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Abstract, We present the appearance of some new interaction in the MSSM with CP violation.
We give analytic formulae and perform an evaluation of the effects of these new interactions on
some processes concerning the productions and decays of squarks. We find that these effects
are typically of —3.5% to +3% depending on each process.
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1. Introduction

Test of the discrete symmetries, charge conjugation C, parity P, and time-reversal T, have played
an important role in establishing the structure of Standard Model (SM). In particular, CP violation has
been observed in the electroweak sector of the SM in the K and B systems. It is linked to a single
phase in the unitarv Cabbibo-Kobavashi-Maskawa (CKM) matrix describing transitions between the
three generations of quarks; sce e.g. [1] for a detailed review. It is important to note that this source
of CP violation is strictly flavour non-diagonal. )

The strong sector of the SM also allows for CP violation through a dimension-four term GG,
which is of topological origin. Such a term would lead to flavour-diagonal CP violation and hence to
clectric dipole moments (EDMs). The current experimental limits on the EDMs of atoms and neutrons
[2-4]

ldi| < 9.10 Pe.cm(90%C.L.)
ldrg] < 2,107 Be.em(95%C. L.)
ldn| < 6.10%¢.em(90%C.L.)

however constrain the strong CP phase to |#] < 10™?! A comprehensive discussion of this issue can be
found in [5].While € appears to be extremly tuned, the CKM contribution to the EDMs is several orders
of magnitude below the experimntal bounds, e.g. dSX* ~ 107%2¢.cm. Therefore, while providing
umportant constraints, the current EDM bounds still leave ample room for new sources of CP violation
beyond the SM.
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Such new sources of CP violation arc indeed very interesting in point of view of the observed
baryon asymmetry of the Universe

p= BB (614 40.25).10710
.
with ng, n; and n,, the number densities of baryons, antibaryons and photons, respectively; sec [6.7]
for recent reviews. The necessary ingredients for baryogenesis [8] 1) baryon number violation, 1) C
and CP violation and iii) departure from equilibrium are in principle present in the SM, however not
with sufficient strength. In particular, the amount of CP violation is not enough. This provides a strong
motivation to consider CP violation in extensions of the SM, as reviewed e.g. in [9].

In general, CP violation in extensions of the SM can be either explicit or spontancous. Ex-
plicit CP violation occurs through phases in the Lagrangian, which cannot be rotated away by field
redefinitions. This is the standard case in the MSSM, on which I will concentrate in the following.
Spontancous CP violation, on the other hand, occurs if an extra Higgs ficld develops a complex vac-
uum expectation value. This can lcad to a vanishing E term as well as to a complex CKM matrix.
Spontancous CP violation is a very interesting and elegant idea, but difficult to realize in SUSY and
obviously not possible in the MSSM (where the Higgs potential conserves CP). There has, however,
been very interesting new work on left-right symmetric models and SUSY GUTs. For instance, models
based on supersymmetric SO(10) may provide a link with the neutrino seesaw and leptogenesis. | do
not follow this further in this talk but refer to [9] for a review.

It is noted that CP violation in the MSSM alone is a large field with a vast amount of literature;
In this papc:, we present the appearance of new vertices concerning with interaction of squarks in the
MSSM once CP violation taken into account. Then we give analytic formulac and numerical results to
evaluate the effects of these new interactions to some processes concerning with squarks productions

and decays.

2. CP violation in the MSSM and the appearance of some new squark interaction vertices

The Minimal Supersymmetric Standard Model (MSSM) is considered the most attractive exten-
sion of the Standard Model. Many phenomenological studies on SUSY particle searches have been
performed in the MSSM with real SUSY parameters. In general, however, some of the SUSY pa-
rameters may be complex, in particular the higgsino mass parameter u, the gaugino mass pararneters
M 5 3 and the trilinear scalar coupling paramet.rs Ay of the sfermions f,

1= e = ule®, Ay = |Agle®e = |Agle®2, M = |M|e*n = |M|es. (1)

thus inducing explicit CP violation in the model. Not all of the phases in eq. (1) are, however,
physical. The physical combinations indeed are Arg(AM.pu) and Arg(Aygu). They can

-affect sparticle masses and couplings through their mixing,

-induce CP mixing in the Higgs sector through radiative corrections,

-influence CP-even observables like cross sections and branching ratios,

-lead to interesting CP-odd asymmetries at colliders.

Non-trivial phases, although constrained by EDMs, can hence significantly influence the coliider
phenomenology of Higgs and SUSY particles, and also the properties of neutralino dark matter.
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In the MSSM every quark has two scalar partners, the squarks g, and qp, corresponding to the
left and the right helicity states of a quark. In general §; and gr mix to form mass eigenstates q
and g2 (with mg;, < my, ), the size of the mixing being proportional to the mass of the corresponding
quark g [10]. and so ncligible except for the third generation. The mass matrix in the basis (gr,, gr) is
given by [10)

2 b t 2 A
Mp = Mmoo S (r7) (" % ) me (2)

q \ @gMg Mg 0 me. J

with

mf‘“ = Mé + 1% cos 20(I3" — e, sin® Oy ) + m'f;. (3)

2 2 2 . 2 |2
my. = AI{UJ)} + my cos 2[e, sin® ) + m, (4)
a, = A, —u{cot3 tang}. (5}

Here 77 is the third component of the weak isospin and e, the electric charge of the quark q. MQC’,[)
and A4, are soft SUSY-breaking parameters and tan 3 = wvy/vy with vy (v7) being the vacuum
expectation value of the Higgs field HY (HY). According to eq (2), M{? is diagonalized by a unitary

matrix R?. The weak eigenstates ¢; and ¢ are thus related to their mass eigenstates g; and gp by
( 8 =0 2 |,
q2 / qan

2 1 .
€29 cosbl, e 1% sing,

With complex parameters, we have
/

RY = ( ; ; .
\ —€§¢'Jsix10q e_f"’qcosﬁq J

(6)

Let us turn to the impact of the CP phase ¢4 to the squark interaction. Our terminology and

notation are as in Ref{11]. The rclevant parts of the Lagrangian for squark intcractions -f;'f}'; ; and

3 o :
¢."¢, g (o and 4 are flavor indices) are given by

Loy = iee Ay (RO RY 4 RGRY)GT 0 MG, = deegAudy, G 0 G, (7)
"['M.fl s "’:‘s[ H?l H_rjl t R(ilzR;{'z)Gza;r o “(713 ; ’..‘f-i'r:-‘.u'iu("::J;r -(‘-) ”"}H (8)

where 6, = R{ 1Y, + RY,RY,.
In case of CP conserving MSSM (say ¢, = 0), R:’J is real and we have

: _ . _ (1 07
Gy=dy=(¢ )

/

"herefore, only interaction modes with 1 = j exist, (for example: f‘; — f’; t g, B‘l‘ - gf + ). If CP
tion is taken into account (¢, # 0), using (6) we have

F « e .
> [ €% cos? B, + e asin®f, (e % — ¢'%)sind, cosh, )
{ .

(9)

v e % — ¢'%)sinf, cosf, e i cos?h, + €% sin? 4,
q g q 1/

Thus. in this case, new interaction vertices with 2 | appear, e.4g. PR ) b2b%4. These new couplings
J app g 117, 00,9 phng

are nonzero and depend on @3, hence giving contributions to the decay width and production cross
section of squark as we will see below.
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3. Numerical results and discussions

Our terminologies and notations arc as in Ref. (12, 13] Firstly, let us consider the processes
€76 — qugy; (£ ¢, ) in which 5 is one of the exchanged bosons.

et G et qi ot i
(a) HZ oL \W/i\/\/v
. =, S :
. A, 2,00, HO~ _ (2,00, HO, A%)
a q) s € 4y,
€+ (}1 €+ (j‘l. €+ (il
(b) Yoo Yy £ ’
. - + :
A, Z, 00, HOY N, 2,19, H°, A%« _
a q - i I 42
Fig. 1. Feyman diagrams for the process 74~ — q,q, (¢7¢~ = eTe ™ (u' pu)), (a) CP conserving case,

(b) CP violating case.

The cross sections for these processes read [12,13]

‘3+n

~a~3\ (215 2 _ _CqVe +5 -

ole’e” — q q,) = (’q|"u| P ﬁ ] = (¢ U‘j;; te;;0i;). Dz 4 1601 51 |f;_,:| "Dy ) . (10)

and ) ) )

2L« m- —1m

. = -~ ] 2]
o(ptp” —q 'q)) & (E—Z—J-Tvv + Ty + u'-"vn') , (11)
s s
where

) 2 2421 lz
T — p2iF. |2 CqUu b {5 .Y 5 ( +”;1 )|cij|s%|dz
+ Tvv = €lo;]" - 4c2.52 ("ud/‘s ¢ dy0i;).s + T ;

ww wHw

h ° S S
+ Typy = %4 (|(G’q)1] sina.dy, — (C'Q),J coSQx. djr,'l‘2 + (GY) vin.-i‘n‘,ﬂ‘) .
. m“a“h“.sznﬂ(Gq),][(c d+d a+dhc,ydz).s s — M2
t VH — — .

202 ¢ 3 2
2( C iUZ

w* 'll

In case of CP conserving, there is only Z exchange in the interaction mode with ¢ # j. Whereas, in
case of CP violating, there are both Z and ~ contributions (see Fig.1). For the range of ¢ = [0,0.1]
we find that the term propotional to d;, (with 2 # 3) which arises from new vertices ¢,q;y (¢ #l’)

can contribute from (- 1%) to (+ 1%) to the cross sections of these processes, namely ete™ — 'i;Z,,
ete” — Eigj, ptps — EFJ, putp= — E;t;j (z # 7). For a wider range of ¢ = [0, 1] we find that these
terms can contribute up to from (- 3.5%) to (+ 3%) to the cross sections of these above processes.
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In addition, new vertices 55212113% ET‘!‘E‘:;; also allow for the decays of squarks to photon and gluon
?52' — !T‘,. by — hfy (see Fig. 2) which are absent at tree-level nor induced by O(a,) SUSY-QCD
correc:tion in case of CP conserving MSSM [14]. At tree level, the amplitude of the above decay has
the ge:neral form

MO = G + V) = —igCyv(ky + ko), (ka), (12)

with: Ky, ks and k3 are the four - momenta of ¢, (};i and V (V = v, g),
Ciyy = Sinfy.e,.0,, (13)
Cijg = T:ls'g:).'%/g- (14)

These interesting results will affect the decay pattern of squarks and can not be neglected in .he detailed
study of squarks.

Fig. 3. Example diagrams for real gluon emission in squark decays into vector bosons.
(a) CP conserving case, (b) CP violating case.

Moreover, in other decay modes of squarks ¢;* — c}‘f + V (V is gauge bosons Z, v, g, W1),
@ — @*)’ + H (H is Higg bosons h°, HY A° H?*) . . . as well as in the production of squarks

at lepton colliders £*¢~ — g.gq;, the infrared divergences occur when the one loop vertex corrections
are included. In oder to cancel these infrared divergences, we need to add real gluon emissions (see



142 H.H. Bang et al. / VNU Journal of Science, Mathematics - Physics 25 (2009) 137-142

Fig 3). and this will lead to the appearance of the new terms propotional to n (with 7 # ) in the
formulea of decay widths and cross sections . We take some evaluation for the range of ¢ — [0, 0.1
and find that thesc terms can contribute from (- 1%) to (+ 0.5%) to the decay widths of the processes
@ — (]3-3 + V., from (- 1.2%) to (- 0.5%) to the decay width of the processes ¢ — :}f + H and from

(- 0.4%) to (: 0.1%) to the cross section of the processes ete™ — Eg, ete” = bbby, it — ?,?J.
ju7 - — bib,. Particularly, there are some cases with large contribution, from (- 2.2%) to (- 1.5%),
for example the decay 15 — f‘]f t A”). For a wider range of ¢ = [0, 1] we find that these terms can

contribute from (-1%) to (+0.5%) to the cross sections of the processes e7¢™ — ﬂ-fj, ete — hlbj.

prps — ;1.;:,. ptpT — bbb,

In conclusion, we have represented the appearance of new vertices concerning with squark
interaction. We also deduced the formulea and evaluated analytically the contributions of these new
interactions to some of the decay and production of squarks and found that they are tvpically of (-
3.5% ) to (+3 % ) depending on particular process. This could have an important imp'ication n the
determination of the MSSM at future linear colliders.
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