vertices for
i > j therefore contain an extra factor of 2.
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e H; — vvy: The amplitude for the decay process H; — 7 can be written as

aM2 N . x 2 .,
Mo = =2 ST (M) (651 6h2) = /(M) g (G} (87

where k;o are the momenta of the two photons and €;5 the wave vectors of the
corresponding photons, €)', = ¢} — 2k{'(ky - e1)/MF;,, ) = & — 2kb (k1 - €2)/ M3,
and (e1€2k1k2) = €00 €1€5 k7 k5. The scalar and pseudoscalar form factors, retaining
only the dominant loop contributions from the third-generation (s)fermions, W* and
charged Higgs bosons, are given by

S (Mp,) = 2 > NCQfgngff fFSf(Tif)

F=bt, %5 %%
2 v?
- ~Z~. N¢ Qngif;fj oz FO(Tif'j)
Fi=t1,t2,b1,b2,71,72 I3

2
v
~Iuv F1(Tiw) = Gy i WFO(%H*) :

P(My,) = 2 Z Ne Qfgng Fr pr(Tif)7 (38)
f=btxExE mg
AL 2

where 7, = Mg, /4m?2, N¢ = 3 for (s)quarks and No = 1 for staus and charginos,
respectively.

The form factors Fiy, Fyf, Fo, and F; can be expressed in terms of a so-called scaling
function f(r), by

F(r) = 1+ —7Yf()], Fop(r) =771 f(1), (39)
Fy(r) = 77 =1+7171f(7)], Fi(r) =243+ 37712~ 7Y f(7),
where f (’7‘) stands for the integrated function
_ dy B arcsin®(\/T) : r<1,
f(r)=- 2 111[1—479(1—9)]—{ 1 [hl(ﬁfg)—m]? : 1. (40)

It is clear that imaginary parts of the form factors appear for Higgs-boson masses
greater than twice the mass of the charged particle running in the loop, i.e., 7 > 1.
In the limit 7 — 0, Fy¢(0) = 2/3, F,¢(0) = 1, F5(0) = 1/3, and F;(0) = 7. Finally,
the decay width is given by
: 3
2
I(H; — vy) = 5“5‘6‘*5—‘5 2 (My,) ] : (41)

The QCD correction to the width I'(H; — ) is included in the large loop-mass limit
by multiplying the rescaling J) and J7 factors to the quark and squark contributions
to S7, respectively. The rescaling factors in the large loop-mass limit are given by [35]

9
ngl_as(Mf{i)’ J 14 8aS(MHi).
T 3

(157 (Ma,)P

(42)

12



e I, — gg: The amplitude for the decay process H; — gg (i = 1,2,3) can be written
as

g M, 6

Ao -

2
Mg, = {S00m) (61 - 1) - PUOMm) - (ctesiub) |, (43)

where a and b (a,b =1 to 8) are indices of the eight SU(3) generators in the adjoint
representation, and k; 2 and €; o are the four-momenta and wave vectors of the two
gluons, respectively. The scalar and pseudoscalar form factors, retaining only the
dominant contributions from third-generation (s)quarks, are given by

v ' v2 !
S{(Mp,) = nggfl,-ffm_FSf(Tif)_ > gHifJi*fjm_g'FO(Tifj):
f=bt f szt_l 2,b1,b2 fi
v
P! (Mpy,) = nggfliffm_FPf(Tif)- (44)
f=bt f

The decay width of the process H; — gg is then given by

3

M3 o2
D(H; - gg) = 825 [ ea |52(My)

2 aq Pg
3273 12 + KA l i (MHz)

ik (45)

where K, 4 are QCD loop enhancement factors that include the leading-order QCD
corrections. In the heavy-quark limit, the factors K¥ 4 are given by [35]°

as(M%) /95 7
K = 1 __,(_ - —N)
" T 4 6 F
as(M%) /97 7
K¢ = 1 ——’——(———N), 46
A L— 4 6 F (46)

where Np is the number of quark flavours lighter than the H; boson. Away from
isolated regions of the parameter space [35], the above K% 4 factors capture the main
bulk of the NLO corrections with an accuracy at the 10% level.

3 The Structure of CPsuperH

The program CPsuperH is self-contained with all necessary subroutines included. The
Fortran code CPsuperH uses three input arrays for reading the input parameters and five
output arrays for generating the Higgs couplings, decay widths and branching fractions.
The three input arrays are named

SMPARA_H(IP), SSPARA_H(IP), IFLAG_H(NFLAG).

$We ignore the small difference between the K —factors of the quark and squark loop contributions to
S7.

k3
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Among the five output arrays, the arrays for generating the Higgs couplings are named
NHC_H(NC,IH), SHC_H(NC), CHC_H(NC),

and the other two output arrays for the decay widths and branching fractions are named
GAMBRN(IM,IWB,IH), GAMBRC(IM,IWB).

The code CPsuperH contains also arrays for the masses and mixing matrices of the Higgs
bosons, stops, sbottoms, staus, charginos and neutralinos as explained below.

3.1 Input Arrays

In this subsection, we describe the details of the input arrays.

e SMPARA_H(IP): This is the array for the SM input parameters. In the current version,
we are dealing with 15 inputs as shown in Table 2, but these can easily be extended
by changing NSMIN in cpsuperh.f. This array is filled from the file run.

Table 2: The contents of SMPARA_H(IP).

IP | Parameter | IP | Parameter | IP | Parameter | IP | Parameter
1] ogl(Mz) | 6] m, 11 | my(mP®) | 16
2| a,(Mg) |7 m, 12 | m (mP) | 17
3 My 8 | ma(mP™®) | 13| mP |18
4| sin®Ow | 9 | my(mP) | 14 Tw 19
5 Me 10 | my(mP®) | 15 T'z 20

e SSPARA H(IP): This array is for the SUSY input parameters. In the current version,
we are dealing with 21 inputs as shown in Table 3, but these can easily be extended
as well by changing NSSIN in cpsuperh.f. This array is also filled from the file run.

e IFLAG H(NFLAG) : This NFLAG-dimensional array controls CPsuperH. This flag array
is used for printing options, calculating options, integer input parameters, error mes-
sages, etc. The default value for every flag is zero. This array also can be filled from
the file run. Only a part of IFLAG_H is being used presently by the code:

— IFLAG_H(1)=1: Print out the input parameters.

— IFLAG_H(2)=1: Print out the masses and mixing matrix of the Higgs bosons.
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Table 3: The contents of SSPARA_H(IP).

Parameter | IP | Parameter | IP | Parameter | IP | Parameter | IP | Parameter

Tt = W DN =

tand | 6 o, 1| my, |16 | Ay 21| @,
MEE |7 M) [ 12]  mg, 17 Dy, 22

|,L| 8 @, 13| mp, |18 | Ay| 23

@, 9 |Ms| | 14| mz, 19| @y 24

My |10 s 15| mp |20 A, 25

IFLAG_H(3)=1: Print out the masses and mixing matrices of the stops, sbottoms,
tau sneutrino and staus.

IFLAG_H(4)=1: Print out the masses and mixing matrices of the charginos and
neutralinos.

IFLAG_H(5)=IX: Print out the Higgs-boson couplings. The couplings of H;, Hs,
Hs; and H? to two particles will be printed for IX =1, 2, 3, and 4, respectively,
and the Higgs—boson self-couplings will be printed for IX=>5. All these couplings
can be printed out altogether by taking IX=6.

IFLAG_H(6)=IX: Print out the decay widths and branching ratios. The decay
widths and branching ratios of Hy, Hy, Hs, and H* will be printed for IX =1,
2, 3, and 4, respectively. IX=5 is for printing out all the decay widths and
branching ratios of the neutral and charged Higgs bosons.

IFLAG_H(10)=1: Do not include the finite threshold corrections to the top- and
bottom-quark Yukawa couplings due to the exchanges of gluinos and charginos.

IFLAG_H(11)=1: Use the effective potential masses for Higgs bosons instead of
their pole masses.

IFLAG_H(20)= ISMN. The index ISMN is used for GAMBRN, which is an array for the
neutral Higgs decay widths, and its default value is ISMN = 50. In general, (ISMN-
1) is the maximal number of different decay modes of the neutral Higgs bosons
into SM particles. The value of ISMN may be changed in order to incorporate
additional rare decay modes. The index ISMN is reserved for the subtotal decay
width and branching fraction of the decays into the SM particles in the output
array GAMBRN (see below).

IFLAG_H(21)=ISUSYN. Similarly to ISMN, the index ISUSYN is used for GAMBRN,
and its default value is ISUSYN = 50, with (ISUSYN-1) being the maximal num-
ber of different decay modes of the neutral Higgs bosons into SUSY particles.
The index ISMN+ISUSYN is reserved for the subtotal decay width and branching
fraction of the decays into the SUSY particles, while the index ISMN+ISUSYN+1
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is used for the total decay width, considering decays into both the SM and SUSY
particles in the output array GAMBRN (see below).

— IFLAG_H(22)= ISMC. The index ISMC is used for GAMBRC, which is an array for
the charged-Higgs decay width, and its default value is ISMC = 25. In general,
(ISMC-1) is the maximal number of different decay modes of the charged Higgs
bosons into SM particles. The index ISMC is reserved for the subtotal decay
width and branching fraction of the decays into the SM particles in the output
array GAMBRC (see below).

— IFLAG_H(23)=ISUSYC. Similarly to ISMC, the index ISUSYC for GAMBRC, with
(ISUSYC-1) being the maximal number of different decay modes of the charged
Higgs bosons into SUSY particles. The index ISMC+ISUSYC is reserved for the
subtotal decay width and branching fraction of the decays into the SUSY parti-
cles, while the index ISMC+ISUSYC+1 is used for the total decay width considering
decays both into the SM and SUSY particles in the output array GAMBRC (see
below).

In Appendix D, we list all the parameter common blocks filled or calculated from
SMPARA_H and SSPARA_H.

3.2 Output Arrays

”
In this subsection, we give detailed descriptions of the output arrays. Some of the entries
of IFLAG_H are reserved for various error messages. This feature might be helpful when
using CPsuperH to scan many parameter points:

e IFLAG_H(50)=1: This is an error message that appears when a stop or sbottom
squared mass is negative.

e IFLAG_H(51)=1: This is an error message that appears when the Higgs—boson mass
matrix contains a complex or negative eigenvalue.

e IFLAG_H(52)=1: This is an error message that appears when the diagonalization of
the Higgs mass matrix is not successful.

e IFLAG_H(53)=1: This is a warning message that appears when the second—step im-
provement in the calculations of the pole masses is needed.

e IFLAG_H(54)=1: This is an error message that appears when the iteration resumming
the threshold corrections is not convergent.

e IFLAG_H(55)=1: This is an error message that appears when the Yukawa coupling
has a non—perturbative value: |h;| or |hy| > 2.
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IFLAG_H(56)=1: This is an error message that appears when a tau sneutrino or a
stau squared mass is negative.

The main numerical output is stored in the following arrays:

NHC_H(NC, IH): This is an array for the IH-th neutral Higgs boson (Hy) couplings to
two particles with index NC. Currently, this array is filled up to NC = 93 as shown in
Table 4.

SHC_H(NC): This array is for the self-couplings of Higgs bosons. Currently, this array
is filled up to NC = 35, as shown in Table 5.

CHC_H(NC): This array is for the couplings of the charged Higgs boson to two particles.
Currently, this array is filled up to NC = 48, as shown in Table 6.

GAMBRN (IM, IWB, IH): This output array is for the decay width in GeV (IWB=1) and

branching fraction (IWB=2,3) of the decay mode specified by the index IM of the

neutral Higgs bosons Hyy. The value IWB=2 is for the branching fraction taking

into account the decays only into SM particles, and IWB=3 for that taking account

both the SM and SUSY decays. By default, the code takes ISMN = ISUSYN = 50.

All the decay modes considered are listed in Table 7 for specific IM. In particular,

GAMBRN (IM=ISMN+ISUSYN+1,IWB=1,IH) is the total decay width of the neutral Higgs

boson Hyy and GAMBRN (IM=ISMN, IWB=1,IH) and GAMBRN (IM=ISMN+ISUSYN,IWB=1,IH)
are the subtotal decay widths into SM particles and into SUSY particles, respectively.

Therefore, we have the following relations for the branching fractions IWB=2,3 :

GAMBRN(ISMN, 2, TH) = GAMBRN(ISMN + ISUSYN + 1,3, IH) = 1

and
GAMBRN(ISMN, 3, TH) < 1, GAMBRN(ISMN + ISUSYN + 1,2, IH) > 1.

GAMBRC(IM,IWB): This array is for the decay width in GeV (IWB=1) and branching
fraction (IWB=2,3) of the decay mode number IM of the charged Higgs boson. The
convention for IWB is the same as that for GAMBRN. In the code, ISMC = ISUSYC =
25 is taken. The decay modes considered are shown in Table 8. In particular,
GAMBRC (IM=ISMC+ISUSYC+1,IWB=1) is the total decay width of the charged Higgs bo-
son and GAMBRC (IM=ISMC,IWB=1) and GAMBRC(IM=ISMC+ISUSYC,IWB=1) are subtotal
decay widths into SM and into SUSY particles, respectively. Similarly to the case of
the neutral Higgs bosons, we have the relations

GAMBRC(ISMC, 2) = GAMBRC(ISMC + ISUSYC +1,3) =1
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and

GAMBRC(ISMC,3) < 1, GAMBRC(ISMC + ISUSYC+ 1,2) > 1.

e The code CPsuperH contains output arrays for the masses and mixing matrices of the

neutral Higgs bosons, the sfermions, the charginos, and the neutralinos, named as
follows:

HMASS_H(3): The masses of the three neutral Higgs bosons, My, .
OMIX_H(3,3): The 3 x 3 Higgs mixing matrix, O,;.

STMASS_H(2): The masses of the stops, mg,.

STMIX_H(2,2): The mixing matrix of the stops, UZ,.

SBMASS_H(2): The masses of the sbottoms, m;, .

SBMIX_H(2,2): The mixing matrix of the sbottoms, U®,.
STAUMASS_H(2): The masses of the staus, ms.

STAUMIX_H(2,2): The mixing matrix of the staus, U~,.

SNU3MASS_H: The mass of the tau sneutrino, m;_.

MC_H(2): The masses of the charginos, My

UL.H(2,2): The mixing matrix of the left~handed charginos, (C7)ia.
UR_H(2,2): The mixing matrix of the right-handed charginos, (Cg)iq-
MN_H(4): The masses of the neutralinos, mso.

N_H(4,4): The mixing matrix of the neutralinos, N,,.

3.3 How to Run CPsuperH

The package CPsuperH consists of two text, five Fortran, and three shell-script files. The
main features of the files are as follows:

o Text files:

The file ARRAY shows all the arrays described in the previous two subsections.

The file COMMON lists the parameter common blocks, as described in Appendix
D.

o Fortran files:

cpsuperh.f fills all the arrays in ARRAY from the shell-script file run by calling
the following four Fortran files.
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fillpara.f fills the common blocks in COMMON from SMPARA H. and SSPARA _H.

— fillhiggs.f fills the arrays for the masses and the mixing matrix of the neutral
Higgs bosons, HMASS_H and OMIX_H.

— fillcoupl.f fills the arrays for the masses and the mixing matrices of the stops,
the sbottoms, the charginos, and the neutralinos as well as the couplings arrays
NHC_H, SHC_H, and CHC_H.

fillgambr.f fills the arrays GAMBRN and GAMBRC.

o Shell-script files:

— makelib creates the library file libcpsuperh.a from the four Fortran files of
fillpara.f, fillhiggs.f, fillcoupl.f, and fillgambr.f.

— compit creates the execution file cpsuperh. exe by compiling cpsuperh. £, linked
with the library libcpsuperh.a.

— run supplies cpsuperh.f with the input values for SMPARA_H and SSPARA_H and
part of IFLAG_H, and then shows the results by running cpsuperh.exe. The
example presented in the present work is based on the so—called CPX scenario
with (I)At = (I)Ab = (I)AT = (133 = 900, MSUSY = 500 GeV, tanﬁ = 5 and
M}ﬁe = 300 GeV. Details may be found by inspecting the file. We note that, in
the example, only IFLAG_H(1) = 1 is turned on initially. The user will have to
edit run to choose new sets of parameters. The original version of run provides
ample explanations of the various input parameters.

It is straightforward to run the code CPsuperH. Type ‘./makelib’ and ‘./compit’
followed by ¢./run’:

Run CPsuperH: ./makelib — ./compit — ./run

and then one can see some outputs depending on the values of IFLAG_H(1 — 6).

In Appendix E, we show some sample outputs from a CPsuperH test run based on the
CPX scenario. All the values for the input parameters used in the test run (IFLAG_H(1) = 1),
the masses and mixing matrix of the neutral Higgs bosons (IFLAG.H(2) = 1), the masses
and mixing matrices of the charginos and neutralinos (IFLAG_H(4) = 1), the lightest Higgs
boson couplings (IFLAGH(5) = 1), and the decay width and branching fractions of the
lightest Higgs boson (IFLAG_H(6) = 1) are generated by taking the IFLAG_H values given in
the parentheses.

In order to check whether the code CPsuperH generates numerical outputs consistent
with those provided by the code HDECAY [29] in the CP—invariant case, we run the code
CPsuperH in the ‘maximal mixing’ scenario: |A:s| = v6Msysy with the common SUSY
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scale Msusy = Mg, = My, = Mp, = Mj, = Mz, =1 TeV and |u| = 100 GeV, by setting
all the CP phases to zeros, but not including the threshold corrections. Fig. 1 shows the
branching ratios and total decay widths of the MSSM Higgs bosons as functions of the Higgs
boson masses. Although most of the parameter space presented in Fig. 1 is already ruled
out by Higgs searches at LEP, we use it to present an effective comparison of the results of
the CPsuperH code with those of the HDECAY code in the small-tan 3 regime. We find that
the CPsuperH results are indeed consistent with those obtained by the code HDECAY. There
are very few visible discrepancies, for example in B(H; — gg) for Mg, < 80 GeV, which
may be due in part to the improved calculation of the Higgs-boson mass spectrum and the
mixing matrix in CPsuperH.

We also show in Figs. 2 and 3 the branching ratios, GAMBRN (IM, 2, IH), and total decay
widths, GAMBRN(ISMN,1,IH) and GAMBRC(ISMC,1,IH), found in the CPX scenario, which
are consistent with the results previously reported in [18]. Finally, in Fig. 4 we illustrate
the strong phase dependence of the Higgs boson decay widths into charginos and neutrali-
nos. The left frame is for the lightest neutral Higgs boson, which for the given choice of
parameters can only decay into two lightest neutralinos, i.e. GAMBRN (ISMN+ISUSYN,3,1) =
GAMBRN(ISMN+1,3,1). The right frame shows the branching ratios into superparticles of the
heavier neutral Higgs bosons, GAMBRN (ISMN+ISUSYN, 3,2) and GAMBRN (ISMN+ISUSYN, 3,3),
as well as the charged Higgs boson, GAMBRC (ISMC+ISUSYC, 3), which only receive contribu-
tions from chargino/neutralino final states. The results of this figure are in close agreement
with ref. [18].

4 Summary and Outlook

We have presented a detailed description of the Fortran code CPsuperH, a new computa-
tional package for studying Higgs phenomenology in the MSSM with explicit CP violation.
Based on recent RG-improved diagrammatic calculations [23], the program CPsuperH com-
putes the neutral and charged Higgs-boson masses as well as the 3 x 3 neutral Higgs-boson
mixing matrix O in the presence of CP violation in the MSSM Higgs sector. Although
the dominant one- and two-loop contributions to the Higgs-boson self-energies are incorpo-
rated, there are still finite but subdominant two-loop contributions that may cause shifts
of 3-4 GeV [32,36] in the lightest Higgs-boson mass. These subdominant contributions
can be estimated [37] to be of comparable size with the dominant three-loop effects. Be-
cause of the current lack of a detailed three-loop calculation, the subdominant two—loop

contributions are not included in the present version of the code CPsuperH. |

In addition to the Higgs mass spectrum, the program CPsuperH computes all the
couplings and the decay widths of the neutral Higgs bosons H; o3 and the charged Higgs
boson H™, incorporating the most important quantum corrections [18,24].. In particular,
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the leading-order QCD corrections are included for the Higgs decays into photons, gluons
and most hadronic channels, so that (with the possible exception of squark final states) the
theoretical uncertainties in these decay modes are kept small.

The Fortran code CPsuperH provides several options that can be selected in the in-
put files for generating a variety of outputs for Higgs boson masses, Higgs decays and
their respective branching fractions. Its structure offers the possibility of extending the
list of input data to include flavour textures of off-diagonal trilinear and/or soft-squark
masses, as these arise in some predictive schemes of soft SUSY breaking, e.g., in minimal
supergravity models or in models with gauge and anomaly mediation. The code CPsuperH
allows for straightforward extensions such as the additions of possible lepton- or quark-
flavour-violating decays of the Higgs bosons. Another possible extension is the inclusion
of loop—induced absorptive phases, which allows to generate CP—odd rate asymmetries in
Higgs boson decays [38].

Radiative Higgs-sector CP violation in the MSSM has a wealth of implications for
many different areas in particle-physics phenomenology. CP-violating phenomena mediated
by Higgs-boson exchanges may manifest themselves in a number of low-energy observables
such as the electron, neutron and muon electric dipole moments [39,40,41,42]. They may
also affect flavour-changing neutral-current processes and CP asymmetries involving K and
B mesons [43,33,44]. Moreover, CP-violating Higgs effects may influence the annihilation
rates of cosmic relics and hence the abundance of dark matter in the Universe [8]. Finally,
an accurate determination of the Higgs spectrum in the presence of CP violation is crucial
for testing the viability of electroweak baryogenesis in the MSSM.

To conclude, the Fortran code CPsuperH can be used as a powerful and efficient com-
putational tool in quantitatively understanding these various phenomenological subjects,
which are inter-related within the framework of the MSSM with explicit CP violation. Even
in the CP-conserving case, CPsuperH is unique in computing the neutral and charged Higgs-
boson couplings and masses with equally high level of precision, and should be therefore a
useful tool for the study of MSSM Higgs phenomenology at present and future colliders.
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A Threshold Corrections_

The exchanges of gluinos and charginos give finite loop—induced threshold corrections to
the Yukawa couplings A, 4, with the structure '

h _ \/imd 1
7 UcosB 1+ (6hg/ha) + (Ahg/hg) tan B’
hy = YoM L (A1)

vsin 8 14 (6hu/hu) + (Ahy/hy) cot 8

modifying the couplings of the neutral Higgs—boson mass eigenstate H; to the scalar and
pseudoscalar fermion bilinears as follows:

1 O i 7
gflﬂd = Re( ) ZUR. Re( fd ) Og2

1+ kgtanB / cos 1+ kgtanB/ cosf
2
+Im[nd(tan B8+ 1)} n
1 + kg4 tanf
tan 8 — kg Kq tan B Ops
P $1
p = (RO Yo )
Iridd © ( 1+ /ﬁdtanﬁ> + m 1+ wgtanfB/ cosf
‘ Kd Ogai v
1 A2
m(1+mdtanﬁ) cosf3’ (A.2)
1 oy K Opyi
S . 21 u (3%
Ihau = Re(l + Ry cot,@) sin 3 + Re(l + Kuy cotﬂ) sin (3
Ky (cot? B + 1)]
I ai )y
+ m{ 1+ Kk, cotf
P _ cot B — Ky )O' I ( Ky, cOt 3 ) Ogyi
IHau = —Re <1 + Kk, cotf/) " + T T A cot B/ sinf
Ry qu 7
-1 L A3
m<1+nucotﬁ)sinﬁ _ (A.3)
In the above equations, we have used the abbreviation
(Ahy/hy)

" T T+ Ghy/hy) (A4)

for ¢ = u,d. Detailed expressions for the threshold contributions (dh,/h,) and (Ah,/h,)
can be found in [22].

For the couplings of the charged Higgs boson to quarks, we have
COtIB(l + pu) — Ry

L A5
9H+ad 1+ ry cot B ) (A.5)
tan 8 (1 + p%) — RS
g = PUAAD) Z K (A6)
+ K/d tanﬁ
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The quantities &, 4 are given in (A.4), whilst the quantities &, 4 and p, 4 in (A.5) and (A.6)
are defined as follows:
— (Ahq/hq) (Shq/hq) — (5hq/hq)
— ) = . A7
S T /by P T T 1+ (he/hy) A7
The expressions for the additional threshold contributions (k,/h,) and (Ah,/h,) can also
be found in [22].

B Higgs—Boson Couplings to Third Generation Sfermions

Here we present the H1ggs—sferm10n—sferm10n couplings in the weak-interaction basis. ‘The
couplings T'*/*f are given in the (f7, fr) basis by

FQE*B = i 0 ZhZ(SﬁAZ + Cﬁ/l)
—i hi(sgAp + calt *) 0 )
it ”'hblzw Hi(e 30 ves ik
7ahsAs —|he|?ves + g9"%veg
s _ [ 1 + 3 ’2) vse ?hiﬂ :
_6912,08[8
FG’E*{ = _1.. ’Lh:(CﬁA: + sﬂ'ul)
| V2 \ =ik CﬁAt + spp*) 0 )
1"¢1£"‘t~ _ _% 1_ §g )’UCB Th;"u,
vzl —59™
B TR T
vt _|ht|2U3ﬁ +39%vsg
rerr = L 0 i (s A% + cgp)
V2 \ —ihe(spAr + ca”) 0 !
peFE —|hr|Pves + ;}; (g% — g") veg _Th:A:
~ahrAr ~|hrPves + 39"ves

6277 _ _% (9> — 9% vsp %hiﬂ
Lh * 1.2 ’
alH 29 "USg

e S 1 - 1
%o = Q, [é19:0r _ -2 (92 + gl2) ves, [920ror — 1 (92 +g’2> vsg. (B.1)

The coupling T#*#4 ig given in the LR basis by

prrard _ (s (Bl + 1Rl = g%) vsges R (spAG+ con)
hy, (cgAu + spp*) % hyhiv
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. 1 gt 5
rHEtoma E (lhTI2 _ 92) vsgcg, rE o hY (sgAr + cap) (B.2)

C Higgs—Boson Self-Couplings

In the following, we list all the effective trilinear and quartic Higgs—boson self-couplings of
the Higgs weak eigenstates, which can be expressed in terms of the conventional quartic
couplings A1 o . 7 of the Higgs potential [13] obtained in an expansion of the effective Higgs
potential up to operators of dimension 4. The trilinear couplings of the neutral Higgs
bosons [18] are given by

1
g¢1¢1¢1 = cﬁ)\l + 585 éRe)\G, \
3
Yo,600, = S82sa + spReds + 568 Rels,
3
Uoyo00y = CBA30 + caFeds + 358 ReA7,

1
= sghy + 3 cs ReAr,

Goz6262
1
G000 = —58CSMAs — 5(1+2c§) Smg,
Gs100e = —28mA5 — spcs Sm (Ae + A7),
1
Gipsge = —5pCaSMA; — -2-(1+2sg) Smly,

1 1
Ioj0a = s%c;;)\l + chhas — cp(l+ s3) Reds + 555(3% —20%) ReXs + 55,30% Rer,

1 1
Jopen = $CHAs + s% Asq — sp(1 +C%) ReAs + §S%Cﬂ Reds + §cﬁ(c% — 253) Redr,

1 1
Goea = SpCaSSMA5 — 53% SmAg — 50?3 Sma7, (C.1)

[18] read:

aHtH—

with A3y = % (A3 + Ag). The effective couplings g

Dysrtn- = 255caM1 + ChAs — shoghs — 2spcsReds + sp(sh — 2¢5) Redg
+ Sgc%%e)w ,
9y uin- = 25[30%3)\2 + s?ﬂ’)\g — sﬂc%)q — 23ﬂc% ReXs + s%cﬁ Reg
+ cp(ch — 255) Re)q,
9 iy = 28pc3SmA;5 — S% SmAs — c% SmAy. (C.2)

The quartic couplings for the neutral Higgs bosons [22] are

1
g¢>1¢1¢14>1 = Z

1 1 1
)\1, g¢1¢1¢1¢2 - —2_ %GAG’ g¢1¢1¢2¢2 = 5 )‘34 + '2_ éRe/\S’
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1 1
Go1020202 = 5 ReAr, Go2620060 = Z Az,
1 1
Go161600 = —5 s Sms, 9s161800 — ~CB SmAs — 5 Sp SmAs,
1 1
g¢1¢2¢2a = —5p Sm)‘5 - 5 Ca %m)‘7 ) g¢2¢2¢2a = —5 Sp %m)w ,

1 1 1 1
g¢1¢1aa = ES% AL+ 56'2@ Asg — —2-0% §Re)\5 — 58/36,3 ﬂ?e)\s,

1 1
= —QSIQCﬂ §Re)\5 + 5 S%; §Re)\5 -+ 5 C% §Re>\7 y

g¢1¢2aa
1 2 1 2 1 9 1
orirea = 58 Az + 558 Azg — 558 Rers — 5 S6Cs ReAr,
1 1
Doi00a = sgc% SmAs — 3 s%cﬂ SmAg — 3 c?ﬁ’ SmAy,
1 1
g¢2aaa = s%cﬂ %mAE) - 5 Sg %m)\ﬁ - 5 S/BC% %m)w 5
1
Yoaaa = Z u+m-a+n- (0.3)
with the quartic coupling of the charged Higgs bosons being given by
[/ 84;3/\1 + c%)\z + S%C%()\3+)\4) + 28%C%§R8)\5 — 25%c53‘ie)\6
— 2spciRelr . (C.4)

Finally, the remaining quartic couplings involving the charged Higgs boson pairs, gagu+x-
are given by

1
= sz + 50%)\3 — spcg Relg,

94, 611+ m-
g¢1¢2H+H_ = —8gCg M — 28[365 Rels + S% Rele + C% ReAr,
= cE X + 182)\ — sgcg ReA
g¢2¢2H+H_ - B2 9 B3 BCa 7
9y orrtu- = 2SﬂC% SmAs — s%c;; SmAg — c%i‘sm)w,
Dpyarrtn- = 23%% SmAs — 335 SmAg — s[gcggm)w,
gaaH+H— = gH+H—H+H— ' (05)

D Common Blocks

Here we list three common blocks for the SM and SUSY parameters, which are filled from
two input arrays SMPARA_H and SSPARA_H.

e /HC_SMPARA/: This common block is for the SM parameters.
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COMMON /HC_SMPARA/ AEM H,ASMZ H,MZ H,SW.H, ME_H ,MMU_H,MTAU_H,MDMT_H
,MSMT_H,MBMT_H,MUMT_H,MCMT_H,MTPOLE_H, GAMW_H
,GAMZ_H,EEM_H,ASMT_H,CW_H,TW_H,MW_H,GW_H,GP_H
,V.H,GF_.H,MTMT_H

AEM_H = Qe (M) ASMZ H = or,(M3) MZ_H = My [GeV]

SW.H = sin Oy ' MEH = m, [GeV] MMUH = m,, [GeV]
MTAUH = m, [GeV] MDMT_H = mq(mP®®) [GeV] MSMT_H = m,(mP"®) [GeV]
MBMT_H = my(m§®) [GeV]  MUMT_H = my (mf™) [GeV] MCMTH = m (mP"®) [GeV]
MTPOLE_H = m?®® [GeV] GAMWH = 'y [GeV] GAMZ H = 'z [GeV]

EEMH = € = (4 Qe (Mz))2  ASMT H = a,(mP") CW_H = cos Oy

TW.H = tan Oy MWH = Mw = Mzcosfy GWH=g=e¢/sinby

GPH =g =e/cosby VH=2Mw/g GFH=Gp

MTMT_H = m,(mP°®)

pole as(MZ) . 2
as(m = with 8,, =11 — —ny,
) = I e gy O e g
V2q?
Gr = 7,
8 M
oo mpole
my(mf°) = _‘Z‘L(‘”ET)‘ (D.1)
1+ Qg (TN

e /HC_RSUSYPARA/: This is for the real SUSY parameters.
COMMON /HC_RSUSYPARA/ TB_H,CB_H,SB_H,MQ3_H,MU3_H,MD3_H,ML3_H,ME3_H

TBH=tan3 CBH=cosf SBH=sin8 MI3H= M,
MUSH = My, MD3H=Mp ML3H=M; ME3H=Mj

e /HC_CSUSYPARA/: This is for the complex SUSY parameters.

COMPLEX*16 MU_H,M1_H,M2_H,M3_H,AT_H,AB_H,ATAU_H
COMMON /HC.CSUSYPARA/ MU_H,M1_H,M2 H,M3_H,AT H,AB H,ATAUH

MUH = [GeV] M1H= M [GeV] M2H= M, [GeV] M3H= M; [GeV]
ATH= A, [GeV] ABH= A, [GeV] ATAUH = A, [GeV]

E Sample Outputs

Here we show the results of a test run of the code CPsuperH for the CPX scenario of MSSM
Higgs-sector CP violation.
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e IFLAG.H(1) = 1: The list of the SM and SUSY input parameters

AEM_H = 0.7812E-02 : alpha_em(MZ)

ASMZH = 0.1172E+00 : alpha s(MZ)

MZ_H = 0.9119E+02 : Z boson mass in GeV

SW.H = 0.4808E+00 : sinTheta W

ME_H = 0.5000E-03 : electron mass in GeV

MMU_H = 0.1065E+00 : muon mass in GeV

MTAUH = 0.1777E+01 : tau mass in GeV

MDMT_H = 0.6000E-02 : d-quark mass at M_t"pole in GeV
MSMTH = 0.1150E+00 : s-quark mass at M_t"pole in GeV
MBMT_-H = 0.3000E+01 : b-quark mass at M_t"pole in GeV
MUMTH = 0.3000E-02 : u-quark mass at M_t"pole in GeV
MCMTH = 0.6200E+00 : c-quark mass at M_t"pole in GeV
MTPOLE_H = 0.1750E+03 : t-quark pole mass in GeV
GAMW.H = 0.2118E+01 : Gam W in GeV

GAMZ.H = 0.2495E+01 : Gam_Z in GeV

EEM_H = 0.3133E+00 : e = (4*pixalpha_em)”1/2

ASMTH = 0.1072E+00 : alpha s(M_t"pole)

CW_H = 0.8768E+00 : cosTheta W

TW_H = 0.5483E+00 : tanTheta W

MW_H = 0.7996E+02 : W boson mass MW = MZxCW

GW_H = 0.6517E+00 : SU(2) gauge coupling gw=e/s.W
GP_H = 0.3573E+00 : U(1)_.Y gauge coupling gp=e/c.W
V_H = 0.2454E+03 : V. = 2 MW / gw

GF_H = 0.1174E-04 : GF=sqrt(2)*gw"2/8 MW"2 in GeV"2
MIMT.H = 0.1674E+03 : t-quark mass at M_t"pole in GeV

TB_H = 0.5000E+01 : tan(beta)
CB_H = 0.1961E+00 : cos(beta)
SB_H = 0.9806E+00 : sin(beta)
MQ3_H = 0.5000E+03 : M_tildeQ_3 in GeV
MU3_H = 0.5000E+03 : M_tildeU.3 in GeV
MD3_H = 0.5000E+03 : M_tildeD_3 in GeV
ML3_H = 0.5000E+03 : M_tildeL_3 in GeV
ME3_H = 0.5000E+03 : M_tildeE_3 in GeV
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IMU_H| = 0.2000E+04:Mag. of MU parameter in GeV
[M1_H| = 0.5000E+02:Mag. of M1 parameter in GeV
IM2_H| = 0.1000E+03:Mag. of M2 parameter in GeV
IM3_H| = 0.1000E+04:Mag. of M3 parameter in GeV
|AT_H| = 0.1000E+04:Mag. of AT parameter in GeV
|AB_H| = 0.1000E+04:Mag. of AB parameter in GeV
|ATAU_H| = 0.1000E+04:Mag. of ATAU parameter in GeV
ARG(MU_H) = 0.0000E+00:Arg. of MU parameter in Degree
ARG(M1_H) = 0.0000E+00:Arg. of M1 parameter in Degree
ARG(M2_H) = 0.0000E+00:Arg. of M2 parameter in Degree
ARG(M3_H) = 0.9000E+02:Arg. of M3 parameter in Degree
ARG(AT_H) = 0.9000E+02:Arg. of AT parameter in Degree
ARG(AB_H) = 0.9000E+02:Arg. of AB parameter in Degree

ARG(ATAU_H)= 0.9000E+02:Arg. of ATAU parameter in Degree

. Masses and Mixing Matrix of Higgs bosons :
HMASS_H(I) and OMIX_H(A,I)
H1 Pole Mass 0.1188E+03 GeV
H2 Pole Mass 0.2703E+03 GeV
H3 Pole Mass 0.2981E+03 GeV
Charged Higgs Pole Mass = 0.3000E+03 GeV [SSPARA H(2)]
[H1] (H2] (H3]

[phi_1] / 0.2451E+00 -.3373E+00 -.9089E+00 \

O(IA,IH)=[phi_2] | 0.9694E+00 0.7532E-01 0.2335E+00 |
[ a] )\ -.1030E-01 -.9384E+00 0.3454E+00 /

Chargino Masses and Mixing Matrices :
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MC_H(I), UL_H(I,A), and UR_H(I,A)

MC1 = 0.9861E+02 GeV MC2 = 0.2003E+04 GeV

ULH =
/(0.9984E+00 0.0000E+00) (-.5603E-01 0.0000E+00) \
\ (0.5603E-01 0.0000E+00) (0.9984E+00 0.0000E+00) /

URH =
/(0.9999E+00 0.0000E+00) (-.1385E-01 0.5460E-09) \
\(0.1385E-01 0.0000E+00) (0.9999E+00 0.0000E+00) /

MN1 = 0.4960E+02 GeV MN2 = 0.9862E+02 GeV
MN3 = 0.2001E+04 GeV MN4 = 0.2003E+04 GeV
N_H(1,1) = (0.9996E+00 0.0000E+00)
N_H(1,2) = (-.1462E-01 0.0000E+00)
N_H(1,3) = (0.2218E-01 0.0000E+00)
N_H(1,4) = (-.4962E-02 0.0000E+00)
N_H(2,1) = (-.1553E-01 0.0000E+00)
N_H(2,2) = (-.9991E+00 0.0000E+00)
N_H(2,3) = (0.3931E-01 0.0000E+00)
N_H(2,4) = (-.9704E-02 0.0000E+00)
N_H(3,1) = (0.0000E+00 -.1186E-01)
N_H(3,2) = (0.0000E+00 0.2112E-01)
N_H(3,3) = (0.0000E+00 0.7066E+00)
N_H(3,4) = (0.0000E+00 0.7072E+00)
N_H(4,1) = (0.1867E-01 0.0000E+00)
N_H(4,2) = (-.3494E-01 0.0000E+00)
N_H(4,3) = (-.7062E+00 0.0000E+00)
N_H(4,4) = (0.7069E+00 0.0000E+00)

e IFLAG_H(5) = 1: The couplings of the lightest Higgs boson
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The Lightest Higgs H.1 Couplings : NHC_H(NC,1)
Hl e e [NC= 1]: GF=(0.2038E-05,0.0000E+00)
' [NC= 2]: GS=(0.1250E+01,0.0000E+00)
[NC= 3]: GP=(0.5148E-01,0.0000E+00)
H1 mu mu [NC= 4]: GF=(0.4340E-03,0.0000E+00)
[NC= 5]: G¢S=(0.1250E+01,0.0000E+00)
[NC= 6]: GP=(0.5148E-01,0.0000E+00)
Hi tau tau [NC= 7]: GF=(0.7242E-02,0.0000E+00)
[NC= 8]: GS=(0.1250E+01,0.0000E+00)
[NC= 9]: GP=(0.5148E-01,0.0000E+00)
Hi d d [NC=10]: GF=(0.2445E-04,0.0000E+00)
[NC=11]: GS=(0.1250E+01,0.0000E+00)
[NC=12]: GP=(0.5148E-01,0.0000E+00)
Hi s s [NC=13]: GF=(0.4687E-03,0.0000E+00)
[NC=14]: GS=(0.1250E+01,0.0000E+00)
[NC=15]: GP=(0.5148E-01,0.0000E+00)
Hl b b [NC=16]: GF=(0.1223E-01,0.0000E+00)
[NC=17]: GS=(0.1246E+01,0.0000E+00)
[NC=18] : GP=(-.1741E-01,0.0000E+00)
Hi u u [NC=19]: GF=(0.1223E-04,0.0000E+00)
[NC=20]: GS=(0.9886E+00,0.0000E+00)
[NC=21]: GP=(0.2059E-02,0.0000E+00)
Hi c ¢ [NC=22] : GF=(0.2527E-02,0.0000E+00)
[NC=23]: GS=(0.9886E+00,0.0000E+00)
[NC=24]: GP=(0.2059E-02,0.0000E+00)
Hi t t [NC=25]: GF=(0.6821E+00,0.0000E+00)
[NC=26]: GS=(0.9892E+00,0.0000E+00)
[NC=27]: GP=(0.4501E-02,0.0000E+00)
H1 N1 N1 [NC=28]: GF=(0.3258E+00,0.0000E+00)
[NC=29]: GS=(-.5767E-02,0.0000E+00)
[NC=30]: GP=(0.1317E-03,0.0000E+00)
H1 N2 N2 [NC=31]: GF=(0.3258E+00,0.0000E+00)
' [NC=32]: GS=(-.1886E-01,0.0000E+00)
[NC=33]: GP=(0.4125E-03,0.0000E+00)
H1 N3 N3 [NC=34] : GF=(0.3258E+00,0.0000E+00)
[NC=35]: GS=(0.1415E-01,0.0000E+00)
[NC=36]: GP=(0.1576E-03,0.0000E+00)
H1 N4 N4 [NC=37]: GF=(0.3258E+00,0.0000E+00)



[NC=38]: GS=(0.3878E-01,0.0000E+00)

H1
H1
H1
H1
H1
H1
H1
H1

[NC=39] : GP=(-.3866E-03,0.0000E+00)

N1 N2 [NC=40]: GF=(0.3258E+00,0.0000E+00)
[NC=41]: GS=(-.1043E-01,0.0000E+00)

[NC=42]: GP=(0.2331E-03,0.0000E+00)

N1 N3 [NC=43]: GF=(0.3258E+00,0.0000E+00)
[NC=44]: GS=(-.1602E-02,0.0000E+00)

[NC=45] : GP=(0.1443E+00,0.0000E+00)

N1 N4 [NC=46]: GF=(0.3258E+00,0.0000E+00)
[NC=47]: GS=(0.2413E+00,0.0000E+00)

[NC=48]: GP=(-.2402E-02,0.0000E+00)

N2 N3 [NC=49]: GF=(0.3258E+00,0.0000E+00)
[NC=50]: GS=(-.2820E-02,0.0000E+00)

[NC=51]: GP=(0.2540E+00,0.0000E+00)

N2 N4 [NC=52]: GF=(0.3258E+00,0.0000E+00)
[NC=53]: GS=(0.4247E+00,0.0000E+00)

[NC=54] : GP=(-.4228E-02,0.0000E+00)

N3 N4 [NC=55] : GF=(0.3258E+00,0.0000E+00)
[NC=56]: GS=(-.2470E-03,0.0000E+00)

[NC=57]: GP=(-.2789E-03,0.0000E+00)

Ci+ C1- [NC=58] : GF=(0.4608E+00,0.0000E+00)
[NC=59]: GS=(-.2714E-01,0.0000E+00)

[NC=60] : GP=(0.5936E-03,-.2135E-18)

Ci+ C2- [NC=61]: GF=(0.4608E+00,0.0000E+00)
[NC=62] : GS=(0.6058E+00,0.4035E-02)

, [NC=63]: GP=(-.6042E-02,~.3618E+00)
C2+ C1- [NC=64] : GF=(0.4608E+00,0.0000E+00)
[NC=65]: GS=(0.6058E+00,~.4035E-02)

[NC=66] : GP=(-.6042E-02,0.3618E+00)

C2+ C2- [NC=67]: GF=(0.4608E+00,0.0000E+00)
[NC=68]: GS=(0.5771E-01,0.0000E+00)

[NC=69] : GP=(-.2527E-03,0.7454E-19)

VvV [NC=70]: G =(0.9987E+00,0.0000E+00)
STix ST1 [NC=71]: G =(0.2184E+01,-.3755E-16)
STix ST2 [NC=72]: G =(0.2447E+00,-.1144E+00)
ST2* ST1 [NC=73]: G =(0.2447E+00,0.1144E+00)
ST2* ST2 [NC=74]: G =(-.3987E+01,-.4869E-17)
SB1* SB1 [NC=75]: G =(0.4330E+00,0.1506E-18)
SBi* SB2 [NC=76]: G =(0.2070E-01,0.8020E-02)
SB2* SB1 [NC=77]: G =(0.2070E-01,-.8020E-02)
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H1 SB2* SB2 [NC=78]: G =(-.5584E+00,0.1683E-18)
H1 STA1* STA1 [NC=79]: G =(0.2300E+00,-.1144E-17)
H1 STA1* STA2 [NC=80]: G =(0.1602E-02,0.6836E-02)
H1 STA2* STA1 [NC=81]: G =(0.1602E-02,~.6836E-02)
H1 STA2* STA2 [NC=82]: G =(-.3549E+00,-.1785E-17)
H1 SNU3* SNU3 [NC=83]: G =(0.1246E+00,0.0000E+00)
H1 glue glue [NC=84]: S =(0.5827E+00,0.3665E-01)

[NC=85]: P =(0.5195E-02,-.5135E-03)
H1 CH+ CH- [NC=86]: G =(-.4047E-01,0.0000E+00)
H1 CH+ W- [NC=87]: G =(-.5024E-01,0.1030E-01)
H1 photon photon [NC=88]: S =(-.6557E+01,0.2443E-01)

[NC=89]: P =(0.1385E-01,-.3423E-03)
Hi glue glue (M=0) [NC=90]: S =(0.1427E+01,0.1915E-17)

[NC=91]: P =(-.1291E-01,0.0000E+00)
H1 photon photon(M=0) [NC=92]: S =(-.4878E+01,0.5235E-17)

[NC=93]: P =(0.1728E-02,-.4811E-18)

Neutral Higgs Boson Decays with ISMN = 50 : ISUSYN = 50
DECAY MODE [ IM] WIDTH[GeV] BR[SM] BR[TOTAL]
H1 > e e [ 1]: 0.3070E-10 0.5766E-08 0.5760E-08
Hi ->mu mu [ 2]: 0.1393E-05 0.2616E~03 0.2613E-03
H1 -> tau tau[ 3]: 0.3873E-03 0.7274E-01 0.7266E-01
H1 > d d [ 4]: 0.1686E-07 0.3166E-05 0.3163E-05
H1 > s s [ 5]: 0.6193E-05 0.1163E-02 0.1162E-02
H1 > b b [ 6]: 0.4163E-02 0.7820E+00 0.7812E+00
H1 > u u [ 7]: 0.2632E-08 0.4944E-06 0.4939E-06
H1 -> ¢ c [ 8]: 0.1124E-03 0.2111E-01 0.2109E-01
H1 -> ¢t t [ 9]: 0.0000E+00 0.0000E+00 0.0000E+00
Ht -=>W W [ 10]: 0.4106E-03 0.7711E-01 0.7703E-01
H1 > Z Z [ 11]: 0.3303E-04 0.6203E-02 0.6197E-02
H1 ->H1 Z [ 12]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> H2 Z [ 13]: 0.0000E+00 0.0000E+00 0.0000E+00
Hi -> H1 H1 [ 14]: 0.0000E+00 0.0000E+00 0.0000E+00
Hit -> H1 H2 [ 15]: 0.0000E+00 0.0000E+00 0.0000E+00
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H1 -> H2 H2 [ 16]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> ph ph [ 17]: 0.9427E-05 0.1771E-02 0.1769E-02
H1 -> gl gl [ 18]: 0.2004E-03 0.3763E-01 0.3760E-01
"H1 TOTAL(SM) [ 50]: 0.5324E-02 0.1000E+01 0.9990E+00
H1 -> N1 N1 [ 51]: 0.5557E-05 0.1044E-02 0.1043E-02
H1 -> N1 N2 [ 52]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N1 N3 [ 53]: 0.0000E+00 0.0000E+00 0.0000E+00
Hi -> N1 N4 [ 54]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N2 N2 [ 55]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N2 N3 [ 56]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N2 N4 [ 57]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N3 N3 [ 58]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N3 N4 [ 59]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> N4 N4 [ 60]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> C1+ Ci1-[ 61]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> C1+ C2-[ 62]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> C2+ C1-[ 63]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> C2+ C2-[ 64]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> STix ST1[ 65]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> STix ST2[ 66]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> ST2x ST1[ 67]: 0.0000E+00 0.0000E+00 0.00Q0E+00
H1 -> ST2x ST2[ 68]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> SBix SB1[ 69]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> SBix SB2[ 70]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> SB2* SB1[ 71]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 -> SB2x SB2[ 72]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 ->STA1xSTA1[ 73]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 ->STA1*STA2[ 74]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 ->STA2xSTA1[ 75]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 ->STA2xSTA2[ 76]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 ->SNU3*SNU3[ 77]: 0.0000E+00 0.0000E+00 0.0000E+00
H1 TOTAL(SUSY) [100]: 0.5557E-05 0.1044E-02 0.1043E-02
H1 TOTAL [101]: 0.5330E-02 0.1001E+01 0.1000E+01

* Note : WIDTH=GAMBRN(IM,1,1), BR[SM] =GAMBRN(IM,2,1)
and BR[TOTAL] =GAMBRN(IM,3,1)
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Table 4: The couplings of the IH-th neutral Higgs boson to two particles specified with the
indez NC, NHC_H(NC,IH). For the definitions of the couplings to two fermions, gy, g°, and

g%, see Eq. (27) and Table 1.

NC Coupling | NC Coupling NC Coupling NC Coupling
1 g 26 gflmft 51 gﬁxnigig’gﬁrﬂigig 76 9 Hisbybe
2 Ghyere- |27 i 52 gy 7T Gpmisi:
3 gflme+e— 28 ggo 53 g}frmgggg’ glsuvrmgggg 78 9Hubb,
4 9 29 Ghuzaxg 84 Ghsswy Itmxsss | 7O Huit
5 gf}mﬂm— 30 ggmﬁ,gg 55 ggo 80  gHuA
6 gffm#‘*#’ 31 g 56 gzm)"cgig’gffmigig 81 gHurmn
T 9r 32 g}gzmgg,zg 57 g}?zm,-(g,-(ga gfllﬂgg,zg 82 GHuwww
8 gl%mﬂ— 33 gglﬂ)zg;(g 58 gz 83 9Hwsrin
S GHgr+r |34 gxo 89 Grctar 84  Stu(Mu)
10 gq 35 gﬁmigf(g 60 Gh vt 85 Pi(Mpyy,)
1 G | 36 Gines 61 gxs 86 ymn-
12 gflmd_d’ 37 gge 62 gflmfd";‘(; 87 gHIHH+W—
13 g, 38 gflngig 63 Giritis 88  STu(Mpy)
14 gl‘?lmgs 39 gffmgg;{g 64  gg+ 89  Pryy(Mpuy)
16 Gfss 40 ggo 65 gflmggil— 90  Sfy(0)
16 g, 41 gf{m.c[l,ig, gf’}migi? 66 g};mml_ 91  P&(0)
17 995 42 Gho Jimane | 67 9zt 92 S%(0)
18 gh 43 gy 68 9rxiv 93 P(0)
19 g. 4 Ghsosd Timn | 69 rmsits 94

20 95 .au 45 gieos0 Timaese | 70 gy 95

21 Gfmau |46 9w 7L Ghnid 96

22 g, 47 Gireoed Iimsaze | 12 Ity 97

23 gIS;VIHEc 48 gf}mggggagfzm,zgig 73 I Hwish 98

24 ity 49 gyo 4 9gii, 99

25 g 50 g7 a0 Iomsezs | 78 Grniet, 100
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Table 5: The trilinear (NC=1-13) and quartic (NC=14-35) Higgs—boson self-couplings,
SHC_H(NC). We note that SHC_H(10+IH)=NHC_H(86,IH) for IH=1-3.

NC Coupling | NC Coupling | NC Coupling | NC Coupling
1 [/ 11 gH1H+H_ 21 Grty by, 31 gH3H1H+H_
2 Gry b1y 12 9+ u- 22 ryb,m, 1, 32 9y by r+ -
3 Gusma 1, 13 - 23 Gusmy oy, | 33 J—
4 Iu, 1,1, 14 Iy HaH 24 IHoHy Y Hy 34 Iy m+m-
5 Iuymy 0, 15 Grynymgn, | 20 9u,H 1y, 35 G-t
6 Gumm 16 Gu,mymem, | 26 R

7 ey by, 17 Grgnsmpi, | 27 Irymymm | 37

8  Guym,m 18 Gnemmm, | 28 Juymymm, | 38

9 uy b, 1, 19 Iugmgmm, | 29 9oty a— 39

10 9y u 20 9y.mpm,m, | 30 . 40

Table 6: The charged Higgs-boson couplings to two particles specified with the index NC,
CHC_H(NC). For the definitions of the couplings to two fermions, gsp, g°, and g¥, see
Eq. (27) and Table 1.

NC Coupling | NC Coupling | NC Coupling | NC Coupling | NC Coupling
1 Guee 11 gFeaa 21 ggwggl_ 31 gyogt 41 glfﬁigi;
2 Ghipe- |12 gheaq 22 grogt 32 gfmgil_ 42 gfmg&_
3 9§+9€e— 13 ges 23 gf[+)2(1)>22— 33 ngg,—(l— 43 I+

4 g 14 g%z, 24 gfﬁﬁ,iz_ 34 ggog+ 4 ggii,

5 gIS-I+17,“u— 16 Girig, 25 ggog= 35 g}gﬁ,-cg,;; 45 IH+E5

6 911?{+,7“;L— 16 g 26 gfﬁig;{l— 36 g§+>~<g)~(2— 46 gpy+ist,

[ 17 gfm 27 gf}wgil— 37 gxox* AT go+opn

8  Gits.- |18 Gia 28  ggogx 38 Ghicee |48 gH+mn

9 911—Dl+1777-— 19 ggog= 29 9}3+,~<giz— 39 9§+;~<2,~(1~ 49 -

10 Gua 20 ghigog- |80 Ghigec— |40 grogs 50
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Table 7: The decay mode with the index IM of the neutral Higgs bosons Hyy used in
GAMBRN (IM, IWB,IH). When IWB=1, IM=ISMN+ISUSYN+1 is for the total decay width of the
neutral Higgs boson Hiy and IM=ISMN and IM=ISMN+ISUSYN for the subtotal decay widths
into SM particles (GAMSM) and into SUSY particles (GAMSUSY ), respectively. Note that the
current version of CPsuperH does not compute (loop—induced) absorptive phases, i.e., it
currently returns equal decay widths into CP—conjugate final states.

IM Decay Mode | IM Decay Mode IM Decay Mode

1 Hyy — e 11 Hy—-2ZZ2 | . ...

2 Hy — pp 12 Hy—-H<Z2 | .. ...

3 Hy— 77 13 Hy—-H,7 | .. ...

4 HIH —>d(i 14 HIH—>H1H1 ......

5 HIH — 8§ 15 HIH — HlHQ ......

6 Hpyy — bb 16 Hy— HHy | .. ...

7 Hiy — uu 17 Hy—-~v~wy (. ..

8 Hyy — cC 18 Hy—g9 | . ...

9 Hy—tt | .. .. O,

10 Hy —WW o e, ISMN GAMSM

IM Decay Mode M Decay Mode IM Decay Mode
ISMN+1  Hy — X0%% | ISMN+11  Hyy — X4 %7 ISMN+21 Hy — b3by
ISMN+2 Hy — X0X5 | ISMN+12 Hpy — %1 X5 ISMN+22 Hyy — biby
ISMN+3  Hpy — Xoxo | ISMN+13  Hyy — X9XT ISMN+23 Hy — 717
ISMN+4  Hpyy — X3X% | ISMN+14  Hpyy — X5%, ISMN+24 Hiy — 717
ISMN+5  Hmy — X9x5 | ISMN+15  Hyy — £t ISMN+25 Hy — 77
ISMN+6  Hpy — Yoxo | ISMN+16 Hy — £ty ISMN+26 Hpy — &%
ISMN+7  Hm — X9Xo | ISMN+17  Hyy — B3ty ISMN+27 Hyy — 70,
ISMN+8 Hpy — Xoxs | ISMN+18 Hpy — &3ty e
ISMN+9  Hpy — X3%0 | ISMN+19  Hpy — biby ISMN+ISUSYN  GAMSUSY
ISMN+10 Hix — X3%% | ISMN+20 Hpy — bib, | ISMN+ISUSYN+1 GAMSM+GAMSUSY
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Table 8: The decay mode with the index IM of the charged Higgs boson used in
GAMBRC(IM,IWB). When IWB=1, IM=ISMC+ISUSYC+1 is for the total decay width of the
charged Higgs boson and IM=ISMC and IM=ISMC+ISUSYC for the subtotal decay widths into
SM particles (GAMSM) and into SUSY particles (GAMSUSY ), respectively.

IM Decay Mode M Decay Mode M Decay Mode
1 HY>eév .. e ISMC+9 H* — b
2 H*— v ISMC  GAMSM ISMC+10 Ht - b
3 Ht =7y ISMC+1 H* — X%%; ISMC+11 H* — b
4 H*—>ud ISMC+2 H* — x9x7 ISMC+12 H* — $,b}
5 Ht—cs ISMC+3 HT — 3%7 ISMC+13 H* — 0.7}
6 H*—tb ISMC+4 H* — X% ISMC+14 H* — 0,75
7 HY— HWT* ISMC+5 HT — 0%% o
8 H™— HW+ IsMCc+6 H*t — X9%4 e
...... ISMC+7  H*t — X3%+ ISMC+ISUSYC  GAMSUSY
...... ISMC+8 H* — X%+ | ISMC+ISUSYC+1 GAMSM+GAMSUSY
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Figure 1: The branching ratios and total decay widths of the MSSM Higgs bosons, taking into
account only the decays into SM particles. All the CP phases are set to zero and tan 8 = 1.5
is taken. For the comparison with HDECAY, the threshold corrections are not included and
we assume the ‘mazimal mizing’ scenario: |Asp.| = V6Msusy with the common SUSY
scale Msygy = Ms, = My, = Mp, = Mz, = Mp, =1 TeV and |u| = 100 GeV. The results
are consistent with those from the code HDECAY.
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Figure 2: The branching ratios and total decay widths of the MSSM Higgs bosons, taking into
account only the decays into SM particles. All the CP phases are set to zero and tan 3 = 4 is
taken. We assume the CPX scenario: |Ms| =1 TeV, |u| = 4Msusy and |Asp | = 2Mgsusy
with the common SUSY scale Msysy = Mgy, = Mg, = Mp, = My, =
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Figure 3: The same as in Fig. 2, but with non—trivial CP phases: @y, = @4, = Py, =
®; = 90°.
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Figure 4: The dependence of the branching ratios of Higgs bosons into superparticles on the
phase ¢, for tanB =5, ME3° = 0.3 TeV, Mg, = My, = Mp, = My, = Mg, = 0.5 TeV,
|| = 250 GeV, |My| =50 GeV, |My| = 150 GeV, |Ms| = 0.5 TeV, | Ay = | 4| = |A-] = 1.2
TeV, @y = &3 = 0, and ®4, = B4, = P4, = —D,. The left frame shows results for Hy
for several choices of ®1; in this case the only contributing final state is X2%%. The right
frame shows results for the heavier Higgs bosons, where the solid (dotted) lines are for
®, = 0 (180°); in this case heavier neutralinos and charginos contribute, but no sfermions.
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