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Abstract

We propose a CP-odd asymmetry in the supersymmetric pretess— )Zl.O)Z? — )Z?r”Ff,jE by means of the transverse
polarization. We calculate the asymmetry and cross sections at a future linear collider in the 500 GeV c.m.s. energy range with
longitudinal polarized beams and high luminosity. We work in the Minimal Supersymmetric Standard Model with complex
parameterg:., M1 and A;. The asymmetry can reach values up to 60%. We also estimate the sensitivity for measuting the
polarization necessary to probe the CP asymmetry.

0 2003 Elsevier B.VOpen access under CC BY license.

1. Introduction In this Letter we consider neutralino production
+,—_,30-0 . . _
In supersymmetric (SUSY) extensions of the Stan- ¢ ¢ — Xi Xj» L/ = L...4 @)
dard Model (SM), some parameters can be complex. and the subsequent two-body decay of one neutralino
In the neutralino sector of the Minimal Supersym- = -
metric Standard Model (MSSM), these are the hig- Xi = Tu? » m=12, (2
gsino mass parameter and the gaugino mass para- for a fixedz-polarization. We would like to stress that
meter M1, while Mz can be chosen real by redefin- jthout measuring the transversé polarization no
ing the fields. In addition, in the scalar tau sector of gensitivity to the phase of;, ¢4, can be obtained,
the MSSM, also the trilinear scalar coupling parame- pecause (2) is a two-body décay. When summing
ter A, can be complex. The non-zero phaggs g, over the t~ polarization, we are sensitive only to
andg,, of these parameters give rise to CP-odd ob- cp viplation in the production process [1,2]. The
servables, which are not present if CP is maintained. pojarization is given by [3]
Measurements of such CP-odd observables will allow
us to determine these phases, in particular also theirp — Tr(Q"), (3)
signs. Tr(o)
with ¢ being the Hermitean spin density matrix of the
T E-mail addresses bartl@ap.univie.ac.at (A. Bartl), T~ ando; the Pauli matrices. We use a convention

tkern@hephy.oeaw.ac.at, tkern@ghepu3.oeaw.ac.at (T. Kernreiter), fOr P = (Pl_, P, P3) Wh?re the qomponenPg is
kittel@physik.uni-wuerzburg.de (O. Kittel). the longitudinal polarization ané; is the transverse
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polarization in the plane formed hy,- andp.. The ~ MZ = M2 —sir’ Oy cos Bm% +m?, (8)

componentP; is the polarization perpendicular 2 (g2 VF s

andp,- and is proportional to the triple-product Mz = (Mfue) =me(Ar — u"tang), ©)
g =arg A, — p*tang], (10)

St - (Pr X Pe-), 4

where m, is the mass of ther-lepton, @y is the
wheres; is the r~ spin 3-vector. Since under time weak mixing angle, tag = v>/v1 with vy (v2) being
reversal the triple-product changes sign, the transversethe vacuum expectation value of the Higgs fiqy@
T~ polarization P, is a T-odd observable. Due to (HY), andM;, Mz, A, are the soft SUSY-breaking

CPT invariance P is actually a CP-odd observable parameters of thé; system. Thef mass eigenstates
if absorbtive phases from final-state interactions are .~ R
are(t1, T2) = (Tr, Tr)RY with

neglected. ‘
In this Letter we study the asymmetry R»E e'%t cos9; sing;
= : i , (12)
—sing; e ¥t cosY;
1 _
Acp=5(P2— P2), ®) and
which is CP-odd, even if absorbtive phases cannot be —|M§LR|
neglected. In Eq. (5)P denotes the ~ polarization €O = > > =
; 20 - o E T JIM2 12+ 2 — M2 )2
vector in the decay;” — 7,7t~ andP denotes the LR ! L
polarization vector in the decg} — 7, t*. In Born _ M%Z - mf
approximation it follows from Eq. (5) thatlcp = P». Sinb;z = — LL = L —. (12)
In Section 2 we briefly review stau mixing in the \/|M5LR| +(ms — Mz )

MSSM and define the part of the interaction La-

. L . The mass eigenvalues are
grangian which is relevant for our analysis. In Sec-

tion 3 we define ther spin density matrixo and m? = }<(M? 4 M2 )
give the analytical formulae. In Section 4 we dis- ~ 72~ 2 TLL TRR
cuss the qualitative properties of the asymmetep. 2 2 \2 2 2)
. O~ M:z — M: 4 M= . (13
We present numerical results farte™ — 7977 :F\/( 222 Fee) T M (13)

in Section 5. We summarize and conclude in Sec-  The part of the interaction Lagrangian of the
tion 6. MSSM relevant to study the decay (2) reads (in our
notation and conventions we follow closely [7,8]):

2. Stau mixing and L agrangian Lipz0 =% (b PL+ af; PR) %+ h.c,
i=1...,4 k=12, (14)
We give a short account of;—tg mixing for .
complex i = |ule'?, A, = |A¢]e'%4 and My = with i
|Mq|e'M1. The masses and couplings ofﬁhelepton_s alfi — g(Rzn)*Airw b}{l - g(RIEn)*BiTn
follow from the Hermitian 2< 2 mass matrix which in

the basig 7, , 7z) reads [4,5] (n=L,R), (15)

: -t ot . .
==L 5 a-(f). m= (). 0o

M? e iyt ]M? | 7 hg; Sri
X TLL TLR ~L (6)
e'vi | M2 | M?2 R )’ and

. TLR TRR . o .

with hy; = (hRi) = Vi3
1 1 . ‘

M,?LL = M% + <_§ + sir? @W) cos Bm2 4+ m?, fli= _E(tanOWNzl + Ni2),

()  fr=Y2taney N}, (17)
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where Y; = m./v/2my cosB, Pp g = 1/2(1 F ys) ther™, D** and(X%)** can be expanded:
andg is the weak coupling constank is the 4x 4

unitary neutralino mixing matrix, which diagonal- D™ = D& 5/ +Db0f " (21)
izes the neutral gaugino—higgsino mass mam;g 2 \ARAL

k — , ab __b
N YapNijg = m; 08,k, in the basis B, W3, H ) (¥b) ED(SW +2b T (22)

[7] The part of the Lagrangian for the neutrallno pro- The expansion coefficient are given by
duction (1) can be found, e.g., in [10,11].
D= Re(br *qt i )memsy,

. . . —(|b}. . “ D7), 23
3. Tau spin density matrix + 2(‘ ”“’ + ’a’"’| )(p’ Pii) (23)
1 P2 72
DY = Zm, (|bZ.|° = |al. o s, 24
The unnormalized, Hermitean,>22 spin density 2 T<| il lani] )(px’ 2 (24)
matrix of ther ~ is defined by: 1 : 2
y = 5my (lag* = 534%) (pr -55,): (25)
Qi = / (IM?)"** dLips, 18 T =Re(bal)(pc5%)(ps, - s?)
whereM and dLips are the amplitude squared and the - (sz,- : )[ <|b | +| ml| )mrmii
Lorentz invariant phase space element, respectively,
for the whole process of neutralino production (1) and + Re(bf *qt )(pr le)]
decay (2). The~ helicities are denoted by, anda .
In the spin density matrix formalism (as used, e.g., in + Im(bf * ;”)e““f"’pwpms%psﬁ’a, (26)

[9,10]) the amplitude squared can be written as
with €123 = 1. The last term in Eq. (26) contains
(|M|2)KM}< =2’A()?,-0)|2 Z (pp)** (PD)if;.L~ (19) the triple product (4). This term is proportional to
oY, i Im(b? *a’.) and is therefore sensitive to the phases
' ®a,, ¢u and gy, . Inserting the density matrices of
It is composed of the un-normalized spin density ma- Eq. (20) into Eqg. (19) yields
tricespp for the production (1) an@p for the decay
(2), the propagatoh (32) = 1/[p2, —m2 +imy, I'y,], (IM?)
with p,,, m,,, Iy, being the four-momenta, masses
and widths of the decaying neutralino, respective}y.
andpp carry the helicity indiceg;, A, of the neutrali- (27)
nos and/or the helicity indicek, A, of thez™. The
factor 2 in Eq. (19) is due to the summation of the
)Zﬁ’ helicities, whose decay is not considered. We in-
troduce a set of spin basis vectofs (@ =1,2,3) for

the neutralinqzio, which fulfill the orthonormality re-

W= 2| AR PLPD + 55 25)80,

+(PD"+ 24 53)0y .
4. Transversetau polarization and CP asymmetry

From Egs. (3) and (27) we obtain for the transverse
T~ polarization

lationss? -sb = —39” ands% - p,, = 0. Then the spin
density matrices can be expanded in terms of the Pauli Py— T1AGD 224 242 dLips (28)
matrices: / |A(Xl.0)|2PD dLips
Py a_a which follows because in the numerator we have used
"= PG+ Xpo, ., - . . .
(er) ki P=ain [1A(x9)2P D?dLips= 0 and in the denominator we
(PD)if = [D"sy,, + (55 ) o, ] (20)  have used/ |A(x))|>E} £f dLips = 0. As can be

seen from Eq. (28)P» is proportional to the spin
The analytical formulae oP and % can be foundin ~ correlation terngz, Eq. (26), which contains the CP-
[10]. Introducing also a set of spin basis vectdr$or sensitive part Intb?,*a’. )e“vp"PrMPiiusfz,-psrza- In

mi
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order to study the dependencefon the parameters,  This choice favors right or left selectron exchange in

we expand the neutralino production process, respectively [10].
.. We study the dependence of the asymmettyp
Im(by;"ay;) and the production cross sectioas= o,(ete™ —
_ gz[coszefY, Im(ff, N;a) 1279 x BR(x2 — ™) on the parameteis,, ||,
®mys IM1l, 94, |Ac| and targ.
+ sir? 6; Y;+/2tan Gy IM(N;1N;3) For the calculations we assum#f;| = 5/3tarf

Ow M2, m; =0 and use in Egs. (7) and (8) the renor-
malization group equations (RGESs) for the selectron
+V2tan 6y |m(foiNile—i¢f)>], (20)  Masses [6],M§ = m3 + 0.79M5 and Mf: =m3 +
0.23M3, taking mg = 100 GeV. The size ofA,| is
using Egs. (15)—(17) fom = 1. If CP violation is restricted due to the tree-level vacuum stability condi-
solely due tapa, # 0 (modrr), we find from (29) that tions [12]. The restrictions on the masses of the SUSY
P> o sin ; sing;. We note that the dependencegof particles arem g > 104 GeV,m; > 100 GeV and
ONng,, isweakif|A;| « |u|tang, see Eq. (10). Thus,
we expect thafP, increases with increasirid . |.
Details concerning phase space and kinematics
necessary for the calculation & from Eq. (28) can
be found in [2]. Ther ~ spin vectors? are chosen by:

+ sind; cosv; (YTZ |m(N,'3N,'3€i(pf)

mz > mo. For the calculation of BRz; — 7,7 7)

we concentrate on the parameter domain where two-
body decays are allowed and neglect three-body de-
cays. We consider the two-body decays

1 S X 3 2 Pz X Pe- -
=(0 , =(0 —/———= |, <0 _, = =0 sFu+ 5040
1 E
S?=_<|prl,—’pr)' (30) t=ep, mn=12, (31)
mq [P
In order to measur®, and the CP asymmetrfcp, with HlO being the lightest neutral Higgs boson.
Eqg. (5), ther™ from the decay (2) and thet from The Higgs mass parameters is chosen asny =

the subsequent; decay,?; — xtT, have to be 1000 GeV, which means that explicit CP violation
distinguished. This can be accomplished by measuringis not important for the lightest Higgs state [13].
the energies of the's and making use of their different ~ Furthermore, the neutralino decays into charginos and
energy distributions [2]. the charged Higgs bosorfé’ - xEHT, as well as

A potentially large background may be due to stau decays into the heavy neutral Higgs bosg}%ﬁ»
productione™e™ — "7, — ¥t z{1]. However, 3940 are ruled out in this scenario.
these reactions would generally lead to “two-sided In Fig. 1 we show the contour lines fotcp in the
events”, whereas the events framie~ — 32%° — 9a.—|A;| plane. As can be seedcp is proportional
e 79%0 are “one-sided events”. Moreover, the to sin®; sing;, which is expected from Eq. (2cp
background reaction is CP-even and will not give rise increases with increasind .| > |u|tang, which also
to a CP asymmetry, because the staus are scalars witffollows from Eq. (29). Furthermore, in the parameter

a two-body decay. region shown the cross sectienvaries between 20 fb
and 30 fb.
In Fig. 2 we show the dependence¢p on tans
5. Numerical results and ¢y, . Large values up ta-20% are obtained for
tang ~ 5. Note that these values are obtained for
We present numerical results fefe™ — i?ié’ om, ~ £0.87 rather than for maximapys, ~ +0.5x.

and the subsequent decay of the neutralino into the This is due to the complex interplay of the spin
lightest stauxg — 7171 for a linear collider (LC) with correlation terms in Eq. (28). In the region shown in
+/s =500 GeV and longitudinal polarized beams with  Fig. 2, the cross sectian varies between 10 fb and 30
(P,~, P,+)=(0.8,—0.6)or (P,—, P,+) = (—0.8,0.6). fb.



A. Bartl et al. / Physics Letters B 578 (2004) 341-348

Jicp in_gé

1250

1000

750

500

250

oA /m

Fig. 1. Contour lines ofAcp in Eq. (5) for Mo = 200 GeV,
lul = 250 GeV, tarp =5, gy = ¢ = 0 and (P—, P,+) =
(0.8, —-0.6).

Fig. 3(a) and (b) show, fops, = 0.57 andey, =
¢, =0, the|u|-M> dependence of the cross section
and the asymmetrylcp, respectively. The asymmetry
reaches values up t615% due to the large value of
|A;| =1 TeV and the choice of the beam polarization
(P,-, P,+) = (—0.8,0.6). This choice also enhances

345
o /T Acp in %
]
05 10 :
0 0
-5
-0.5
4
0 10 20 30 40
tan 3

Fig. 2. Contour lines of Acp in Eq. (5) for Ay =1 TeV,
My =300 GeV,|u| = 250 GeV,ps, = ¢, =0 and(P,—, P,+) =
(0.8, -0.6).

are suggested by constraints on electron and neutron
electric dipole moments (EDMs) [15] for a typical
SUSY scale of the order of a few 100 GeV (for a
review see, e.g., [16]).

The polarization of ther is analyzed through
its decay distributions. The sensitivities for measur-

the cross section, which reaches values of more thaning the polarization of ther lepton for the vari-
100 fb. The gray shaded area excludes charginoous decay modes are quoted in [17]. The numbers

massesn ; < 104 GeV. In the blank area either the

guoted are for an ideal detector and for longitudi-

sum of the masses of the produced neutrallnos exceedsnal T polarization and it is expected that the sensi-

/s =500 GeV or the two-body decalf — #;
not open.

For ¢y, = 0.57 and ¢, = ¢4, =0 we show in
Fig. 4(a), (b) the contour lines af and Acp in the
|u|—M2 plane, respectively. It is remarkable that in a
large region the asymmetry is larger that10% and
reaches values up te40% while also the cross section

s

tivities for transversely polarized leptons are some-
what smaller [14]. Combining informations of all
t decay modes a sensitivity of = 0.35 [18] has
been obtained. Following [17], the relative statisti-
cal error of P, (and of P, analogously) can be cal-
culated ass P» = A P>/| P2| = o° /(S| P2|+/N), for o*
standard deviations, wher®¥ = o £ is the number

is large. Unpolarized beams would reduce the largest of events with integrated luminosit. and cross

values ofo by a factor 3, whereadcp would only be
marginally reduced.

For|u| = 300 GeV and\f, = 400 GeV, we show in
Fig. 5(a), (b) contour lines af and.Acp, respectively,
in the ,—pu, plane. As can be seen the asymmetry
Acp is very sensitive to variations of the phases
oM, and ¢,. Even for small phasesdcp can be
sizable. Small values of the phases, especially,of

sectiono =a,(ete” — 707 x BR(FS — 7 t7).
Then for Acp, Eq. (5), it follows that AAcp =
AP,/+/2. We show in Fig. 6 the contour lines of the
sensitivity S = v/2/(]Acp|+/N) which is needed to
measuredcp at 95% CL ¢* = 2) for £ =500 fb2,
for the parameterp,, = 0.27, ou, = ¢, = 0. In
Fig. 7 we show the contour lines of the sensitivity
for the parametergy, = 0.27 andg,, = ¢4, = 0. Itis
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M,/GeV| o(ete™ — 37777 ) in fb M, /GeV Acp in %
500 500
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1
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100 200 300 400 500 600 100 200 300 400 500 600
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Fig. 3. Contour lines of and.Acpin the|w|-M> plane forps . = 0.5, pp;; = ¢y =0,Ar =1TeV, tang = 5and(P,-, P,+) = (—0.8,0.6).
The blank area outside the area of the contour lines is kinematically forbidden since here/éithenil +myg, Ormz +my >mg,. The
gray area is excluded sineeii < 104 GeV.

1

M,/GeV| o(ete” — 777 ) in fb M,/GeV Acp in %
500 500
400 400
10
300 300
25
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200 100 200
150
100 100
100 200 300 400 500 600 100 200 300 400 500 600
|ul/GeV | /GeV

@ (b)

Fig. 4. Contour lines ofc and Acp in the |u|-M2 plane for gy, = 057, ¢a, = ¢ = 0, Ar = 250 GeV, tap =5 and
(P,-, P,+) =(—0.8,0.6). The blank area outside the area of the contour lines is kinematically forbidden since here/éithevil +

M2
ormg +me >mg,. The gray area is excluded sinm;(li < 104 GeV.
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o, /T | o(ete” — XAHTTT) in b P /T Acp in %
1 - 1 / ~—
w /
T~
0.5 \é/ 0.5
5 -15
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i
:
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Fig. 5. Contour lines o and Acp in the g, —ppy, plane for M = 400 GeV,|u| = 300 GeV, tarB =5, 4, =0, A = 250 GeV and
(P,—, P,+) =(—0.8,0.6).

M, /GeV sensitivity S M, /GeV sensitivity S
500 500
400 400
300 300
200 200
100 100
100 200 300 400 500 600 100 200 300 400 500 600
|ul/GeV |ul/GeV
Fig. 6. Contour lines ofS for ¢4, = 0.27, ¢p; = ¢ou =0, Fig. 7. Contour lines ofS for ¢y, = 027, 4, = ¢u =0,

Ay =1TeV, tang =5 and(P,—, P,+) = (—0.8,0.6). The blank Ar =250 GeV, tarp =5 and (B-, P,+) = (—0.8,0.6). The blank
area outside the area of the contour lines is kinematically forbidden area outside the area of the contour lines is kinematically forbidden
since here eithey/s < my, +mg, Of mz +me >mg,. The gray since here either/s < my, +mg, Ofmz +me >mg,. The gray
area is excluded Simﬂif <104 GeV. area is excluded Simﬂif < 104 GeV.
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interesting to note that in a large region in tpg—M>
plane in Figs. 6 and 7 we obtain a sensitityx 0.35,
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