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1. Introduction

If a charged Higgs boson is discovered at LHC, which we beliery much, or at a possible
future International Linear Collider (ILC) or at CLIC, it wid be ultimately a signal for Physics
beyond the Standard Model (SM). The next question would bewRhysics beyond the SM is
it — almost all extensions of the SM enlarge the Higgs sectdh® SM and inevitably predict
the existence of a charged Higgs. The effects of CP violdiapossible tool to disentangle the
different charged Higgs bosons. Nearly all extensions @f3M contain additional sources of CP
violation.

In this note we study CP violation in the Minimal SupersymmeeStandard Model (MSSM)
with complex couplings. We consider the processell 6fdecays into ordinary particles — these
are the decays

H* — tb, H* —vr and H* W', (1.1)

whereh? is the lightest neutral Higgs boson.
The CP violating asymmetries that we consider are the dextayasymmetries

FHT— f)—=FH™ — f)

5CP:
" T(HY = ) +T(H- — )

(1.2)

where f stands fortb, vt andW I, respectively. At tree level the partial decay rates aregw
equal and there is no CP vioIatiorSSP is a loop induced effect, in our case these are loops with
SUSY particles. However, a CP violating phase and loop ctiaies are not enough — fd’x?" #0
the loop integrals must have absorptive parts,difé‘? is a threshold effect — for a non-zero value
of 6?'3 at least one decay channelléf into SUSY particles should be open.

In the SM the only source of CP violation is the CKM CP phasethlnMSSM, in addition
to it, new phases appear — these are the phase of the higgsis® parameten = |u|€%, the
phases of the gaugino masdds= |M;|€%, i = 1,2,3 and the phases of the trilinear couplings
A; = |A¢|€?. Of these the phasg, is strongly constrained by measurements of the neutron and
eletron EDM: g, < 10-2. The phases of the trilinear couplings always occur ag\s m¢, with
m; the corresponding fermion mass. They are practically amigartant for the fermions of the
3-rd generation only. Thus, the phases most relevant totody gre@, @ and g, — the phases of
A, Ap andA;. We also allow for a non-zero phage of M1, imposing the GUT relation only for
the absolute valuesi;| = 2tanBy |[M,|, because the phase M can be rotated away and is not
physical.

In refs. [1]-[4] these decay rate asymmetries were studiéete we give a short review of
these papers.

2. H* — tb decay
The matrix elements fad* — thecays, including loop corrections, can be written as

My = U(p) [V PR+ YR V(—pp),
M- = U(po) [Yp PR+Y AL V(—pp), (2.1)
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tanf Mgo Mgo Mo Mgo | M Mer | Ny N, | My My, | My My | My
5 142 300 706 706 300 709| 166 522| 327 377| 344 362| 344
30 || 141 296 705 709 296 711|172 519| 183 464| 295 402| 344

Table 1. Sparticles masses (in GeV) for the given parameter togethierg,, = @, = 11/2 andg, = 0.

wherePr | = (1+ 5)/2 and the form factors are
Y=y YT, 8T =oMEoY,  i=tb, (2.2)

y; are the tree level Yukawa couplings. The loop induced fortr:trJi:.'x;cSYii have CP-invariant and
CP violating contributions. The CP violating contributodY,“" distinguish the form factors of
H* andH~. Both 6Yi"“’ and 8YCP have real and imaginary (absorptive) parts. In the decay rat
asymmetries always the absorptive parts contribute. Tdrisbe easily understood following the
simple explanation: for having CP violation we need a CP phtse other phase that we need in
order to have a real decay width could come only from abs@piarts of the loop integrals. For
the decay rate asymmetq‘{;': we obtain [1]

5P — 2(miy. — ¥ — ) (1 #edYCF + yp 7Yy ") — Ammy (v ZedYy ¥ + Yo Ze3Y)
° (ME+ — ME = ME) (¥F -+ Yp) — 4Mimb YiY

At one loop there are two types of SUSY corrections: inktigb-vertex and self-energy correc-
tions on theH*-line. They were calculated in [1] and analytic expressimmshe results are given
therein. The performed numerical analysis [1, 2] showetittgacontributions from the self-energy
loop with tb give the main contribution tq%P, also thegtb-vertex corrections can give a relevant
contribution, the contributions witf*, ¥° andf are totally negligible. The relative importance of
the different diagrams is shown on Fig.1a). This sugges;tsq%rD will be sensitive to the phases
of A, and A, only. As the contribution of is enhanced by the large mass of thguark mass,
m, = 178 GeV, the dependence 8y should be much weaker. Our numerical analysis showed that
there is no sensitivity to the phase/Af.

We have studied the dependenceSt%F onmy+ and the phaseg and g, for different values
of tanf. In order not to vary too many parameters, we W = 300 Ge\|M3z = 745 Ge\|M;; =
Mg = Mp = Mg = M. = 350 GeV/u = —700 GeV/|A| = |Ap| = [A| = 700 GeV. The relevant
sparticle masses for this choices are given explicitly inld4d.,

Fig 1b) showsét‘f)P as a function ofmy+ for different values of ta§. Formy+ < my+ mg,
3P is very small,?(10-3) or smaller. However, once thé* — tb channel is opend©” can go
up to roughly 20%. All four thresholds ¢f ™ — fib are clearly visible in the figure.

The considered decay modt™ — tb will be traced by the decay products of theuark.
Because of its large mass, theuark will decay keeping its momentum and polarization. In
ref. [2] the CP violating angular and energy asymmetriefief-decay products are considered as
well.

. (2.3)

3. H* — v1* decay

In the previous section we showed that large phase @an lead to a large CP-violating
asymmetryds” in HE — th, up to of 15—20% fomy: > my+mg. In this section we consider the
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Figure 1: a) the different contributions t6<, tanB =5, and b)d%F as a function ofny+, tanB = 5, 10
and 30. For both figuregy, = 11/2, @r, =@u =@ =0

lepton decay channels of the charged Higgs bogdris» 17v; andH~ — 1~ v; and calculate the
CP-violating asymmetrgSF at the one-loop level.

The decayH* — Tv may be important for relatively low massestbt when the decaid * —
tb is not allowed kinematically. This implies that, as it is alyg the absorptive parts of the loop
integrals that contribute, the loops witrand b will not contribute todSF in this region. Thus,
the only relevant phase from the trilinear couplings willthe phasep;. As we also allow for the
gaugino mass parametel; to be complex, a non-zero value & would imply non-zero phases
@; and/orq,.

The theoretical consideration is quite similar to the delddy— tb, but asm, = 0 there is
only one form factor in the matrix element:

Y =y Y, Y = oY £ 8P (3.1)

wherey; is the tree level coupling. Both the CP-invariant and thevi@ifating contributions have
real and imaginary parts a§¥ is expressed in terms of the imaginary part in the simple form

5CP 22edYLP 27edYEP
VT Vv + zgeayrinv - Vr :

(3.2)

The loops that will contribute are: self-energy loops with and ¥ * ¥°, and vertex graphs with
T0X° X+ x°V and ¥~ %°f. The explicit expressions fa¥Y<P from the different loop diagrams,
together with the masses and couplings of staus and snesjtere given in [3].

For the numerical analysis we M, = 200 GeV, u =300 GeV, Mgz = M; —5 GeV, |A;]| =
400 GeV

tang | M | my | mg, 6z
5 138 | 123 | 150 | 56°
10 | 147 | 132 | 166 | 50°
30 | 180|168 | 221 | 47

Table 2: Parameters and slepton masses in [GeV] used in the anay$igH, mz, = 135 GeV.

Fig. 2 showsdS® as a function ofmy: for the two cases:g = /2, @ = 0 and ¢ = 0,
@ = m/2 and tarB =5, 10, and 30. The corresponding values g, mz, and 6; are listed in
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Table2. In our analysi$dS”| goes up to~ 3.5 x 1072 and it is interesting to note that maximal
@ and maximalg, lead to very similar values a5 but with opposite signs. However, if both
phases are maximal, i.@; ~ @ ~ 711/2 or 3r1/2, they compensate each other aljff practically
vanishes.

br =1/2

200 300 400 500 600
mi+ [GeV]

Figure2: 65 as a function ofp; for my= = 350 GeV and tafi = 5. The full, dashed, and dotted lines are

for ¢ =0, /4, andr/2, respectively.

4. H* — W=*hO decay

In this section we consider the decay rate asymm&ffy of H* — W*h° decay. Though
the final stateh is not observed yetnp is not an unknown parameter — oneg: and targ are
fixed, the SUSY structure of the theory determines uniqueth tn, and the branching ratio (BR).
Previously this asymmetry was considered in the two-Higgsotet model [5].

Respecting the experimental lower bound from LEP and tharétieal upper bound, including
radiative corrections, we considey, in the range 96< myp < 130 GeV. In order to keep the value
of BRH™ HW+hO) at the level of a few percent, we consider law+, 200 < my+ < 600 GeV
and low targ3, 3 < tanf < 9 (tanf < 3 being excluded from the Higgs searches at LEP).

The matrix elements dfi ¥ — W*hC is expressed in terms of one form factor only:

My: =iged (pw)pIYE, Y& =y+8Y%, oY+ =5Y™ £ 5YCP (4.1)
wherey = coga — f3) is the tree level coupling. Fcaﬁlfp we obtain [4]:

cP 272e(5Y°P)
Aip = y
As in the previous section, we assume that the squarks, gesiegl by most SUSY models, are
heavier and thus will not contribute in the considered ravfgey- .
In accordance with this, there are two types of diagramsafiatontribute: withv, T and with
x* andx® in the loops. The explicit expressions were obtained in T4jis implies the sensitivity
of d,?,’; to the phaseg, and¢,. The numerical analysis was performed for

(4.2)

M, = 250 GeV, Mg = M_ — 5 GeV,M_ = 120 GeV, |A;| = 500 Ge\/ |u| = 150 GeV. (4.3)
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and the GUT relation for the absolute valuesvbfandM, was assumed.

The numerical analysis showed that the valuesXg, are typically about 10?1073, the
main contributions being frori and T for my+ < 300 GeV, and fronk* and x° for my+ > 300
GeV. The dependence on different values offamas examined [4].

5. Summary

Discussing CP violation in the decay widths, we must keepimdrthe branching ratios of the
relevant decay modes. The BRWf — v1™ is dominant below theb threshold. This determines
the sensitivity oS to the phase®; andg of A; andMy, respectively. The decay rate asymmetry
remains always below 0.5%.

If my- is large enough and thé-threshold is oper* — tb will dominate and3%” will be
important. Due to the large top Yukawa coupling and the faat(BI%P goes down for large tgb,,
for all values of tai8 it is most sensitive to the phase Af. For largemy+ and a relatively light
gluino, mg ~ 400 GeV, and light stops and sbottomg,= 166 GeV andn; = 327 Ge\/,dt‘f)'” can
go up to~ 20%.

The decay rate asymmet@%,fp can be of the order of few percents if batiy+ and targ are
small and will be sensitive tg; and¢,. The BR ofHt — W*h can go up to 10%.

In principle, these asymmetries could be directly measated ILC or at CLIC if,/s > 2my-.
But after doing a more detailed estimation, in all three sas@igher luminosity would be necessary
to observe CP violation in these decays.

For LHC one must take into account CP violation in the proidmcbf H* as well, see the
contribution [6] within these proceedings.
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