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CP violation in H~¢ production at the LHC
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We study the effects of CP violation in the associated production of a charged Higgs boson and a top
quark at the LHC, pp — tH* + X. We calculate the CP violating asymmetry between the total cross
section for H* and H~ production at next-to-leading order in the minimal supersymmetric standard
model (MSSM), and perform a detailed numerical analysis. In the production, the asymmetry is of the
order of 20%. The asymmetry in the production and any subsequent decay of an on shell charged Higgs
boson is to a good approximation the sum of the asymmetry in the production and the asymmetry in the
decay. We consider subsequent decays of H* to th, v.7* and Wh°. In the case with H* — tb decay,
mainly due to CP violating box graphs with gluino, the asymmetry can go up to ~12%.
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I. INTRODUCTION

If a charged H= boson is discovered at LHC or at any
future collider, it would be a clear signal for physics
beyond the standard model (SM). The next question would
be which physics beyond the SM it is—almost all exten-
sions of the SM contain a larger Higgs sector and inevita-
bly predict the existence of a charged Higgs boson. CP
violation (CPV) is a possible tool to disentangle the differ-
ent charged Higgs bosons. The phenomena of CPV is
important also because it is believed that this is the key
to our understanding the observed abundance of matter
over antimatter. Most extensions of the SM contain pos-
sible new sources of CPV through additional CPV phases.

In this note we study CPV in the minimal supersymmet-
ric standard model (MSSM) with complex couplings,
being one of the most promising candidates for an exten-
sion of the SM. In MSSM the additional sources of CPV are
the phases of the Higgsino mass parameter u = |u|e’®» in
the superpotential, of the gaugino mass parameters M; =
|M;|ei, i =1, 2, 3 and of the trilinear couplings Ap=
|A¢le'®s (corresponding to a fermion f) [1], respectively.
(Usually M, is made real by redefining the fields.) From
the point of view of baryogenesis, one might hope that
these phases are large [2]. Although the experimental
upper bounds on the electron and neutron electric dipole
moments [3] constrain the phase of u, ¢, < 0(1072) [4],
for a typical supersymmetry mass scale of the order of a
few hundred GeV, the phases of the other parameters
mentioned above are practically unconstrained. The CPV
effects that might arise from the trilinear couplings of the
first generation A, ;. are relatively small as they are pro-
portional to m,, ;.. The same argument holds for the second
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generation. Nevertheless, the trilinear couplings of the
third generation A, , can lead to significant CPV effects
[5,6], especially in top quark physics [7].

Recently we studied the effects of CPV in the three
possible decay modes of the MSSM’s charged Higgs boson
into ordinary particles [8-12] H* — tb, H* — v7~, and
H* — W*h°, where hY is the lightest neutral Higgs boson.
Loop corrections induced by the MSSM Lagrangian with
complex couplings lead to nonzero decay rate asymmetries
between the partial decay widths of H* and H~, which is a
clear signal of CPV.

Studying the effects of CPV in the decay H=~ — tb, we
found that these effects can be rather large and reach up to
25% [8]. This is mainly due to the contribution of the loop
diagrams with stops and sbottoms, whose couplings are
enhanced by the large top quark mass. This motivated our
interest in studying CPV also in the production of H* at
LHC (considered previously in [13,14]), where the domi-
nant production process is the associated production pp —
H~t + X, which proceeds at parton level through the
reaction bg — H~t [15]. This process contains the same
H™tb vertex and corresponding loop diagrams as the decay
H~ — tb, and one would expect that the CPV effects might
be of the same magnitude. In addition, in the production
process there are box graphs that are of the same order.
These contain additional sources of CPV and must also be
taken into account.

We assume that the charged Higgs is produced on mass
shell and we consider the production and decay processes
separately. In this paper we first study CPV in H* produc-
tion at the LHC, pp — H*t + X, through bottom-gluon
fusion in the framework of the MSSM, with running top
and bottom Yukawa couplings. Then we study the CPV
asymmetry in the combined process of H* production and
decay into tb and v7*, with CPV in both production and
decay. We present a detailed numerical study for the CPV
asymmetry induced by vertex, self-energy, and box correc-
tions in the MSSM.
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The paper is organized as follows. In the next section we
study the subprocess bg — H*t including vertex and self-
energy loop corrections and obtain analytical expressions
for the cross section and the CP asymmetry at parton level.
In Sec. Il we add the parton distribution functions (PDF’s)
and obtain the CPV asymmetry of the pp — H*t + X
production process. In Sec. IV we obtain the asymmetry
in the case of charged Higgs boson production and sub-
sequent decay. Section V contains the numerical analysis
in the MSSM. We end up with a Conclusion and three
Appendices, which contain some detailed formulas needed
in the analysis.

II. THE SUBPROCESS bg — tH~

We study the following processes connected by charge
conjugation

b.(py) + &5 (pg) = t(p) + H (py-), (1)
b (py) + 8% (py) = 1(pp) + H  (py+), 2)
where r, s, and « are color indices, r, s =1, 2, 3; a =
1, ..., 8. In the kinematics of the processes we neglect the

bottom mass m,, working in the approximation mj/m? =
m3/m3, = 0. However, we keep m, nonzero in the Yukawa
couplings, where it is multiplied by tang or cotpS.

The tree-level process (1) contains two graphs—with
exchange of a bottom quark (s channel) and with exchange
of a top quark (¢ channel); see Fig. 1. The Mandelstam
variables are

i=(p, = p)*=(py— pu )
(3)

At tree level there is no difference between the cross
sections of the considered processes (1) and (2). An asym-
metry due to CP nonconservation appears at the one-loop
level. There are three types of MSSM loop corrections to
both s and ¢ channels that lead to CPV—corrections to the
H>1tb vertex, self-energy corrections on the H* line, and
box-type corrections; see Fig. 2. The first two types, vertex
and self-energy corrections, are analogous to those in the
decay H* — tb. The CPV effects in this decay were
studied in [8]. Our analysis in [8] showed that the main
contribution to the CPV asymmetry is due to the vertex
diagram with a gluino and the H* — W= self-energy graph
with a 7b loop. These contributions are enhanced by the
large top quark mass and the color factor of 3. The con-

§= (pb + pg)z’

FIG. 1.

The tree-level graphs of the bg — tH™ process.
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tribution of the rest of the graphs with supersymmetric
particles is negligible. We will present analytical expres-
sions for the vertex correction with 75 g and self-energy
correction with 75 in the loops in the production process.
The expressions for the box-diagram contributions are
rather lengthy and we do not present them analytically,
but in the numerical section they are taken into account.

A. s-channel amplitude

The matrix element of the graph with bottom exchange
on Fig. 1 (the s channel), including the vertex correction
with a gluino in the H™ tb vertex and the H~ — W~ self-
energy graph with a 7b loop (see Fig. 2) reads’

M =i (p)i + STPL + (v, + 87})Pr]

X (fy + Pg) + SUfwRPL + (Fi7 — Fro)Prl}
X Tgr?’#”r(]’b)fﬁ(l’g), (4)

where y, and y, are the (real) tree-level couplings and the
other terms are induced by the loop corrections. The prin-
cipal difference between the bg — tH* production and the
H* — tb decay, considered previously in [8], is in the
vertex corrections. In the production process one of the
quarks in the H*tb vertex is always off shell—this is the b
quark in the s channel and the ¢ quark in the ¢ channel. In
the H* — tb decay all particles are on mass shell. This
leads to a different structure of the matrix elements. The
one-loop form factors of the decay repeat the structure of
the tree-level couplings, whereas in the production there
are new terms in addition—these terms appear in the
second line of Eq. (4) for the s channel and the third line
of Eq. (12) for the ¢ channel.

For the one-loop form factors in (4) we obtain
o 5.0 sl L %
oY = mg ;eL + mt(fZL + fio)
55 _ 0 1
8Y) = mgfig + mifip

(&)

s, 1 2a

LR — 3—7;fLRCf’ Jir = ,R;Lng*nei%(den’ (6)

fRL = R%leL;Tzeii(bg(den)
(7)

. 2c
S, 1 sf CS
=5 JrLC
RL 3 !

2«
S,0 Sf Cs
T A _JLL%
LL 3 1’

fLL = REngi(G4)an (8)

: a0
e = — frRrRCS
rRrRC
RR 34 v

fRR = RmeR?;;(G4)mn’ (9)

3
S i gy op), (10)
87 my,

fLL:

'In this section details are given on the H~ production only.
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FIG. 2. The main sources of CP violation in bg — H™t production.

where a,, = g?/(4) and the arguments of the Passarino-
Veltman (PV) integrals are

= C;(m?, m2,., 5, m% m2 mi)

H+’ fd i=0y 1y2
ji=01

1D

- 2
B = B; (mH+’ mb’ msz )
The full expressions for the mixing matrices, the couplings,

as well as the definitions of the PV integrals are given in the
Appendices A, B, and C, respectively.

B. ¢t-channel amplitude
The matrix element of the graph with a top exchange (¢
channel) in Fig. 1, including the vertex correction with a
gluino in the H™ tb vertex and the H~ — W™ self-energy
graph with a 75 loop (Fig. 2), reads

it (P)ER(P)YHTEA(P, —

I

M= lt Es I‘g + mt)
X [(y, + 8YDPL + (v, + 8YV})Prl + (F — m?)
X[(f4) + FL)PL + farPrlu.(py), (12)

where the one-loop form factors are analogous to those of
the s channel

5Y’ = mngL + mt(ftLlL + fLL),

: (13)
87} = myfi% + mifi
b= fr(CE— Y, etc, (14)
but with different arguments in the PV integrals
= C,(f, m3,., mj, m2 m?, mi) i=012 (5

C. Cross section—parton level

In general, the differential cross sections for the pro-
cesses (1) and (2) are given by

1
1675% 96

QU
S
+
||

I.’M [2dt, (16)

where d6~ are averaged (and summed) over initial (and
final) color and spin of all particles of the process, we have
used 33 _ 38 _ Ta(T&*) = 4, and the * signs stand for
H* production.

We write the matrix elements of the processes (1) and (2),
including the vertex and self-energy corrections, in the
form

Mi — jvltree,i + Mloop,i. (17)

Here MUee= = M>* + M}~ are the tree-level matrix
elements (proportional to y, and y,), and M!P= =
MPT + M+ MYT 4+ M5T are the loop contribu-
tions. M‘i(’) have the same structure as the tree-level matrix
elements and are proportional to Y ;;7 .’M;m contain the
additional terms in (4) and (12). For the squared matrix

elements |M=|?, up to terms linear in a, and «,, we
obtain

|Mi |2 — |Mtree,i|2 + 2Re{(j\/ltree,i)*:]\/lloop,i}. (18)
Further, we need to sum over the polarizations of the

incoming gluon. At loop level special care must be taken to
preserve gauge invariance. We use the axial gauge:
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2 2
n°k,k,
€ (k, el (k, A) = 5aﬁ<_ Tk
; ’ Sur =k
k + ok
+ W) (19

where 7 is an arbitrary four-vector that fixes the gauge and
fulfills n.e = 0 and 7.k # 0. One can see that in this gauge
the unphysical longitudinal degree of freedom manifests
itself by an n-dependent polarization sum over the two
transverse gluon polarizations. The cross section, being a
measurable quantity should be gauge invariant and there-
fore the n dependence should ultimately cancel. Using
only —g,, on the right side of Eq. (19) is sufficient at
tree level, because the term resulting from the second and
third term on the right side of Eq. (19) drops out in the
squared matrix element of the sum of the s and ¢ channels.
This is not true anymore at one-loop level because the one-
loop factors, e.g., Bfib, Eq. (5), and 817;,,, Eq. (13), are
different.
For the terms in (18) we obtain
MM = =327a(8Yy, + 8Yy,)

X [X1(8,1) — 27U, D)y, (20)

My~ My = =32ma,(8Y]y, + 8V} y,)[ X128, 1)
+2U(S, e, + UG DV, D], 1)

My MY = =32ma,(5¥iy, + 87}y, X, D)
+ 27U, De, + UG D VG D], (22)

My~ My = =327a (8T, + 8Ty, )[ XH(S, 1)
—2U(S, e, —2UGBDVE D] (23)

M(‘)V_ME_ = 327msmt[(f2’i - fLL))’t + f?e%yb]
X1+ 2C17:|, 24)

M 6*7-7\457 = 3277'asmt[(fi’124 - fLL)YI + f;elzey}y]
X[YG 1) —2¢, — V(G D] (25)

My~ M5~ = 2aa,ml[(f7; + fro)ye + Frrys)
* [1+2¢,] (26)

M ([)*’7%37 = 327Taxmt[(leL + fLL)yt + f;e}?yb]
X[YG 1) —2¢, — V(G D] 27
Here the X, ‘U, V, and VY functions are given by

f—m?

Xl(ﬁ, f) -

, (28)

§
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A

(F—m2. )8+ mi—m3.) — mi§

X (8,1 = = , (29
. §G—m2) 4+ 2mi — m3.
X8, 1) = = LAy 30
2(S ) (l — mtz)z ( )
A ) 2

R o omA. —1
uGH=——==, Ve ihH=-_L—, 3D
KN r—m

t

s+ m -1
y(f,t)=A7H+2.
r— my

(32)

The terms proportional to the number c, carry the 75
dependence. The calculation is done for two specific
choices of n = p;; ¢, =0and n = p, + p ¢, = 1. In
the center of mass system, p, + p, = 0, it is easy to see
that in both cases the above conditions 1. = 0 and 1.k #
0 are fulfilled. The sum of the products (20)—(27) is inde-
pendent on 7 and therefore gauge invariant.

Using Egs. (16) and (18) for the total parton level cross
sections of the processes (1) and (2) we obtain

1

e a.tree +
8rs?

S

1 thX

o R tree, & \* loop, =

= f " Rel(M ) M
(33)

where the integration limits are given by
[min,max = §(mt2 + m%.ﬁ -8 /\1/2(§’ mrz’ m%.ﬁ )), (34)

and V¢ is the tree-level cross section, which is the same
for (1) and (2) [16]

Ay

e OF 3PNt i)

X (7(171%1+ —m?) — 35) — 2(2(m?1+ — m?)?

= 2(m%. —m})3 + §?)

o ln(ﬁ = (mye = mi) = AV2(5, m7, mi,))}
§ = (m%, —m?) + A28, m?, m,)

(35)

Giree (f) —

We write the cross sections of the conjugate processes
0~ given with (33) as a sum of CP invariant and CP
violating parts

&t = O".inV + a.CP’ (36)
where the CPV part 6 is given by

a‘

—‘{ﬂf f’"‘“‘(x1 L Xy + UVt
tmin

é\.CP — )
245§

Tmax
+

Imin

_ /I ’f_"“(zas +BY)1+Y - V)dt}, 37)

.}th(.xlz + .X2 - rUV)dl
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with

2ae,my 5
A = j—ﬁé[lm(fRL)yt + Im(f 1)y, ] Im(C}")

2ac,m 5
+ e “[Im(f )y, + Im(fre)ys] Im(c1(l))
3a,,m Im(B, + 2B))
- . Im(fLL)yt%’ (3%)
W
2ae,m s
B = 3% [Im(frp)y, + Im(fRR)yb]Im(CZ((tl)))’ (39)

and the CP conserving part 6™ can be expressed in terms
of 6¢F with exchanging the imaginary parts of the cou-
plings and the PV integrals with real ones

o™ = g — GCP(with In — Re).  (40)

D. CP violating asymmetry—parton level

We define the CPV asymmetry at parton level as the
difference between the total number of produced H* and
H™ in bottom-gluon fusion

6(bg— tH') — 6(bg — tH™)

ASP =2~ . @l
P 6(bg—TH") + 6(bg — tH") @
Taking into account (36), we obtain
ACP  ACP
rep G0 0
A PP - Ginv - Giree’ (42)

where 6“7 and 6 are given by (35) and (37).

III. THE LHC PROCESS pp — tH* + X

A. Cross section

We study charged Higgs boson production associated
with top quark production in proton-proton collisions

p(Py) + p(Pg) — t(p,) + H (py=) + X. (43)

The Mandelstam variable is S = (P4 + Pg)*> (for LHC
VS =14 TeV). We set p, = x,Py = ¥,Pp and p, =
x,Pp = X,P,, where x; (¥;) is the momentum fraction of
the hadron B(A) carried by the parton i. Neglecting the
proton mass compared to VS we get § = xpx, S = XX, S.
We have

o (pp— tH) =2 [0 ' foe) [0 ()6 (152, S)
X 0(xpx,S — So)dx,dx,, (44)

o (pp =) =2 [ filp) [ £)0" (55,9)
0 b\*b 0 g\tg btg
X 0(xpx,S — So)dxydx,. (45)

Here S, = (m, + my+)? fixes the kinematically allowed
energy range, and f;, and f, are the PDF’s of the bottom

PHYSICAL REVIEW D 79, 096005 (2009)

and the gluon in the proton. As f,(x;) = f;(x;), we obtain

1 1
o (pp— tH) =2 [0 £ox) fo F o )5 (ipx,S)
X 0(xpx,S — So)dxydx,. (46)

The factor 2 in the above expressions counts the two
possibilities—b(g) comes from the proton A(B) and
vice versa.

B. CP violating asymmetry

We define the CPV asymmetry at hadron level as the
difference between the total number of produced H* and
H™ in proton-proton collisions

cp_ 0lpp—TH") —o(pp—tH")
ASP = S .
o(pp—1tH") + o(pp—tH")

(47)

Taking into account (46) we obtain
T Foxp)fo(x )" — 37)0(x,x, S — Sp)dx,dx,

o) fo(x)(GF + 67)0(x,x,S — So)dxydx,
(48)

CcP —
ASP =

According to (36), for the CPV asymmetry AS? up to
terms linear in «, and «,,, we obtain

O'CP

ACP —
P oriree’

(49)

where 0" is the CPV part of the cross section

1 1
o pp—tt1) =2 [ i) [0 (,8)
X 0(xpx,S — So)dxpdx,, (50)

and o' is the tree-level cross section

1 1
o (pp — tH™) =2 fo Folxy) fo £ 6) 8 (xyx, )
X 0(xpx,S — So)dx,dx,. (51)

IV. H= PRODUCTION AND DECAY AT LHC

After the charged Higgs is produced in proton-proton
collisions it will be identified through some of its decay
modes. Here we study the combined processes of H~
production and decay, considering H* decays into tb,
vr™, and W*hO.

A. The subprocess bg — tH* — tt'b(tv, 7" ;tW=h")

In the narrow width approximation, when the decay
width of H* is much smaller than its mass n1y+, the total
cross section for charged Higgs production in bg — tH™*,
with a subsequent decay H* — f, where f stands for the
chosen decay mode f = th; v7= and W= A", is given by
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H" =/

I+ (52)

G = plbg— tH*) =
Here, 6p is the total production cross section, I'(H* —
f) =T7F is the corresponding partial decay width of H~,

and I'y+ is its total decay width.
We already had the expression for the production parton
level cross section 65 in the form [Eq. (36)]

6% =6y + oGP, (53)

The considered partial decay widths of H*, assuming
CPV, were obtained in [8-10], and we write them in the
form

s =TT = 1¢P), (54)

where I'f"Y and T'¢" are their CP invariant and CP violating
parts.

For the total cross section of H* production and decay at
parton level, assuming CPV in both production and decay,
we obtain

6.;: — [a.mvrmv 4+ (O.CPI‘mv + I“CP v)] (55)
B. CP violating asymmetry—production and decay

We define the CPV asymmetry in charged Higgs boson
production in pp — tH™=, with a subsequent decay H* —
f, assuming CPV in both production and decay, as

o(pp — tH™ — if) — o(pp — tH™ — tf)

AGP = —
T olpp— HY —if) + opp— tH™ — if)’
(56)
where f stands for the chosen decay mode f = tb; vr+

and W+ hO.
In narrow width approximation, taking into account
(52), we get

ACP_ op(pp—tH)(H*—f)—op(pp—tH I (H =)
S + +
op(pp—TH(H*—f)+op(pp—tH )T(H —f)

(57)
which leads to [13,14]
invCP CPT cp
AP = S D AGP + ASE
O'}EIVF}?V o F;?V '
(58)

i.e., when the decay width of H* is much smaller than its
mass mpy+, the total asymmetry A.?P is an algebraic sum of
the CPV asymmetry ASF in the production, and the CPV
asymmetry A in the decay f of the charged Higgs
boson.?

ASP 5CP.

’In [17] the asymmetry in the decay is denoted with
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V. NUMERICAL ANALYSIS

We present numerical results for the charged Higgs rate
asymmetries AS”, ASP, and ASF, Eqs. (47) and (56), in the
MSSM. All formulas used in the numerical code are calcu-
lated analytically, except for the box contributions, which
are rather lengthy. Furthermore, all individual one-loop
contributions are checked numerically using the packages
FEYNARTS and FORMCALC [18]. We also use LOOPTOOLS,
see again [18], and FF [19]. In the numerical code the
Yukawa couplings of the third generation quarks (%,, hy)
are taken to be running [8], at the scale Q = my+ + m,.
For the evaluation of the PDF’s of the bottom quark and the
gluon, f;, and f,, we use CTEQ6L [20], with leading order
PDF’s and next-to-leading order «,, at the same scale Q.
We assume the grand unified theory relation between M,
and M,, so that the phase of M; = 0. Our numerical study
shows that the contributions of the loop diagrams with
chargino, neutralino, stau, and sneutrino to the considered
CPV asymmetries are negligible, and besides one excep-
tion we show only the contributions from diagrams with 7 b
and g. We start from the following reference scenario:

tan8 =5, M, = 300 GeV, = 727 GeV,

My =My =My=350GeV,  p=—700GeV,
Al = 14,1 =700 GeV, ¢y, = 7.

b4, = b = b3 =0. (59

The relevant masses of the sparticles for this choice of
parameters, and also for tan = 30 are shown in Table L.

As we will see, in such a scenario the effects of CPV are
substantial. It is not one of the commonly used minimal
supergravity or constrained MSSM scenarios [21], for
which most studies have been done. There exist experi-
mental constraints from b — svy, relic density, etc. In
principle, there are enough free parameters in the general
complex MSSM to be compatible with all data.

In Fig. 3 the tree-level cross section o(pp — tH™ + X)
is shown as a function of my+, based only on the parton
process gb — tH—, with on shell and with running %, and
hy,. Taking running %, and hy, reduces o™ by about ~30%.
For my+ = 1000 GeV the cross section drops below 1 fb.

A. Production asymmetry

As expected, the CPV asymmetry in the production due
to the loop corrections with 7 b and g is of the same order of

TABLE 1.
set (59).

Masses of the sparticles (in GeV) for the parameter

tan,B m)?? m/‘jg m)?g m)?g m)~(l+ m)~(2+ m;l m;z ml;l l?’lb'2 m;l fn,,—.2 ms

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
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olpp > tH + X)

atree [fb} 30 -

25}
20
15}
10}
5,
ob e
400 600 800 1000 1200
muyg+ [G(‘\/]

FIG. 3 (color online). The hadron tree-level cross section for
the chosen set of parameters (59) as a function of mpy+. The
green dashed line corresponds to the result using on shell and the
solid blue line to that using running /4, and /,,.

magnitude as in the case of the decay H* — tb [8], and can
go up to ~20%. Moreover, the contributions of the box
graphs are significant and can be dominant for relatively
small my+.

In Fig. 4 the dependence of the different contributions on
V3 of the underlying parton process gb — tH™ is shown
for my+ = 700 GeV. The kinematical threshold is at \/5 =
871.4 GeV. First the box contribution is the biggest one
with a maximum at ~ — 23%. Then it drops down asymp-
totically to zero at 1/ = 1700 GeV. The vertex contribu-
tion has a similar shape with about half of the size of the
box contribution. But for \/§ > 1500 GeV it becomes con-
stant being of —2%. The self-energy contribution is inde-
pendent of \/§, about —12%. We show it only for
completeness. Here also the box and vertex contribution
with ¥%*, denoted by the pink dash-dotted line, are
shown. This contribution is always below 0.5%, and there-
fore we will not show it anymore in the figures. The two
spikes in the box and in the vertex contributions denote the
two thresholds \/§ =mg + mj ; see Table 1.

The contributions of the vertex, self-energy, and box
graphs with 7b and g to the asymmetry AS? at hadron

Agpojj....yy,y...:

0.f

0

-0.2f

2000
V5 [GeV]

1500

FIG. 4 (color online). The contributions to the asymmetry AS?
at parton level for the chosen set of parameters (59) as a function
of \/§, my+ = 700 GeV. The red dotted line corresponds to box
graphs with a gluino, the solid blue one to the vertex graph with a
gluino, the green dashed one to the W* — H™ self-energy graph
with a 75 loop, and the pink dash-dotted to the box and vertex
graphs with y%/*.
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D ]
0.f=

~0.05F i

_01 ; .'!\.\. _____ "’,‘ 1
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M+ {Ge\/’}

FIG. 5 (color online). The contributions to the asymmetry AS”
at hadron level for the chosen set of parameters (59) as a function
of my+. The red dotted line corresponds to box graphs with a
gluino, the solid blue one to the vertex graph with a gluino, and
the green dashed one to the W* — H™ self-energy graph with a
7b loop.

level as functions of my+ are shown on Fig. 5. The large
effect seen on the figure is mainly due to the phase of A,,
and the asymmetry reaches its maximum for a maximal
phase ¢, = /2. The phase of A, does not have a big
influence on the asymmetry and therefore we usually set it
to zero. The four kinks in all three lines denote the thresh-
olds my+ = m; + mg i, j =1, 2; see again Table I.
The asymmetry A$P reaches its maximum value at
tanB = 5 and falls down quickly with increasing tang.
This dependence for my+ = 550 GeV is shown on Fig. 6.
In Fig. 7 we present the dependence of AS” as a function
of My(= My = Mp). The self-energy contribution is first
the biggest one, but it goes down to zero at M 5 ~ 467 GeV

because then the decay channel H* — 7,b, closes. The
kink at M5 ~ 450 GeV denotes the threshold H * — 1,b,.
The box contribution has its maximum of ~12% at the
threshold of H* — 7,b,.

In Fig. 8 the dependence of the three leading contribu-
tions to AF" as a function of m; is shown for my+ =
550 GeV. Of course, the self-energy contribution is inde-
pendent of the gluino mass, being about —8%. The vertex

AGP 0_15,.\....;
0.f ]

—0f ]

~02f

"0 T 0 15 20 25 30

tan g

FIG. 6 (color online). The contributions to the asymmetry AS”
at hadron level for the chosen set of parameters (59), but m; =
450 GeV, as a function of tanB, my+ = 550 GeV. The red
dotted line corresponds to box graphs with a gluino, the solid
blue one to the vertex graph with a gluino, and the green dashed
one to the W* — H* self-energy graph with a 75 loop.
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cp ~
AGP 0.05F

0.

-0.05f

0.1}

350 400 450 500 550 600

FIG. 7 (color online). The contributions to the asymmetry AS?
at hadron level for the chosen set of parameters (59), but m; =
435 GeV, and my+ = 800 GeV, as a function of MQ~. The red
dotted line corresponds to box graphs with a gluino, the solid
blue one to the vertex graph with a gluino, and the green dashed
one to the W* — H* self-energy graph with a 75 loop.

contribution has a maximum and the box contribution a
minimum at mz ~ 425 GeV, and then their absolute values

decrease. The box contribution is at the minimum about
—27%.

B. Production and decay asymmetry

First we want to add a few remarks on the branching
ratios (BR) of the relevant decays. Figure 9 shows the tree-
level BRs of H* as functions of my+. For small my+,
below the 7 b threshold, the dominant decay mode is H* —
tb, with BR = 1, while the BR of H= — »7~ is of the
order of a few percent, decreasing with increasing my+.
When the H* — 7b channels are kinematically allowed,
they start to dominate [22], and the BR of H* — v7= to a
good approximation becomes zero. However, the BR of
H™* — tb remains stable of the order of 15%-20%. The BR
of H* — W= h" reaches a few percent for small tan/3 in a
relatively narrow range of mpy+ [10]. In the considered
range of parameters this decay is very much suppressed
and we do not investigate it numerically.

0.f ]

-0.1F :

-0.2F ]

- 03 ul ‘ PR RS SR TS S S NS ST N
400 600 800 1000 1200

FIG. 8 (color online). The contributions to the asymmetry AS?
at hadron level for the chosen set of parameters (59) as a function
of mgz, my+ = 550 GeV. The red dotted line corresponds to box
graphs with a gluino, the solid blue one to the vertex graph with a
gluino, and the green dashed one to the W* — H™ self-energy
graph with a 7b loop.
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FIG. 9 (color online). The tree-level branching ratios of H™ for
the chosen set of parameters (59) as a function of m+.

In Fig. 10 we show the total production and decay
asymmetry A}?P at hadron level, for f = th and f = v7™.
Though for H* — v7~ it can go up to ~20% for my+ =~
650 GeV, the BR of this decay in this range of H" masses
is too small and observation at LHC is impossible.

As we have shown analytically, the total asymmetry in
the production and decay is approximately the algebraic
sum of the asymmetry in the production A$”, and the
asymmetry in the decay ASF. One would think that the
total CPV asymmetry will be large. Moreover, the CP
asymmetry in the decay alone is large [8].

Let us consider the subsequent decay H* — tb decay. In
this case the contributions coming from the self-energy
graph with 7 b in the loop in the production and in the decay
exactly cancel. This cancellation occurs in general for any
possible H™* self-energy loop contribution to the s or ¢
channel. It can be easily shown by writing down the matrix
element for the whole three particle final state process. As
an illustrative example, let us consider the contribution of
both self-energy graphs with 7b from the production and
from the decay, to the s channel of our process; see Fig. 11.
The matrix element, representing the sum of the two
graphs in Fig. 11 reads

CP L
AC A

ol I
i th
—0.1F ]
i TV
-0.2f z 1
400 600 800 1000 1200
mg+ [GGV}
FIG. 10 (color online). The total asymmetry A" at hadron

level for the chosen set of parameters (59) as a function of my+.
The blue line corresponds to the case where H= decays to b,
and the green one to H= decay to 7v,.
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FIG. 11. The self-energy contributions with 75 in the loop to
the s channel of the considered process, from the production and
from the decay.

M — _8:8 _
= T?u(pb)(ytPR +y,Pr)u(—p,)

X[(Gy)y EiRIZi;+(G4)}kj ?iRéj]

Pw,, Pw,
(P, + 5 )" (8w = =)

<.
a (Pl = mi)(pg = mp)(py —m3 )(piy = miy)

X ﬁs(pt)'yVPLI‘bTg'yAur(pb)ei(pg)r
(60)

with [, = [dq/Q2m)P, p;, = py+ + g, and p; = q. Tt
is clearly seen that (60) contains the sum of the couplings
and their complex conjugate ones as a common factor. The
expression in the box brackets at the end of the first row can
be written as

(G4)yj ;,Rﬁj +(Gy)}; E*iRZj = 2Re[(G); iiR?,j];

(61)
i.e., in this case the imaginary part of the couplings cancels.
As the presence of a nonzero imaginary part of the cou-
plings is necessary for having CPV, it is clear that in this

case the contribution of the self-energy graphs on Fig. 11 to
the CPV asymmetry is exactly zero. Our numerical study

ACPoasf T T T T T T T T LT T
o1f T ]
0.0S: 2 ]
0.f R
-0.05
—0.1f

015} . .
400

1000 1200
my+ [GeV]

600 800

FIG. 12 (color online). The contributions to the total asymme-
try AthP at hadron level for the chosen set of parameters (59) as a
function of my+, with the same parameter set as used in Fig. 5.
The red dotted (red) line corresponds to box graphs with a
gluino, the axially symmetric solid and dashed (green) lines
correspond to theW™ — H* self-energy graph with a 75 loop
in the production and the decay, respectively, and the other two
solid and dashed (blue) lines correspond to the vertex graph with
a gluino, again in the production and the decay, respectively.
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ACP 0.2 N L I T S B L L
I AGH ] 1
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FIG. 13 (color online). The asymmetry ASF at hadron level for
the production and the decay into b only, and the total one, for
the chosen set of parameters (59) as a function of ¢ .

shows that the contributions of the vertex graphs from the
production and from the decay also partially cancel with
the box diagrams contribution. However, as the box graphs
do not have an analogue in the decay, their contribution
remains the leading one; see Fig. 12.

Figure 13 shows the asymmetry in the production, AS”,
in the decay of H* — tb, Ag{;b, and the combined one,
AGP = AGF + AGF . as a function of the phase ¢, . All
three curves are symmetric for ¢, — —d¢,, because
¢, = 0. AGF and Af), have negative relative signs with
a maximum/minimum at |¢, | < 0.457, with |AF"| ~
20% and |Agf, | ~ 16% there. Because of this cancellation
the resulting asymmetry AS” is reduced to < 4%.

In order to avoid the cancellation, we can study the mass
range of H*, before the 7,5, channel opens. In this case,
having in mind our results in [8], the CP effects in the
decay will be negligible and CPV will arise mainly in the
production process due to the vertex and box contributions
with g in the loops. For instance, for my+ = 400 GeV and
mg = 450 GeV we get AG = —3%.

In Fig. 14 the total asymmetries AS” and AS? as func-
tions of m; are shown for my+ = 550 GeV. Both asym-
metries are negative. They have their largest values at
mg ~ 425 GeV, with ASY ~ —27%, AS" ~ —12%, and
then they decrease to zero.

ACP 0. F — T T T T T T T T T T ]
-0.05 - 7 _
~041 | ;
-0.15F ]
—-02 i TV, ]
—025}F ]
400 600 800 1000 1200
mg [GeV]

FIG. 14 (color online). The total asymmetry A" at hadron
level for the chosen set of parameters (59) as a function of mg,
my+ = 550 GeV. The (red) line denoted by b corresponds to
the case where H™ decays to tb, and the (green) one denoted by
Tv, to H* decay to Tv,.
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FIG. 15 (color online). The total asymmetry A" at hadron

level for the chosen set of parameters (59) as a function of |4,],
for three values of my+ (in GeV).

In Fig. 15 the dependence of AS" on the absolute value

of A, is shown for three different values of my-+.

As already mentioned in the introduction, the phase of

is strongly constrained by the measurements of the electric

dipole moments. Nevertheless, we also studied the depen-
dence of A" on ¢ ,. Using u = 700e~"/3) GeV instead
of u = =700 GeV, we get for m; = 450 GeV in Fig. 14
the asymmetry AG” ~ —22%.

The tanf dependence is shown on Fig. 16, for f = tb
and f = 7v,. In both considered cases the asymmetry A"
has its maximum at tan8 ~ 5, with AS” ~ 12% and ASF ~

21%. It approximately vanishes for tan8 = 15.

We have compared our results with those in [13,14]. Our

numerical results are in good agreement with [13], but we
disagree analytically and numerically with [14], where in
addition the box contributions are missing.

The production rate of H' at the LHC for my+ =

550 GeV and tanB = 5 is ~15 fb (including a K factor

from QCD of 1.5, see [15]), and the BR(H+ — tb) ~ 20%.
For an integrated luminosity of 200 fb~! we get N ~ 600
and /N = 25. For mz = 450 we getAtCl;P ~ (.12 and there-
fore the statistical significance \/NAS,P ~ 4. But because of

the large background, the actual signal production rate will
be most likely reduced and the statistical significance

might be too low for a clear observation in H™ ¢ production

in the first stage of LHC. However, at super LHC with a
design luminosity bigger by a factor of ~10, such a mea-
surement would be worth of being performed.

VI. CONCLUSIONS

The MSSM with complex parameters, in particular, with

A, complex, gives rise to CP violation in the production of

M

~N

(

(A, — u*cotB)m,

M? is diagonalized by the rotation matrix R such that Rt M2R" = diag(m?, m?) and

We have

M2 + m3 cos2 Bk — Zsin®0y) + m?
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AOPO_1;“I““I““I““I T ;
0.}

1 ;

-0.1p ]
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tan 8

FIG. 16 (color online). The total asymmetry A" at hadron
level for the chosen set of parameters (59) as a function of tanf3,
mz = 450 GeV, my+ = 550 GeV. The (red) line denoted by tb
corresponds to the case where H* decays to tb, and the (green)
one denoted by 7v, corresponds to H= decay to 7v,.

H=, pp — H*t + X, and in the decays of H= to th, v, 7"
and W*h0 at one-loop level. We have calculated the cor-
responding asymmetries between the H* and H™ rates
both in the production and in the decays. A few improve-
ments have been made with respect to previous
calculations.

We have performed a detailed numerical analysis study-
ing the dependence on the important parameters. A pecu-
liarity is that in the case of pp — H*t + X with H* — tb,
the contributions coming from the self-energy graph with
7b in the loop in the production and in the decay exactly
cancel. Nevertheless, the asymmetry can go up to ~12%
for my+ = 550 GeV, mainly due to the box graphs with
gluino in the production process. A measurement of the CP
violating asymmetries at LHC can give important infor-
mation of the parameters of the MSSM, especially on A,
and its phase.
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APPENDIX A: MASSES AND MIXING MATRICES

The mass matrix of the stops in the basis (7;, z) reads

(A} — pcotB)m,
M?, + §m7 cos2Bsin6y, + m7

(%)

(AD)

)
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Analogously, the mass matrix of the sbottoms in the basis (b, bg)

M2 M2 — m}cos2B(} —
b (Ap — p* tanp)m,

is diagonalized by the rotation matrix R’ such that
Rt MEIRD = diag(mi~ , ml% ). R? has the same structure
like R given with (A2), and one can obtain it by making
the interchange 7 — b.

APPENDIX B: INTERACTION LAGRANGIAN

The part of the MSSM interaction Lagrangian used in
our analytical calculations is given in this section.

The interaction of the charged Higgs boson with two
quarks reads

Ly, = H 1y, + y,Pr)b + H b(y,P + y,Pp)t,

1sin%6y) + m?

(i/2)e: - —eli/Dei ging-
e icosf e 7 sinf
—(i/2)¢; Sméi o~ (i/1De; COSQ;) (A2)
(A}, — mtanB)m, (A3)
M3 — i3 cos2Bsin6y, + mj

f
with &, and h,—the top and bottom Yukawa couplings
s 8 1
2my, sinB’ b V2my, cosPB’

The interaction of two quarks with gluon exchange is
given by

hy = (B4)

£qqg = _gsT Gy qzy qj (B5)
withi, j=1,2,3,anda=1,...,8.
The interaction of the charged Higgs boson with two

squarks is described by

Bl
B Ly, (G4),jH+*“b +(G});;H™ b i (B6)
where the P; and Py are the left/right projection operators
PL=Y1-ys),  Pp=i01+ys), @2 WhE/ZLZ
y, and y, are the tree-level couplings = R"G,R?, (B7)
yi = h,cosp, Vb = hpsing, (B3)  and the matrix Gy is given by
|
G = (hbmb sinB + h,m, cosB — /2gmy sinBcosB  h,(A}sinB + wcos3) ) (BS)
4 (A, cosB + w*sinP) h,m, cosf + hym,sinB )

The W*-squark-squark interaction Lagrangian reads

D

g 2%
.EWt;i“j:_T(R RIZJ 6
+ RERY Wi 3"b)), (B9)
where i, j = 1,2, and AG“B = A(9,,B) — (9,,A)B.
The squark-quark-gluino interaction is given by
Lo = V28, T4[3(REe %Py
— qu* /243 p)g* g A, gj(Rzie(i/Z)%pR
— Ry P*P1)g,qf) (B10)

withi=1,2,jk=1,2,3,anda =1,...8.
The interaction of two quarks with W-boson exchange is
described by

& (WityhPLb + Wy by Py0).

Ethbz—ﬁ (B11)

APPENDIX C: PASSARINO-VELTMAN
INTEGRALS

The definitions of the Passarino-Veltman two- and three-
point functions [23] in the convention of [24] and the
derived analytical expressions for their imaginary parts
[10,25] are given in this section.

The PV two-point functions are defined through the
four-dimensional integrals, as

1 1
B 2, 2,2:_de —— C1
o(p1, mg, my) i T (€D
du
= p],u,Bl (p]: mO’ m%)’ (Cz)
where we use the notation
D°=¢q¢*—m§ and D/ =(q+p) —m; (C3)

In the rest frame system of the (decaying) particle with
impulse p, for the imaginary part of B, we get
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)\1/2(M2, m()’ )

Im By(M?, m3, m}) = e , (C4)
1
where the A function is defined as
Ax, y,z) = x>+ 3>+ 72 — 2xy — 2xz — 2yz. (C5)

In order to derive the imaginary part of B; we use the
relation

2B, (K2, md, m3) = Ao(m3) — Ao(m?)
K2)Bo(K2, m3, m?).
(C6)

2
+ (my — mo

Having in mind that ImA,(m?) = 0, we obtain

2 _
Im B (M2, m3, m}) = m(mi — mg —

PHYSICAL REVIEW D 79, 096005 (2009)

CO(P%’ (pr—p ) szmolmllmz)

1 1
:—Z[quDODIDZ’
C.(p}. (p1 — p2)* p3. m}, m}, m3)
1
=i | P = i+

For the absorptive parts of the integrals Cy, C;, and C, in
(C8) in the rest frame of the (decaying) particle with
momentum p;, when particles with masses m, and m;
are on mass shell, Fig. 17, we obtain

(C8)

Im Co(M3, M3, M3, mZ, m3, m3
atb |
—b

T
n
N2(M3, M3, M3)

(€9

_ M3A— (pip2)B

Im Cy (M3, M3, M3, m2, m32, m3) A

(C10)

2M4 (p1p2)A — MiB
! © Im Cy(M}, M3, M3, m, mi, m3) = — =——=————.
(C11)
The PV three-point functions are defined as Here we have
M? + M3 — M? >11 3
A=MM; = (pip2)’s (pip) =——2——,  a=Mi+mg—mi+2¢°p5, b= -2lglpl
_ w(mi —m§ — M?) a+b T 5 3 a+b .
— N2, M%, M2) a—b /\I/Z(Mz, M%, M2) (M + mo mz) In _— +2|gl1p,|t,
qop (ml _ mO MZ)(MZ + M2 M%) |§||ﬁ | _ )\1/2(M2, m() ))11/2(M2, M%, MZ) C12)
2 4M2 ’ : 4M2
I
In (C9)—(C11) and further, we denote masses of the on C, reads
shell particles with bold font. Generally, the functions Cy),
Cy, and C; have three terms according to the three possible Im Co(M?, M2, M2, m2, m? )
. A . A » 3 2 0 17
cuts over the particles in the loops, and which of them is I,
nonzero depends on the kinematics. The imaginary part of = ImCo(M7, M3, M3, mo’ ml, m3)
+ ImCo(M3, M3, M2, m3, m%, m2)
P1— P2, My + ImCy(M3, M3, M3, m}, m}, m3). (C13)
q+p1,m
q+p1,mr |
In terms of the analytic formulas (C9)—(C11) we write
> > q + p2, Mg
P, My 1, My
q,m, %o Im Co(M7, M%’ M%’ mo,ml, )
» 1100

p2, Ma

FIG. 17. The self-energy and vertex type diagrams correspond-
ing to the PV two- and three-point integrals, when particles with
masses mq and m; are on mass shell.

ImCO(Mz, M%, M2, mo, ml; )
+ ImCy(M3, M3, M3, m3, m3, m3)

+ ImCy(M3, M3, M3, m3, m3, m3?). (C14)
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(1]
(2]

(3]

(4]

(5]

2 02 A2 2 2 a2
Im C, (M3, M3, M3, m3, m3, m3)
_ 2 02 U2 m2 m2 a2
= ImC, (M3, M3, M5, mg, m¥, m3
2 02 2 2 m2 m2
+ ImC, (M35, M7, M5, m5, mj, mg)

+ ImCy(M3, M3, M?, m3, m3, m?), (C15)

PHYSICAL REVIEW D 79, 096005 (2009)
Im C,(M3, M3, M3, m3, m3, m3)
= ImC,(M3, M3, M3, m§, m{, m3
+ [ImCy(M3, M3, M3, m3, m3, m3)
+ ImC (M2, M3, M3, m3, m3, m3)
+ ImC, (M3, M3, M3, m3, m}, m})]
+ ImC, (M3, M3, M2, m3, m3, m3). (C16)
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