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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 eíĩecls of these new interactions on 
some processes concerning the productions and decays of squarks. We find that these effects 
are topically of —3.5% to + 3 %  depending on each process.
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1. Introduction

Test o f  the discrete symmetries, charge conjugation c ,  parity p, and time-reversal T, have played 
an important role in establishing the structure o f  Standard Model (SM). In particular, CP violation has 
been observed in the eleclrovveak sector o f  the SM in the K and B systems. It is linked to a single 
phase in the unitar\' Cabbibo-Kobavashi-Maskawa fCKM) matrix describing transitions between the 
three generations o f  quarks; see e.g. [1] for a detailed review. It is important to note that this source 
o i 'C P  violation is strictly flavour non-diagonal.

The strong sector o f  the SM also allows for CP violation through a dimension-four term OGG, 
which is o f  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 o f  atoms and neutrons 
[2-4]

dri\  <  9 .10“ “ e.crn(90% C .L .)

| d / / g |  <  2 . 1 0 '^ ^ e . c 7 T i ( 9 5 % C . L . )

\dn\ < G .\Q -^^e .cm {9ũ% C .L .)

however constrain the strong CP phase to |ớ| <  10“ ^! A comprehensive discussion o f  this issue can be 
found in [5].While 0 appears to be extremly tuned, the CKM contribution to the EDMs is several orders 
o f  magnitude below the expcrimntal bounds, e.g. ~  cm . Therefore, while providing
important constraints, the current EDM bounds still leave ample room for new sources o f  CP violation 
beyond the SM.
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Such new sources o f  CP violation arc indeed vcr>' interesting in point o f  view o f  the obserx'cd 
bar\'on asymmctr\ o f  the Universe

7] =  ~  =  (6.14 ±  0.25).
' h

with 77/Í, riịị and the number densities o f  bar>'ons, an tibarjons and photons, respcclivelv; sec [6,7] 
for rccent reviews. The necessar>' ingredients for barjogenesis [8] i) baryon number violation, ii) c  
and CP violation and iii) departure from equilibrium are in principle present in the SM, how ever not 
with sufiicient strength. In particular, the amount o f  CP violation is not enough. I'his provides a strong 
motivation to consider CP violation in extensions o f  the SM, as reviewed e.g. in [9].

In general, CP violation in extensions o f  the SM can be either explicit or spontaneous. Ex­
plicit CP violation occurs through phases in the Lagrangian, w hich cannot be rotated away bv  field 
redefinitions. This is the standard case in the MSSM, on which I will concentrate in the following. 
Spontaneous CP violation, on the other hand, occurs if an extra Higgs field develops a com plex vac­
uum expectation value. This can lead to a vanishing ỊÈ term as well as to a complex CKM matrix. 
Spontaneous 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 ver\' interesting new work on left-right symmetric models and SUSY GUTs. For instance, models 
based on supersymmetric SO(IO) may provide a link with the neutrino seesaw and leptogenesis. 1 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 willi a vast amount o f  literature; 
In this pape.; we present the appearance o f  new vertices concerning with interaction o f  squarks in the 
MSSM once CP violation taken into account. Then we give anal>tic formulae and numerical results to 
evaluate the efTects o f  these new interactions to some processes concerning with squarks productions 
and decays.
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2. CP violation in the MSSM and the appcarancc of  some new squark interaction vertices

The Minimal Supersymmetric Standard Model (M SSM ) is coiisidcrcd the most attractive exten­
sion o f  the Standard Model. Many phenomenological studies on SUSY particle searches have been 
performed in the M SSM  with real SUSY parameters. In general, however, some o f  the SUSY pa­
rameters may be complex, in particular the higgsino mass param eter /i, the gaugino mass parameters 
A/i 2 3 and the trilinear scalar coupling paramc*. "s A j  o f  the sfcrm ions / ,

thus inducing explicit CP violation in the model. Not all o f  the phases in eq. (1) are, however, 
physical. The physical combinations indeed are Arg{M ^ỊÌ)  and A r g { A j ^ ) .  They can 

-afTect 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 o f  Higgs and SUSY particles, and also the properties o f  neutralino dark matter.
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In the M SSM  cver> quark has two scalar partners, the squarks and (]r , corresponding to the 
left and the right hclicily states o f  a quark. In general and (Ịĩỉ mix to form mass eigenstates q\ 
and i/2 (with ), the size o f  the mixing being proportional to the mass o f  the corresponding
quark q [10]. and so ncliiiible cxccpt for the third generation. The mass matrix in the basis { q i . ỉ ịu )  is 
i^iven by 10

/  , ^ ^ 2  
<ÌL Clqĩnq

m <1R /

771 0
771 (2 )

<72 /
with

rn j =  M '^  +  m \  COS2/3(/|^ -  e ,  sin^ 9\v)  +
Q

r;i:„ =  i \ /? ....... +  T7|| cos 2/?e, sii/^ Ow) +  rtii,

'ÌL
2
'<IH UJ))
a =  .4,

(3)

(4 )

~  /í{cot/3, tan/?}. (5)

Here Ị'ị is the third component o f  the weak isospin and the electric charge o f  the quark q. M ộ  Q ịj 
and A t I, arc soft SUSY-breaking parameters and ta ii/3  =  V 2 / V \  with V Ị  (V2) being the vacuum 
expectation value o f  the Higgs field / / ỹ  (H ^).  According to eq (2), M 'ị  is diagonalized by a unitary 

matrix R''. The weak eigenstates <7i and ~12 are thus related to their mass eigenstates q i  and ĨỊiì by

K, QR

With complex parameters, we have

n'< =
eầ^icosOq e 2 ‘̂ 'ỉsiiiớự '' 

 ̂ - e 2‘̂ 'ísinớq 6- 2“̂« cosớ,^ !
(6)

Let us turn to the impact o f  the CP phase ộq to the squark interaction. Our terminology and 
nota t ion arc aa in Rcf . [ l  1]. T h e  re l e v a n t  par ts  o f  the Lagrai ig ian  for s q u a r k  in teract ions

(<■' Havor indices) are given by

£.„n = n : e „ A ,ụ r ị ,U ] ,  R ị ,R ] ^ ) q ] l )  -  i e e , A ~ 0 , , q ^ ^ >%

i ' , , ,  -  ( R ĩ . , n ỵ ) c ‘'„ ĩr„ 'd ‘% .  =

where ĩ „  =  ; ỉ ; ' ; ỉ] , + ; ỉ ? , í ỉ ’,,̂

In case o f  CP conserv ing MSSM (say Ộ,Ị =  0), R ’’ is real and vve have

(7)

(8)

=

Hercfore, only interaction modes with i = j  exist, (for example: Ỉ2 Ỉ2 9 , bỵ bị 7 ). If  CP 
tion is taken into account {ộfỊ Ỷ  0 )> using (6) we have

\(  cos^ ớq +  e (e sinớg COSỚ.
) s in  ớạ COS ớg cos^ ỚỌ -f s in ^  Ớ, (9)

Thus, in this case, new interaction vertices with i Ỷ  j  appear, e.g. ?2 ^ 7 , b^bxQ- These new couplings 
are nonzero and depend on ộq, hence giving contributions to the decay width and production cross 
section o f  squark as vve 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 proc;esscs 
[M~  — q^qj {( ~  ) in which " is one o f  the exchanged bosons.

(a)
-h

(b)
Qx

<n

(Z,
r  02

Qi

r  (U

(Ii

£ (h

Fig. 1. Feyman diagram s for th e  p ro ce ss  —> Qicjj (£ '^ £  =  e~^e f-i ) ) ,  (a )  CP co n serv in g  case ,

(b) C P v io lat ing  case.

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

and

( 10)

(11(
2^.2 rĩi‘2 _  „ |2  \
^ ■ T v v  + T „ n  + '̂  ̂7V //j ,

w h e r e

+  T,UỈ =  ^  ( | ( G ? ) „ . 6 ' 2 n Q . 4  -  [G D ^ j .c o sa .d u i^  +  ,

r7i^,a^,/;^,sm/?|(G^),j|(c+f4 c?,.i +  d \ c , j d z ) . s  s -  M ị

In case o f  CP conserving, there is only z  exchange in the interaction mode with i ^  j .  Whereas, in 
case o f  CP violating, there are both z  and 7 contributions (see Fig.l). For the range 0 Ĩ  Ộ — [0,0.1 
we find that the term propotional to ỗij (with I Ỷ  j )  which arises from new vertices QiQj'y (i Ỷ  j )  

can contribute from (- 1%) to (+ 1%) to the cross sections o f  these processes, namely e “̂ e“  -+ u t j ,

e '^e^  —> bibj, ịx~ —+ u t j ,  b^bj (i Ỷ  j ) '  For a wider range o f  Ộ — [0 , 1] we find that these
terms can contribute up to from (- 3.5%) to (+ 3%) to the cross sections o f  these above processes.



In adtdilion, new vertices t ị ĩ ị l - ,  also allow for the decays o f  squarks to photon and gluon
Ĩ2 Ò2 ^  (see Fig. 2) which are absent at tree-level nor induced by 0 { a s )  SUSY-QCD
correction in case o f  CP conserving MSSM [14], At tree level, the amplitude o f  the above decay has 
the gemeral form

A/"(^7T -  +  Ả : 2 ) % ( ^ ' 3 ) ,  ( 1 2 )

with; A’l, k '2 and Ả’3 are the four - momenta o f gj', and V  ( V  =  7 ,ổ)»

=  Sin9y , . e , f2 , j ,  (13)

(14)

These  interesting results will aíTect the decay pattern o f  squarks and can not be neglected in .he detailed 
study o f  squarks.
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Fig. 2. Feyman diagrams for the decay q f  7 (5 )-
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Fig. 3. Example diagrams for real gluon emission in squark decays into vector bosons.

(a) CP conserving case, (b) CP violating case.

Moreover, in o ther decay modes o f  squarks ^  Qj V  ( V  is gauge bosons z ,  7 , g, W"^), 

QĨ + H  ( H  is H igg bosons hP, H ^ )  . . .  as well as in the production o f  squarks

at lepton colliders £~^£~ —V q^Qj, the infrared divergences occur w hen the one loop vertex corrections 
are included. In Oder to cancel these infrared divergences, we need to add real gluon emissions (see



Fic-3), and this will lead to the appcarance o f  the new terms propotional to (with ? -Ạ j )  in the
fonnulea o f  dccay widths and cross sections . We take some evaluation for the raimc of 0  ~  [0,0.1 
and find that these terms can contribute from (- 1%) to (+ 0.5%) to the decay widths o f  the processes 

—* (f̂  4- V', from (- 1.2%) to (- 0.5%) to the decay widlli o f  the processes ỹp —̂ f  H  and from

(- 0.4%) to (+ 0.1%) to the cross section o f  the processes e ^ e ~  Ĩ J j ,  e~^e~ hJ)j, ĩĩĩj^

» b^hJ. Particularly, there are some cases with large contribution, from (- 2.2%) to (- 1.5%),

for example the decay For a wider range o f  — [0 , 1] we find that these terms can

contribute from (-1%) to (+0.5%) to the cross sections o f  the processes e'^e~ u t j ,  e ^ ( r  hibj^

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