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1. Preface

Recently we studied effects of CP violation (CPV) in the gsoaf the charged Higgs boson
into ordinary particlesH* — th, H* — vr* andH* — W*h° in the MSSM [1, 2, 3, 4]. Loop
corrections induced by a Lagrangian with complex coupliagagmeters lead to non zero decay rate
asymmetries between the partial decay widthi bfandH ~. We found that in théd* — tb decay
such effects can be rather large and the asymmetry can go 42536 [1]. This motivated our
interest in studying CPV in the productionléf" at the LHC [5, 6], where the dominant production
process is associated with a top quark productipp:— H*t + X. As we are interested in mass
rangemy: > 400 GeV, at parton level we only consider bottom-gluon faskmy — H*t. The latter
process contains the sarhig'tb vertex and corresponding loop diagrams as the détay- tb,
and one would expect that the CPV effects might be of the saagnitude. Moreover, in the
production process there are box graphs, that are of the safeeand must be taken into account
as well, as additional source of CPV.

After the charged Higgs is produced in proton-proton cialfis, it will be identified through
some of its decay modes. We study CPV in the combined prodelds @roduction and decay,
consideringH* decays intdb, v+ andW*h°.

2. The subprocessbg — tH*

We have the following processes, connected by charge caiijungy

br (Po) + 9 (Pg) — ts(pt) +H(PH-), (2.1)

br (Pp) + 95 (Pg) — ts(pr) +H (pu+ ), (2.2)

wherer,sanda are colour indices,,s=1,2,3;a =1,...,8.

Figure1: The tree level graphs of theg — tH~ process.

The tree-level process (2.1) contains two graphs (Fig. lijh tottom-quark exchanges(
channel), and top-quark exchangelhannel). The Mandelstam variables ase: (pp + pg)z, t=

(Pt — Pg)? = (Po— Pu- )%

3. TheLHC process. pp— tH* +X

We consider charged Higgs boson production in proton-protdlisions:

P(Pa) + P(Ps) — t(p) + H* (pn+) + X. (3.1)
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The Mandelstam variable i§= (Pa+ Pg)? (for LHC v/S= 14 TeV) and we setp, = X,Pa = %P5
and pg = XgPs = X5Pa, wherex; (%) is the momentum fraction of the hadr&yA) carried by the
partoni. Neglecting the proton mass compared/8, we gets™= xyX;S= %%,S

We define the CPV asymmetry in the" production as the difference between the total number
of producedH ™ andH ~ in proton-proton collisions:

ACP _ og(pp—tH")—o(pp—tH™)
CP —

o(pp—tH*)+o(pp—tH")’ (3:2)

where the total cross sections in (3.2) are given by:

1 1
Giza(pp—ﬂ[_H*,tH*):Z/o fb(xb)/o f4(%) 5% (X%g9) B (XpXgS— So)dxdxg.  (3.3)

Hereg* are the parton level cross sections fof production in bottom-gluon fusiorg = (m +
my- )2 fixes the kinematically allowed energy ranggand fq are the parton distribution functions
(PDF’s) of the bottom and the gluon in the protdpx,) = f;(X;), and the factor 2 counts the two
possibilities:b (g) comes from the protoA (B) andvice versa

The CPV asymmetry (3.2) is caused by loop corrections withgdex coupling parameters.
There are three types of MSSM loop corrections to mtandt-channels that contribute kSP:
corrections to thed “tb-vertex, selfenergy loops on tié+-line and box diagrams [7]. The total
one-loop cross sections of the processes (3.1) have CRanvand CP violating partso® =
o™ + gCP, and for the asymmetry, up to terms lineawiganday,, we obtain [7]:

oCP

CP __
Ap" = gtree” (3-4)

4. H* production and decay at the LHC

We define the CPV asymmetry in charged Higgs boson produitigmp — tH*, with a sub-
sequent decad* — f, asumming CPV in both production and decay, as:

o(pp—tH" —tf)—ag(pp—tH™ —tf)

ACP: s bl
f o(pp—tH+* —tf)+o(pp—tH- —tf)’

(4.1)

wheref stands for the chosen decay modex= th; v andwho.

In narrow width approximation, the asymmetry (4.1) is arehlgic sum of the CPV asym-
metry ASP in the production, and the CPV asymme#g"; in the decayf of the charged Higgs
bosont: '

AFT = AS"+ AST (4.2)

)

5. Numerical analysis

We present numerical results for the charged Higgs rate metriesAS®, AG”, andASP in the
MSSM. All formulas used in the numerical code are calculatealytically and can be found in [7],

lin[1, 2, 3, 4] and [8] the asymmetA&P is denoted wit3CP.
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except for the box contributions, which are rather lengtRurthermore, all individual one-loop
contributions are checked numerically using the packagg®Arts and FormCalc [9]. We also
use LoopTools, see again [9], and FF [10]. In the numericaédbe Yukawa couplings of the third
generation quarksy, hy) are taken to be running [1], at the sc@le= my+ + m. For the evaluation
of f, and fg we use CTEQGL [11], with LO PDF’s and NL@s, at the same scal@. We assume
GUT relation betweerM; and M, so that the phase dfl; = 0. Our numerical study showed
that the contribution of the loop diagrams with charginoutradino, stau and sneutrino in the
considered CPV asymmetries are negligible and we showibatitms from diagrams witfb and

g only. If not specified otherwise, we fix the following MSSM paretersM, = 300 GeV, M3 =
727 GeV. Mg = Mg =Mp =350 GeV, p = —700 GeV, |A| = |Ay| =700 GeVitanf =5, g =
/2, gn, = @, = 0. The relevant masses of the sparticles for this choice @inpeters, taff = 5
or 30 are shown in Table 1 of [8]. Our numerical results arggieaments with those in [5], but we
disagree analytically and numerically with the resultsegiin [6].

5.1 Production only

As expected [1], the CPV asymmetry in the production due ¢ leorrections wittib andg’
is of the same order of magnitude as in the case of the ddéay- tb, and can go up te- 20%.
Moreover, the contributions of the box graphs that do noetmvanalog in the decay is significant
and can be dominant for relatively smafl;-. The contributions of the vertex, selfenergy and
box graphs withb anddto the asymmetr gp at hadron level as functions ofy+ are shown on
Fig. 2a. The large effect seen on the figure is mainly due tptizse ofA; and the asymmetry
reaches its maximum for a maximal phage= 11/2. The phase oh, doesn’t have a big influence
on the asymmetry and therefore we usually set it to zero.

The asymmetnyASP reaches its maximum value at f@n= 5 and falls down quickly with
increasing tag. This dependence fon,+ = 550 GeV is shown on Fig. 2b.
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Figure 2: The various contributions to the asymme,etg)D at hadron level for the chosen set of parameters:
a) as a function ofmy+; b) as a function of tafi, mg = 450 GeV,my+ = 550 GeV. The red dotted line
corresponds to box graphs with gluino, the solid blue onénéoviertex graph with gluino, and the green

dashed one to th&* — H* selfenergy graph witfb loop.

5.2 Production and subsequent decay

First we want to add a few remarks on the branching ratios @R)e relevant decays. For
small my+, below thetb threshold, the dominant decay modeHs — tb, with BR ~ 1, while
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the BR ofH* — v1* is in the order of a few percent, decreasing with increasing. When the
H* — tb channels are kinematically allowed, they start to dominatel the BR oH* — v1* to
a good approximation becomes zero. However, the BRf— th remains stable of the order of
15-20%, see Fig. 3. The BR &f* — W*h° reaches a few percent for small {&uin a relatively
narrow range o+ [3]. In the considered range of parameters this decay ismeigh suppressed
and we do not investigate it numerically.

In Fig. 4a we show the total production and decay asymm&tRyat hadron level, forf = tb
and f = vr*. Though forH* — vt it can go up to~ 20% formy+ ~ 650 GeV, the BR of this
decay in this range dfi ™ masses is too small and observation at LHC is impossible.
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Figure 3: The tree-level branching ratios bif* for the chosen set of parameters, as a functiomf.
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Figure 4: The total asymmetrACP at hadron level for the chosen set of parameters: a) as adorwit
my+. The blue line corresponds to the case whendecays tdb, and the green one t8* decay tov; T*;
b) as a function ofA|, for three values ofny+ (in GeV).

On the other hand, as the CPV asymmetries in the productidrthendecay are additive, one
can suppose that the total asymmetry will be large. Moreanehe case oH* — tb decay alone
it is large [1, 8], with leading contribution coming from th&* — W= selfenergy graph witfib
loop. In [7] we show analytically that the* — W™ selfenergy contribution to the asymmetkgi)P
of the decay part cancels exactly e — H* selfenergy contribution of the production part. Our
numerical study showed that the contributions of the vegiaphs from the production and from
the decay also partially cancel with the box diagrams coution. However, as the box graphs do
not have a real analogue in the decay, their contributioranesrieading in our studied case.

On Fig. 4b the dependence;’@sﬁ)P on the absolute value & is shown for three differeny-.
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6. Summary

We have calculated the CPV asymmetdéS, andASP, with f = tb; v+ andw=hO, between
the total cross sections bf™ andH ~ production in proton-proton collisions, proceeding atqar
level throughbg fusion. We have performed a detailed numerical analysisjing the different
parameters and phases of the MSSM. The asymméfrycan go up to~ 20% atmy+ ~ 600 GeV,
tanB = 5 and a maximal phase é§. This effect is due to CPV vertex, selfenergy and box con-
tributions withf, b andd. The total asymmetry in the combined process of productiosh a
subsequent decay is approximately the sumﬁﬁ’fandA%f’f, wheref is the relevant decay. Despite
the dominant CPV contribution from the decay cancels withrélevant part of the production,
most promising remains tté channel. The effect in this case is mainly due to box diagraitis
gluino and the asymmet’ can go up~ 13% [7].
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