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CP violation in tau slepton pair production at muon colliders
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We discuss in detail signals faC P violation in the Higgs boson and tau-slepton sectors through the
production processes ™’ u~ —>r r , Wherei,j=1,2 label the twor slepton mass eigenstates in the minimal
supersymmetric standard model We assume that the soft breaking parameters of third generation sfermions
containCP violating phases, which indud@P violation in the Higgs sector through quantum corrections. We
classify all the observables for probil@pP violation in the Higgs boson and slepton sectors. These observ-
ables depend on the initial muon beam polarization, where we include transverse polarization states. If the
heavy Higgs bosons can decay into tau slepton pairs, a complete determinationGI® fperties of the
neutral Higgs boson andslepton systems is possible. The interference between the Higgs boson and gauge
boson contributions could also provide a powerful method for prokifgviolation, if transversely polarized
muon beams are available. We show in detail how to meas&weiolation directly in the tau slepton system,
under the assumption that the neutral Higgs mixing angles are determined through the on-shell production of
the neutral Higgs bosons.
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. INTRODUCTION O(1) [9]. If universality is not assumed, the phases of third
generation trilinear soft breaking parameters are essentially
CP violation was observed in the neutral kaon sysféfn  unconstrained. In fact, some of these phases might be large
and strongly suggested by recent experiment84meson [10], so as to provide non-SM sources ©P violation re-
decays[2]. In addition, CP violation constitutes one of the quired for a dynamical generation of the baryon asymmetry
conditions for a dynamical generation of the cosmologicalof the Universe.
baryon asymmetry3]. In the standard modéSM), which Recently it was realized that the expli@tP violation in
contains only one physical neutral Higgs boson, the onljthe mass matrices of the third generation squarks with such
source ofCP V|olat|on is the complex phase of the quark possibly largeCP phase$ can induce sizabl€ P violation
mixing matrlx[4] On the other hand, models with multiple jn the minimal supersymmetric standard mod#SSM)
Higgs doublets can have additional source€®f violation,  Higgs sector through loop correctioft2—16. This induced
e.g., neutral and/or charged Higgs bosons of no defl@Re  CP violation in the MSSM Higgs sector can affect the phe-
guantum number. nomenology of the Higgs bosons at present and future col-
SupersymmetrySUSY) is now widely regarded to be the liders [12,13,16—2] These phases also directly affect the
most plausible extension of the SM; among other things, itouplings of Higgs bosons to third generation sfermions.
stabilizes the gauge hierarcl] and allows for the grand These couplings play an important role in the calculation of
unification of all known gauge interactio§]. Of course, loop-induced couplings of Higgs bosons to photons and glu-
supersymmetry must besoftly) broken to be phenomeno- ons, as well as in the production of third generation sfermi-
logically viable. In general this introduces a large number ofons atu™ u~ colliders[17].
unknown parameters, many of which can be comgléix In the past few years a considerable amount of effort has
CP-violating phases associated with sfermions of the firsbbeen devoted to investigations of the physics potential of
and, to a lesser extent, second generation are severely cdmgh energyu ™ u~ colliders[22] as a plausible future ex-
strained by bounds on the electric dipole moments of theerimental program. Since muons emit far less synchrotron
electron, neutron, and muon. However, it was recently realradiation than electrons do, a muon collider might be signifi-
ized [8] that cancellations between different diagrams allowcantly smaller and cheaper than @he™ collider operating
some combinations of these phases to be quite large. Even & the same center-of-mass ene@/ The main physics ad-
models with universal boundary conditions for soft breakingvantage of muon colliders compared to the conventional
masses at some very high energy scale, the relative phasge™ and hadron colliders is that the larger Yukawa cou-
between the supersymmetric higgsino mass parameterd  pling of muons in many cases admits copious production of
the universal trilinear soft breaking paramet®; can be

2 tan B is large, the third-generatioB P phases are constrained
n principle CP could also be violated in the SM by the Q@D by the electric dipole moments of the electron and neutron, because
term, but bounds on the electric dipole moment of the neutron forcén this case their contributions at the two-loop level could be sizable
focp to be very smalk 10710, [11].
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Higgs bosons as-channel resonances, allowing one to per-mary of our findings and to conclusions.

form precision measurements of their propertigx2—

24,17,25,26 In particular, they can allow us to search for Il. SUPERSYMMETRIC PARTICLE MIXING

CP violation in the couplings of Higgs bosons not only to

heavy SM fermions but also to third generation sfermions, Bounds onCP violating flavor changing processes tell us

which have large Yukawa couplings. that the CP violating phases associated with flavor off-
It is difficult to probe theseC P phases through processes diagonal trilinear scalar interactions must be strongly sup-

controlled by gauge interactions, where la@B-odd asym-  pressed30]. We therefore neglect all these flavor changing

metries can emerge only if some sfermion mass eigenstatésP violating phases in the present work, so that the scalar

are closely degenerate, with mass splitting of the order of th&oft mass matrices and trilinear parameters are flavor diago-

decay width, in which case flavor or chirality oscillations cannal and the complex trilinear terms are proportional to the

occur [27-29. On the other hand, in the MSSM corresponding fermion Yukawa couplings. Clearly the

CP-violating phases can appear at tree level in the coupling¥ukawa interactions of the top and bottdsyquarks play the

of a single sfermion species to neutral Higgs bosons. Thes&@ost significant role in radiative corrections to the Higgs

phases can give rise to lar@eP-odd asymmetries regardless sector. Furthermore, for large values of fathe 7, and 75

of sfermion mass splittings. Here we focus ppair produc- ~ States are expected to mix strongly.

tion. Unlike sfermions of the first two generationss gen-
erally have sizable couplings to heavy Higgs bosons even if A. CP-violating neutral Higgs boson mixing
the latter are much heavier tham, . Furthermore, unlike for In this section, we give a brief review of the calculation
b andt production the charge of a producedis usually [15] of the Higgs boson mass matrix based on the full one-
readily measurable; this is necessary for the construction dbop effective potential, valid for all values of the relevant
mostC P-odd asymmetries. Finally, in most models sleptonsthird-generation squark soft-breaking parameters. The
are significantly lighter than squarks, making it easier toCP-violating phases in the top and bottom squark sectors
study them at lepton colliders. cause scalar-pseudoscalar mixing at the one-loop level.

In the present work we extend the previous w¢ik/] The MSSM contains two Higgs doubldts andH,, with
significantly in order to discuss in more detail signals@®  hyperchargesy(H,)=—Y(H,)=—1/2. Here we are only
violation in the production processes M+_f;i—~¢j+ where interested in the neutral components, which we write as

i,j=1,2 label the twor slepton mass eigenstates. We work
in the framework of the MSSM with explici€ P violation.
More specifically, we present a general formalism and a de-
tailed analysis of the effects of tl&P-violating Higgs boson
mixing, and of theC P phases in the tau slepton mass matrix, where ¢, , anda, , are real fields. The constant phasean

on the polarized cross section for tau-slepton pair productiorpe set to zero at tree level, but will in general become non-
We consider both longitudinal and transverse polarizations ofero once loop corrections are included.

the initial muon and antimuon beams. A detailed procedure is  The mass matrix of the neutral Higgs bosons can be com-
suggested for measurinGP violation directly in the tau puted from the effective potentifB1]

slepton system, under the assumption that the neutral Higgs

mixing angles are determined through the on-shell produc- 1, 5 o o o 5

tion of the neutral Higgs bosons as demonstrated in Ref. VHiggs=§m1(¢1+al)+§m2(¢2+az)—|m12|(¢1¢2

[21]. The polarization observables allow for a complete de-

Hozi(d, +iay) Hozﬁ(qﬁ +iay) 1)
1 \/E 1 1) 2 \/E 2 2/

termination of theCP properties of the neutral Higgs boson —a,8,)C0 £+ 01p) + | M2, (hran+ dray)sin(é
and 7 slepton systems. The interference between Higgs and R
gauge boson exchange contributions plays a crucial role in g2 ) 1 4 M2 3
this analysis. +to)+ 3 M Iog? )
The remainder of this paper is organized as follows. Sec-
tion 1l is devoted to a brief review of the mass spectra and 2
mixing patterns of the neutral Higgs bosons and tau sleptons,
focusing on the role of th€ P phase§13,15,16. In Sec. [l We have allowed the soft breaking parameter,

we present the heI|C|ty amplitudes of the production of a—lmlzle"912 to be complex, and we have introduced the
7-slepton pair inu™u~ collisions with polarized muon quantities

beams. We also give a complete classification ofGHrand s s

CPT transformation properties of the polarization observ- D= 2+ a2— g2 a2 ézzg 9 3)
ables. In Sec. IV we show how to extract the rate and polar- 2772 7 Tk 4

ization asymmetries by taking appropriate configurations of

the muon and antimuon spins. We then perform a detailetvhere the symbolg andg’ stand for the SU(2)and U(1),
numerical analysis for a representative SUSY parameter sgauge couplings, respectivelQ. in Eq. (2) is the renormal-

S0 as to obtain a concrete estimate of the relative usefulneszation scale; the parameters of the tree-level potential, in
of those observables. Section VI is devoted to a brief sumparticular the mass parameten§, m3, andms,, are running
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parameters, taken at scdle The potential2) is then inde- , 1 2. 2 R

pendent ofQ, up to two-loop corrections. m=5he|*(¢1+a1), mi=5[h|*(¢3+az), (4
The matrix M in Eq. (2) is the field-dependent mass ma-

trix of all modes that couple to the Higgs bosons. The by far

dominant contributions come from the third generation

guarks and squarks. Th@ea) masses of the former are whereh, andh, are the bottom and top Yukawa couplings.

given by The corresponding squark mass matrices can be written as
|
2 2 1 2 g’2 *[ AKX 0y % 0
my+mi—gl9°— 37| —hi[Af (H)* + uHi]
2
M‘E: 5 g/2 ’
—h[AH3+u* (H)*] Mg+ mi— =D
2 2 1 2 9,2 *[A* 0\ 0
mé+mb+§ g +? D _hb[Ab(Hl) +,LLH2]
M= g2 : (5)
—ho[ AgH T+ u* (H9)* ] m%+m§+ ED

HereHY andH?) are given by Eq(1), while m? andm?2 are  Our convention for the three mass eigenvaluesmig,
as in Eq.(4) andD has been defined in E3). In Eq. (5) <my,<m_. The loop-corrected neutral Higgs boson sector

mgQ M5, andmg are real soft breaking parametess, and s thus determined by fixing the values of the following pa-
A are complex soft breaking parameters, ants the com-  rameters:m,, which becomes the mass of th@P-odd
plex supersymmetric Higgi®o) mass parameter. Higgs boson ifCP is conserved, and tah fix the tree-level
The mass matrix of the neutral Higgs bosons can now bqi."ggs potential; angk, A,, A,, and the soft-breaking third
computed from the matrix of second derivatives of the PO-generation sfermion massess, Mg, and mg, which fix
tential (2), where mf, mj, and mi,sin(¢+6;,) are deter- the third generation squark mass matrices. After minimiza-
mined by the stationarity conditiohssV/dp;=3dV/dd,  tion of the potential the rephasing invariant suip+ ¢ of
=Vlda,=0. The massless sta@’=a, cosp—a,sinBisthe  the radiatively induced phaseand the phasé, of the soft
would-be Goldstone mode “absorbed” by the longitudi#al preaking parametermfz is no longer an independent
boson. We are thus left with a squared mass matdf, for  parametef. The physically meaningfuCP phases in the
the three statea=a; sinf+a,cosp, ¢;, and ¢,. This ma-  Higgs sector are thus the phases of the rephasing invariant
trix is real and symmetric, i.e., it has six independent entriesgombinationsA,xe¢ and A,u€é appearing in Eqs(6). We
CP violation is caused by the appearance of nonvanishingefer to Ref.[15] for further details on neutral Higgs boson
ag; or a¢, entries of this mass matrix. The sizes of thesemixing in the presence o P violation. This mixing changes

entries are controlled by the quantities all the couplings of the Higgs fields so that the effect€ét
violation in the Higgs sector can be probed through various
Im(A,  €9) Im(Ap w €¢) processe§18—21].
AM=—m—— A= - (6)
my — My My, ~ Mg
2 1 2 1

B. Tau slepton mixing
Explicit expressions for\1 2 can be found in Ref{15].
Since/\/lﬁ is real and symmetric, it can be diagonalized
with a three-dimensional orthogonal rotation mattix

The mass matrix square’dﬁ for the left- or right-handed
tau sleptons is given by

a Hy “As discussed in Ref15], £ and 6;, are not separately physical

¢ | =0| Hy |. (7) parameters. For example, one or the other can be set to zero in
certain phase conventions for the fields. Similar remarks hold for

b2 Hs the phases o\, A, and . Altogether there are only three rephas-

ing invariant (i.e., physical phases, which we write a®;,
+¢, arg(An€?), and argh,x€¢). The minimization of the poten-
3The conditiondV/da,=0 gives the same constraint a¥/da, tial fixes one of these combinations, leaving two independent physi-
=0 [15]. cal phases as free input parameters.
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) X, ZTe‘i‘f’T asymmetries according to thedrP andCPT transformation
M= zTei</>T Y. ' ® properties, and discuss tiP T-even and -odd combinations
of the neutral Higgs boson propagators, neglectingzZtie-
where the matrix elements are defined as son width.
2 2 1 2 2
X.=m: +mi+ E(mz— 2my,)cos 28, A. Feynman rules
L
The couplings ofy and the neutral gauge bosahto
YT:m§ +m?+ (ma,— m2)cos 28, fermions in the MSSM is described by the same Lagrangian
R as in the SM
9
ZT:mT|A¢+MeI§tanB|! ﬁvff:_lef‘ny AH— alf Yu
— _ ko ié
br=arg— A~ " e7Hang), X[(Trs=Qish)P-—QsiP. 1124 (14

where m%LR are the left- and right-handed soft-SUSY-

breaking tau slepton masses squared, respectively.
The mass matrix squareld/l;2 can be diagonalized by a

with e=gs,, and the chirality projection operatoks. =(1
+y5)/2. Qs is the electric charge of fermidnin units of the
proton charge. The couplings of the neutral Higgs bosons to

unitary transformatiotJ ., leptons and quarks are described by the Lagrangian
UIMEU = diagm? ,m?), (10) 3
| T .
Lyi=——= [[Oy—isgO H
with the mass orderinm;ls n;, as a convention. The di- HIt J2 &1 [O21=185 Oucrs]IH
agonalization matrix can be parametrized as o3
_ d - :
y cosf, —sing,e ¢ " - 2 gl d[Ogk—isz Ogys]dH
™ \sing,d¢ cosf, |’ ) 5
hy - —
taking the ranges- m/2<6,<0 and 0<¢,<2m. The tau - \/—% kzl U[Ozx—icg Oy JuH. (15

slepton mass eigenvalues and mixing angles are then given

by
Hereh,, hy, andh, are the lepton and quark Yukawa cou-
—, A, i
me =MZEor plings
1,2 T2
g Xy, o 9™ 9m o gm
sin26,= — ZA—T, cos24.=— AT . \/Emwcﬁ \/Emwcﬁ \/Emwsﬁ
(12) (16
The phenomenological parameteb_né andA, are related to  respectively, withc ;=cosg and ss=sing. It is then clear
the tau slepton masses as that all the neutral Higgs bosons couple dominantly to the
5 5 third generation fermiong b, andr, and that they couple to
oM oy Ly a muon about 200 times more strongly than to an electron—
2= 22 L= 72 iy the primary reasonfor having a muon collider.

The couplings ofy and the neutral gauge bosdrio tau

2 2 5 5 sleptons in the MSSM are described in the mass eigenstate
Ar=me —me = V(X —Y,) +4Zz (13 pasis by the Lagrangian,

Clearly tau slepton left-right mixing is enhanced for large
tang and lar . . ~e o~ . 9 ~y o~

B gef u| Ev??:'eAM5ij(Ti*‘9;LTj)_'EVZMQS(Ti*’?/LTi)’ 17)
I1l. TAU SLEPTON PAIR PRODUCTION

In this section, we present all the Feynman rules needely"€r€Qjj are expressed in terms of the tau slepton mixing
. T . matrix U, as
for the production process™ ™ — 7 7 (i,j=1,2), derive
the production amplitudes, and describe how to obtain the
polarized cross sections with initial muon and antimuon po- QZ=82,5 — E(U )5 (U )y (18)
larizations. We then classify all the polarization and rate e e
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FIG 1. The mechanisms contributing to the processu 7
—>r 7' : three spin-0 neutral-Higgs boson exchanges and spin-1 7
andZ exchanges The indicésandj are 1 or 2, and the indelis
1, 2, or 3. FIG. 2. Schematic depiction of the production plane with the

polar scattering angl®. The transverse polarization vectdts and

On the other hand, the Feynman rules for the Higgs bosoRt have azimuthal angles and « with respect to the event plane,
couplings to tau slepton pairs, involving all the mixing and respectively.
phases and including the phase rotations of the scalar tau

fields, can be written as e’ -
M=~ 2 {Zi[v(P) (b= B)Pu(p)]
. 9mz * ~% —
Ly7=— Cw Ou(U ) 5i(U) iV gy Her 7 +myH o [0 (P)PLU(P) 1}, (22)
m o _ . .
__ gc ZVk;inkTi* - (19 V\{hereg + and the vector and scalar chiral couplings are
W given by
where « labels the three neutral Higgs boson interaction 2 12
eigenstates{a, ¢1,,}, and {B,y} denote the chiralities 7 ij=5ij+Dz(S) Q”
— 2 2 1

{L R} of the 7 interaction eigenstates. The chiral couplings
V., for the scalar tau leptons can be obtained in a rather
tedious but straightforward way as
Z+Ij 5 +DZ(S) Q”,

m, 0 i(A¥ tanB— u€t)
Va= 23| i tang— o ity 0 : (23
2msz \ —i(A tang—u*e Dy, (5)
, H ij==Y,—— 2 Viii[ Ok +is501],
*
g L,mmA
2 maic? 2mac’
Vi, =Cs g ? 1, (20) Dy, (5) .
! m.A, 5 m? Hiij= = Yu—= 5 Vkij[ O2k— 1501l
syt —3 CovSwy
Zch,8 mzCy
The couplingY,,, and theZ and H, propagatorsD, and
1 m,uet DHk (k=1,2,3) are
5\2/\/_ _ 7
2 2micgsg
V</>2__S:3 mTM*e—ig , ) v = m,
— —Sw Ko 2mycg’
2mzCzSp
These 22 matrices determine the dimensionless couplings D,(s)= 2; (24)
Vi.ij through the relation S—mz+imzl’,
Vk;ij:Oak(Uf)Zi(UT)ija;By' (21) D ( ) S
S)= .
Mk s—mg, +imy Ty,
B. Production amplitudes
As shown in Fig. 1, the matrix element;; for i Defining the polar angle of the flight direction of the tau

—1 7 receives contributions fromy and Z exchange as slepton~ri’ with respect to the.~ beam direction by (see
WeII as from the exchange of the neutral Higgs bosons of th&ig. 2), the explicit form of the production amplitudéqg.
MSSM. It can be written as (22)] can be evaluated in the helicity basis by the two-
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component spinor technique of RE82).> We denote the. ™ scalar, vector, and axial vecjaran give rise taC P violation
andu " helicities by o and o, with o=+ and — standing  in nondiagonal pair production (#]).
for right- and left-handed particles, respectively. Neglecting Another useful classification is provided by the so-called
the muon mass in the kinematics, the helicity amplitudes «najve” time reversalT. Like properT transformation, this
transformation changes the directions of all 3-momenta and
M.J(U o)=e (Uff)” (25  spin vectors, i.e., it leaves helicities unchanged. However,

unlike aT transformation, & transformation doesot inter-

read change initial and final states. In our casé &ransformation
simply corresponds to taking the complex conjugate of the
(++)j=-— —WH+ij . (+-)ij=—Z4Bsin0, helicity amplitudes. Under the combine@PT transforma-
\/g tion the helicity amplitudes therefore transform as follows:
My CPT CPT
(——)ij=+$H_ij, (—+)ij=—Z2_;Bsin®. (E)ij = —(FF)i, (=F)j— H=F)). (29
(26)

We note that tree-level PT violation is only possible in the
Here 8= )\1’2(1rr‘r s, r’rh/s) with \(X,y,2) =x2+y2+ 7 presence of finiteZ or Higgs boson vfdths. It is therefore
very useful to analyze th€P and CPT properties of any
—2(xy+yz+zx), describes the 3-momentum of the scafar fphysical observable simultaneously, so as to investigate not
leptons in the center-of-mass frame. Note that in the limit ofy i © p violation itself but also its dependence on the real
negligible kinematic mass of the muons vector boson exy, imaginary part of some produst of propagators.
change only contributes to configurations whare and u*
have opposite helicities, whereas Higgs boson exchange only
contributes to configurations with equal® and .~ helici-
ties. This implies that Higgs and gauge boson exchange con- The production cross section for geneflaingitudinal or
tributions can only interfere with each other if at least one oftransversgbeam polarization can be computed either using
the muons has nonvanishitgansversepolarization, which  standard trace techniquésmploying general spin projection
can be understood asoherentsuperposition of left- and operatory or from the helicity amplitudes by a suitable ro-
right-handed helicity statg82]; see Eqs(31) and(32) be-  tation[32] from the helicity basis to a general spin basis. In
low. the former case, neglecting the muon mass in the spin pro-
Before turning to the calculation of the cross section, letiection operators we can obtain the following approximated
us briefly describe the symmetry properties of the helicityform for the ™ projection operators:
amplitudes. Th& P transformation leads to a relation among
the transition helicity amplitudes:

C. Polarized production cross sections

1 1
§(F5+m)(1+ 75$)H§(1+ PLys)p
CP _
_._(_) _ _aN(o—o) 2y =\ .
<00—>” (=1(=1) 2< o U>J" 27 +%’)’5PT(COSaVll+SinaV\2)p,

note thato— o gives the total spin, if theu ™ momentum

direction is used as quantization axis. Equivalently one has 1 __ _ 1 _
for the scalar and vector helicity amplitudes 5 (P=m)(1+y58)— 5 (1= PLys)P

cp cp 1 o
Equations(28), (23), and (26) show thatCP violation in (30)

diagonal channelsi &) can only occur in the presence of
nonvanishing pseudoscalar couplings, since the contributioridere s, is the spin 4-vector, and,,, andn,, are purely
Oy 'in Eq. (_23) are the only'ones that violate relati¢c28). spatial vectors satisfying;-n;=—&; andn;-p=n;-p=0.
We will see in thg ngxt §ect|ol1 th"f‘t observgé’_-odd ef-  p_ andP, are the longitudinal polarizations of the~ and
fects can only arise in diagonalpair production if a pseu- u* beams, whileP; and d Py are the degrees of transverse
doscalar coupling interferes with one of the other couplings,

polarization witha and « being the azimuthal angles be-
On the other hand, all four sets of couplingsalar, pseudo-

tween the transverse polarization vectors and the momentum

vector of 7, as shown in Fig. 2. We also note thaf+ P2

S0ur convention for the momentum-dependent Weyl spinor for<1 and PZ+P3<1.

fermions going in the-z direction differs by an overall sign from Equivalently the polarization weighted matrix element
that of Ref.[32]. squared in the helicity basis is given by
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1+P, Prel@
Preée 1-P,

> - 1
2|M|2: 27 Mg;M:\;;;;PUUIP:j/ p7:§

O'U"U'O"

_ +aqt T = 5 da

_Tr[Mp M p ]v (31) 1 1+PL _PTela
o e 1p ) @

_ — e '@ —

where M, (o,0==) denotes the helicity amplitude for T -

any given production procegs (o)u*(o)—X, and the 2 Applying the projection operator80) or/and evaluating

X 2 matricesp™ are the polarization density matrices for the the trace(31) leads to the following matrix element squared

initial x* beams: for polarizedu * ™ —7, 7, production:

— ok -t
EijE Ev <U<7>ij<ff g >ﬁPwrP;r

=(1=PP)Cy[ij1+ (P =P CLij 1+ (1+PLPL)Calij 1+ (PL+PL)Cylij ]
+(Pycosa+ Prcosa)Cqlij ]+ (Prsina+ Prsina)Cglij ]+ (Pt cosa— Py cosa)C[ij ]
+(Pysina— Py sina)Cglij ]+ (P Py cosa+ P Py cosa)Cqlij]+ (P Prsina+P Prsina)Cydij]
+(P_Pycosa— P, Py cosa)Cyqij]+ (P Pysina— P Pysina)Cy]ij]

+P;Ps[cog a+ a)Cydij]+sina+ a)Cyifij 1]+ PtPlcog @— a)Cydij ]+ sin(a—a)Cydij 1. (33

The coefficientsC,(n=1-16) are defined in terms of the 1
helicity amplitudes by Cio= ZIM((= ) +{(++N(=H)+(+ )7,

1 2 _ 2
=gl DR, Cai= R~ )=+ N~ +)+(+ )",

:E N2/ a2
Gl Pl Caam gIM((++) (= N+ =) —(~+))*

1 2
Camglitr == Cu=~ GRA(~ )+ —)*], Cumg (-~ +)(+-)*],

1 U2
C4_4[|<++>| |< >| 1 015:_%qu<__><++>*], C16=%Im[<——)<++)*].

1
Cs= ZRG(<+ === NH=+)—(+—-N*, The production cross section is then given in terms of the
distributionX;; in Eq. (33) by

do a?

1
Co=ZIm((++) = (= =N((=+)+{+=-)*, Toos@dd K H =T )= 758

2ij (395

with 8 as in Eq.(26). The dependence of the distributitr
on the azimuthal anglé® of the production plane is encoded

(34 in the anglesy ande. If the azimuthal angl&® is measured
with respect to the direction of the™ transverse polariza-
tion vector, thed dependence can be exhibited explicitly by
taking for the anglesr and «,

1
=-— + )+ (—— —H)—(+-N* —
Co=Re((+ )+ (== N(=+)=(+-)", . ), (36)

a=

Gy gRE(HH)+(==)((= +)+{+ ),

Ca= gIm((+ )+ (= =)= +)=(+ =),
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TABLE I. The classification of the correlations of the muon and antimuon polarization vectors that appear
in Eq. (33) according to theilCP and CPT properties, based on ti@P and CPT relations[Eq. (39)].

CP CPT Polarization factors

even even 1-P.P., P.—P_, 1+P.P,
Pt c03a+3T cosa, PLET cosE—FLPT COsa,
PPy cos@+a), PtPrcos@—a)

odd P;sina+Prsina, P Prsina—P Prsina,
PP sin(a+a)

odd even P;sina—Pysina, P Prsina+P Prsina,
PP sin(a—a)
odd P_+P,, P;cosa—P;cosa,
P, Py cosa+ P P;cosa

where 7 is the rotational invariant differencea— a of the ~ CPT-odd, threeCP-odd andCPT-even, and thre€ P-odd
azimuthal angles of thee™ and ™ transverse polarization andCPT-odd polarization factors, as shown in Table I.
vectors. The polarization coefficients can be classified ac- The coefficientsC,,[ij ](n=1-16) corresponding to these
cording to their correlation patterns of the vector and scalapolarization factors are bilinears B.;; andH_; . For later

contributions as follows: convenience we define the asymmetric combinations
Cn[12]] and the symmetric combination ij1} (ij
vector and vectofVV) correlations: C;, C,, Cy3, C1a, [Zlng 1%]22) as y BCAl11 1} (1)

scalar and scaldiSS correlations: Cj, Cy4, Cys, Cyg,

1
Cil[12]]==(C,[12]-C,[21)),
scalar and vectarSV) correlations: [Cal12]] 2( 121~ Cil21])

Cs,Cs, C7,Cq, Cg,C10, Cy11, Cyp. (37 1
, {CalijIi= 5 (Colij 1+ Clji D). (39
Among the 16 observables, only six observables—the two

VV observables{C,,C,} and the four SS observables
{C3,C4,C15,C1gt—can be measured independently of theClearly the coefficients multiplyingC P-even polarization
azimuthal angIeI), but the other ten observables require tthactors(the first group in Table)lcan give rise tadC P viola-
reconstruction of the production plane. This is true in parjon only through the antisymmetric combinatidiG,[12]],
ticular for the observables involving scalar-vector correlayhich describe rate asymmetries. In contrast, all symmetric
tions; as already stated in Sec. Il B, these observables aggmbinations{C,[ij]} of the coefficients of the second
only nonzero if at least one of the incoming beams has nongroup in Table I, which have P-odd polarization factors,

vanishing transverse polarization. can contribute toCP-odd polarization or azimuthal angle
asymmetries; these can be probed for three different
D. Observables with definiteCP and CPT properties CP-even final statesh;(';-r, i=1,2 and the sum O%'l_;;

The CP andCPT transformations act on the polarization 21d 71 7, production. Based on these observations one can
vectors of the initial muon beams according to the simultaclassify all 64 distributions according to thé&xP andCPT

neous exchanges: parities as shown in Table Il. We will show in Sec. IV B that
all 64 coefficients appearing in E¢33) can be extracted
cp__ CP__ CP__ independentlyif the polarization of both beams can be con-
Pie—PL, PP, ace, trolled completely and the final tau slepton pair is identified.
We thus see that one can define t€r-violating rate
CPT __ CPT__ CPT __ asymmetries involving antisymmetric combinations in the
PLe—PL, ProPr, ae —a. (38 indices and six polarization or angle asymmetries involving

- ) o symmetric combinations in the indices; we recall that the
The CP and CPT relations[Eq. (38)] of the polarization |atter can be studied for three different final states, leading to
vectors lead to the fOllOWIng classification of the terms in Eqa total of 28 different asymmetriesl More detailed exp|ana_
(33): sevenCP-even andCPT-even, threeCP-even and tions of the definition of the rate and polarization asymme-
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TABLE Il. The classification of the coefficient§[ij ](n=1-16,ij =11,12,21,22) according to their

CP andCPT properties. The underlined observables can be constructed without direct reconstruction of the
scattering plane. HerfC\[ij 1} =(C.[ij ]+ C,[ji])/2, and[C,[12]]=(C,[12]-C,[21])/2.

CcP CPT Coefficients (j =11,12,22)
even even {C.L T} {Calij 1}, {CelijT}, {Celijl}, {Cadlijl}, {Cadijl},
{Cudij 1}, [Ca[12]], [C/[12]], [Co[12]]
odd {Celij 1}, {Codijl}, {Codij]}, [Cel12]], [C1d12]], [C1d12]]
odd even {Celii 1}, {Cudijl}, {Cadlijl}, [Cel12]], [C1A12]], [C1d12]]
odd {CLH T} {CAij1}, {Colij}, [Cal12]], [Co[12]], [C4[12]],

[Cs[12]], [Ca12]], [C1d12]], [Cid 12]]

tries and of the extraction of the asymmetries by adjusting S«u=Re Dy D} ]
the muon and antimuon polarizations will be given in the K

next section. (s— mak)(s—mE,l)JrmHkall“Hkl“HI
Any CPT-odd observable requires son@P-preserving =g? 2 2 2 2. 22
phase. At tree level this can only be provided by thand [(s—my )" +mp Iy [(s—mi)*+mj I'y ]

Higgs boson widths in the tau slepton pair production pro-
cesses. Therefore, if theéwidth is neglected, in which case Dy=Im[Dy D}, ]
Z.j; is Hermitian, the following five quantities involving K

ngstﬁ:e v or Z boson couplings to muons and tau sleptons e (s— mak)mleHl_(s_ mal)mHerk
[(s=m})2+m TF I[(s—m)>+m§ T ]
[Ci[12]]=[C,[12]]=[C14 12]]=Cy4 11]=C1{ 22]=0. (42)
(40)

It is worthwhile to note two pointsta) the denominator re-
veals a typical two-pole structure so that the Higgs boson
Furthermore, Eqs(18), (23) and(34) show that contributions are greatly enhanced near the polbs;the
numerator ofS,, is negative between two resonances with a
[Cid12]]1={C412]}=0, (41)  mass splitting larger than their typical widths, but positive
otherwise. In contrast, for realistic widths of the MSSM

L ~ - Higgs bosons the numerator B, is always positivénega-
even for nonvanishingy', . All other CP T-odd quantities can tive) if my=m, (my =m, ). Moreover, it increaseéde-
receive contributions from some Higgs boson width, as Wi”crease)slinlearl Cvith skif m ll“ > (<)M T
be clarified in Sec. IVE. y S HZHT LS He .

As noted earlier, in the approximatidn,=0 the SV in-

terference terms depend on the real and imaginary parts of

E. CPT-even and -odd combinations of Higgs boson each Higgs boson propagatdds; , which are given by
propagators
~ 2
The behavior of each observable unde€ BT transfor- B s(s—mg,)
mation plays a crucial role in determining the interference RE{DHk]_

2 \2 2 2!
. o s—m +mg T
pattern of the Higgs boson contributions, among themselves ( Hk) Hi Hi

and with they andZ boson contributions to this observable.
Every CPT-even (-odd) observable involving only scalar smy Iy,
contributions depends on the re@naginary parts of the Im[DHk]:_
productsDHkD’,;I of Higgs boson propagators; note that only

k#| gives a nonzero imaginary part. We already showed thatespectively. Note that the real parts change their sign when-
the observabl€,, involving only the vector contributions is  ever the c.m. energy crosses the corresponding pole, but the
negligible; see Eq940) and (41). In the approximatiod’z;  jmaginary parts are always negative.
=0 all the vector boson contributios. andZ . in Eq.(23) Combining the coefficients from the mixing matrix ele-
are Hermitian. As a re_sult_, the interference terms be_twee_ments with the corresponding propagator-dependent factors
scalar and vector c_ontr|but|ons depend on the real or imagisnaples us to straightforwardly understand the qualitafive
nary parts of the Higgs boson propagatbrs, themselves.  dependence of the combinations of coefficieDt§ij ] listed

This discussion shows that it is convenient to introducein Table II. However, the energy dependence of the corre-
abbreviated notations for the real and imaginary parts: sponding properly normalized asymmetries is also affected

, (43)
(s=mg)?+m; Tf
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by the energy dependence of the normalization factorston system through these scalar-scalar correlations. There are
which can be nontrivial. We will discuss these issues fUrtheﬁ_G such correlations: seve@P-even andC P‘:i'_even, one

in Sec. V, where we present numerical results. CP-even andCPT-o0dd, threeC P-odd andCPT-even, and

five CP-odd andC PT-odd observables. It is straightforward
IV. POLARIZATION AND RATE ASYMMETRIES to obtain the explicit forms of the these 16 correlations:

In this section, we present the explicit forms of all the VV,
SS, and SV polarization and rate correlations, and then ex- (Clij T =+
plain how to extract the corresponding asymmetries by ad-
justing initial beam polarization and, in some cases, inserting 5
weight functions of the polar angle in the phase space inte- +550101),
gral. For completeness we include t@é-even correlations

2. 2

W
ESKI Re(V;ij V1)) (02O

>
CwSw

listed in the upper half of Table II. Y, 2 \ZN
[Ca[12]]=— 2 EDkﬂm(Vk;lel*;lz)(ozkom
wSw

A. Expressions for the correlations

2
i +5504..04),
1. Vector-vector correlations B~ 1k 1)

The VV correlations are very useful for reconstructing the 2.2
tau slepton system independent of the Higgs boson system. {C,[ij]}=+ > 2 Z—WDk, Re(Vijj ﬁij)sﬁ(olkom
In principle there exist nine nontrivialCP-even and cwsw/ <S

CPT-even VV observables{Cq[ij ]}, {Co[ij1},{Cdij1}) —0401)),
and oneC P-odd andC P T-even observablgC,412]]. How-

ever, we already saw that this latter observable vanishes.

Since theCP-violating phaseg, in the tau slepton system [C412]]=+

affects neither the masses of theeigenstates nor the abso-
lute values of their gauge couplings, it cannot be directly —0409)),
measured through VV correlations ofilijjowever, the abso-

lute values ofX,, Y., and Z, defined in Eq.(9) can be

determined from the remaining nineCP-even and

CPT-even observables, together with the measurement of {C,dij]}=+
the two tau slepton masses. As a result, iffas determined

(or constrained to be largefrom other processese.g.,
chargino pair production ie" e~ collisions[33]), the above
determination can be used to obtain the left and right soft-
breaking tau slepton Masses, . The absolute magnitude

of |A* + u €¢tang| can be determined even if t@his un-
known. However, it is necessaryo consider different ob-

) Skl IM(Vi.15V} 12850105

(44)

Y, \’md
2’;) 5ok RV 1)) (0202
CwSw

—s50401)),

Y, m2, .
[Cid12]]=— 22 g P IM(Vi12Vi:12) (02O
W2W

2
servables to determine the phase angbe=arg(—A, —S5 0O,
_M* e—ug)_ ,
y LM .
2. Scalar-scalar correlations {Cudijl}=— ( C\2NS\2N> Z_SSkI R&(V;ij Vi) Sp( 01Oz

The scalar-scalar correlations involve not only tau slepton
mixing but also neutral Higgs boson mixing. However, it is
known that the Higgs boson mixing angles can be com-
pletely determined through on-shell production of each
Higgs boson with polarized muong1]. In this section we [Cad12]]=+
therefore check the possibility of reconstructing the tau slep-

+0,0yq)),

Y. m2, .
<P IM(Vi15V112)S5(014O5
WSW 2s

+020y),

®The phaseb, does affect ther masses. However, it could be where summation over the repeating indikesndl is under-
extracted from measurements oinasses and, only if |A,| and stood. In degvmg Eqgs(44) we have exploited the relation
| u|tan are already known. In case || at least this seems quite Vkij = (Vicji)* - Note that any rate asymmetry, defined to be
unlikely. proportional to the difference between th2] and [21]

"The absolute value d, does depend on the relative phase be-modes, is determined by the combination VRGVia0),
tweenA* andu€¢. However, observables that only depend@f  Which is antisymmetric with respect to the Higgs boson in-
clearly cannot determine this phase, unlgsd and|utang| are  dicesk andl. In addition, in the MSSM the lightest Higgs
already known. boson has a mass of less than 130 GeV and a tiny width, so
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that its contribution to the tau slepton pair production is neg-
ligible. As a result,
Sa0, Sp3, Sa3. andD,, are important in determining thes
dependence of these rate asymmetries.

3. Scalar-vector correlations

All the SV correlations are proportional to the real or
imaginary part of a Higgs propagator, so that they also argColii ]} =
sizable when the c.m. energy is very close to one of the
heavy Higgs boson resonandes:

mwY,.B

(Cij} =+ —2— s, OszzRe[DHk]Re(Vk;ijQﬁ*)sin, [Col12]]=
mWY,u,B
[Ce[12]]= — —=2—OxD5 Im[Dy ]
i aschsly T [Cudijl}=
XIM(Vy;1,Q73 )sin®,
.. __mWY,u,ﬁ
{CeliiI}t= \/gC\ZNS\ZNOzUm[DHk]
2 4 [Cid12]]=—
><Re<vk”5,J+Dst2 >~ Viij QF | sin®,
CwSw
UUAPE [CulijT}=

[Cel12]]=— \/— 4 4( w— /402D

X RE Dy, IM(Vy.1Q73 )sin®,

only the propagator combinations[Cg[12]]=

PHYSICAL REVIEW D 64 095009

4scisu

XIm(Vi.12Q75 )sin®,

+ sgO01Dz Im[DHk]
(49)

ch{?ﬁ@v

X Re(Vy;;Qf*)sin®,

+— sgolkDZIm[DHk]

4\schsiy

z
XIM(Vy.10Q75

+ sgO1Dz R Dy |
)sin®,

My /.uB
s&sl,
32—1/4

xRe(Vk 0+ Dz~
C

Vi IJQ sin®,

W

Vsciusw

xIm(Vy,12Q75 )sin®,

(st~ 1/4s501, Dz Im[Dy ]

myY .8
Vscisiy

+ =55 O0xRgDy ]

1/4

W
72 Yk IJQ
wSw

XRe(Vk;ijaijJ’_DZ Siﬂ@,

ciil=- 2B o imiDy ) Y
7 =7 75 5 °opVik H W
Vscisty ‘ [Cuf12]=— 4’ (S~ 1/40aDz IM(Dy ]
i CwSw
1
><Re<vk,,5,,+Dst2 >~ ViijQF* |sin®, XIM(Vy.1Q7*)sin®,
wSw
uB .
mov.s, {Cudijl}=— JV-” 0D IM[ Dy, JRE(V,jQ5* )sin®,
[C7[12]]:_\/— 4#4 So— 1/4)s501D;
XRE Dy 1IM(V,.1.Q%%)sin®, C,J12]]=— ——=——+0,D
gDy, IIM(Vy12Q73 )sin [C1d12]] asdst 2kDz
Y X Re Dy JIM(V};1,Q5*)sin®.
{Celijl}=——F275:0uDzReDy ] _
4\scsy The CP andCPT properties of the observables in E¢45)

X Re(Vyi;Qf*)sin®,

can be identified by noting the following aspedis:observ-
ables involving REDHk](Im[DHk]) are CPT-even

(CPT-odd). (i) The matrix elementsO,, and O;, are

SRe(Dy ) =0 for Js= my, . However, since the mass splitting be- CP-even andCP-odd components of the neutral nggs bo-
tween the two heavy nggs states is small, the contribution from th&ONH ., respectively(iii ) Re(Vk ij dij) and Rey, uQu ) are

second heavy Higgs boson is usually still sizable at this point.

CP-even, while Imy,. 12Q12) is CP-odd. For instance,
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{C4[ij]} is CP-even andCPT-even, while[Cg[12]] is  On the other _hand, the fact®,, appearing in the expres_sion
CP-odd andC PT-even. Of course, this determination of the O [Ca[12]] is nonzero only fork#l. These two require-

~ . . ments are incompatible, i.e., the total rate asymmetry is
CP andCPT properties agrees with the results of Table II. strongly suppressed.

We thus have to make use of asymmetries that are sensi-
B. Extracting the polarization and rate asymmetries tive to the beam polarization. To this end we introduce rate
In this section we investigate efficient procedures for ex-and polarization asymmetries Wi'Fh respect to the unpolarized
tracting the relevant SUSY parameters from the polarized€ctor boson exchange and Higgs boson exchange parts,
cross sections. In actual experiments, a careful analysis ¢fc1lij 1} and{Cs[ij]}, respectively, as follows:
statistical and systematic uncertainties will be required when
extracting the rate and p(_)la{rization as_ynjmetries. We do not f d cos®{C,[ij ]}
attempt to estimate realistic uncertainties based on event Au(Co[Ii D) =0
simulation or parameter fitting. Instead, we are interested in p(Calif] 2 o
the question which of the numerous quantities listed in Sec. f d cos®{C4[ij ]}
IV A are most sensitive to the fundamental parameters of the

theory, our main focus being ddP-odd phases in the inter-
action Lagrangian. J d cos®[C,[12]]
The conceptually simplest asymmetry is the total unpolar- Ar(Co[12)=Q, ,
ized rate asymmetry, defined by f d cos®{C4[12]}
J d cos®([C,[12]1+[C5[12]]) (49)
A= (46)

f d cos® ({C,[12]} +{C4[12]}) J d cos®{C,[ij I}

Ap(Cylij =104

Unfortunately this asymmetry is usually very small even if f d cosO{C4lij 1}

CP is violated in both the Higgs and sectors. We saw in

Eq. (40) that[C4[12]] vanishes in the limif",—0. More-

over, Eq. (44) shows that[C5[12]] is proportional to

0,0, +sir? 04 0y. The contribution from Higgs ex- Ar(Cy[12]) =0y :
change can only compete with the gauge boson exchange ijOS@{Cg[lZ]}
contributions if\/s=my;44s. Given the CERNe* e~ collider

LEP search limits foF}l, real pair production will only be  The remaining 124 correlations 1=5-16) can only be
possible at energies>m5.° These two requirements to- measured if at least one of the initial beams is transversely
gether imply that we neem,i» m%. In this “decoupling polarized. In this case the proper normalization involves the
limit” the lightest neutral Higgs boson eigenstate is given bysum of the unpolarized Higgs and gauge boson exchange
H,=cosB¢;,+sin Be,; the couplings of this state are very contributions:

similar to that of the Higgs boson of the SM. The rotation

j dcos®[C,[12]]

matrix O of Eq. (7) is then approximately given by f d cosO{C,[i] I}
n
0 cosay sinay Ap(Cilij)=Q, - —
O=| cosB  sinaysinB  —cosaysing |, (47) f d cos®({Clij I} +{C4[ij1})

sinB —sinay coSB  CcOSay COSB
where sin(2yy)#0 signalsC P violation in the Higgs sector. A(C.[12]) =0 f dcosO[Cy12]]
The value ofay depends in a complicated manner on the Ri=n n '
parameters appearing in the squark mass matrix, amd,on f d cos® ({C,4[12]} +{C4[12]})
However, the structure of the rotation matfiq. (47)] im- (50)
plies that

Q, in Egs.(49) and(50) are numerical factors that originate
0,0y +sir? B0, O =si? B8, |,ke2,3. (48  from projecting out the corresponding observable, by adjust-
ing the (antimuon polarization and integrating the distribu-
tion %;; over the azimuthal angl@ with an appropriate
9This also implies that in the MSSM the lightest Higgs bosonweight function, as described below.

mass must be smaller than the mass of the lightest tau slepton pair,

so that its contribution to any pair production process is negli-

gible. 1%This corrects an erroneous numerical result in RET).
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These factor$),,(n=2,4,5-16) depend sensitively on the

PHYSICAL REVIEW D 64 095009

invariant undeiC P transformations, this extraction prescrip-

degrees of longitudinal and transverse polarizations of théion is CP-even, in accord with the corresponding entries in
muon and antimuon beams achievable at muon colliders. Fdrable 1.

the sake of discussion, let us assume that both the muon and The asymmetries<C,(n=5-8) are obtained from the
antimuon beams are polarized with perfect degrees of longieross sections foP;=1, Pr=P_ =0, andP;=1, P1=P,

tudinal or transverse polarization. From Eg3) we can then

=0, taking n=0. C5 and Cg can be obtained from the

deduce the algorithms for extracting our asymmetries, whiclfC P-even sum of the corresponding cross sections, while

determine the(),. In the following discussion we always
assume that all cross sections are appropridtiti)symme-

trized in ther indices.
The asymmetries<C,[ij] can be mer:Eured by dividing

the difference of cross sections fBf =—P; =1 andP, =

—ELz—l by the sum of these cross sections; this gives_l_

Q,=1.1 Note that aCP transformation leaves the polariza-

tion states used in this prescription invariant. The asymme-
tries «C,[ij ] can be obtained in the same way from the

cross sections foP =P =1 and P =P =-1, so that
Q,=1 as well. In this case &P transformation maps the
two polarization states into each other; this difference o
cross sections is thereforeCaP-odd quantity, in accord with
the results of Table I.

The asymmetries involvin€,5 and C,¢ can be obtained

by fixing Py=P;=1 and taking the ratio of the difference
and the sum of the distributions for ces{a)=+1 [sin(«
—Z)=i1], respectively. (Recall that PT=ET=1 implies
P,=P,_=0, and thatz— « is independent of.) This gives
015=046=1. Recall that & P transformation flips the sign

C, andCg can be determined from the€P-odd) difference
of cross sections. In addition one needs the weight function
\2 cosa for C5 andC5, and /2 sina for Cg and Cg; for 7

=0 these weight functions are dllP-even, so that the ex-
traction procedure again has the sa@P property as the
corresponding coefficient of the squared matrix element.
his yieldsQs=0g=0;=0=1/\2.

The algorithm for extracting the asymmetriesC,(n
=9-12) is complicated. One possible procedure is to mea-
sure the distributions for the polarization combinati¢i®s

=+1P;=1} and{P = +1,P;=1} for »=0. Denote these

four distributions by (" and%?). A CP transformation

then sendsS M) to 3@, and vice versa. The asymmetries

«Cq andC,; can then be extracted from?—3®+ (32
—E(,Z)), using the weight function/2 cosa; note that the
plus (minus sign in front of the round parentheses gives a
CP-odd (CP-ever) combination of cross sections. The
asymmetriesxC,y and «C;, can be extracted in the same
way, if the weight functiony2 sina is used. This give$)g
=010=013= Q1= 1/\/5-

In reality the degrees of longitudinal and transverse polar-

of a«— a. Since the cosine is invariant under the change ofzation are not perfect, in which case the polarization factors
sign of its argument while the sine changes its sign, the pre€), should be multiplied by the relevarfproducts of de-

scription for extractingC,5 is CP-even while that foiIC¢ is
CP-odd, again in accordance with tH@P transformation
properties of the corresponding terms in the squared matr
element; see Table I.

The asymmetries involvin€,; and C44 (which vanishes
in the MSSM in the limitl’>=0) can also be obtained by
choosing Pr=P;=1. However, the angular combinations
cos(+a)[sin(a+a)] depend on the azimuthal angle see
Eq. (36). Therefore we need to apply &€ P-even normal-
ized weight functiony2 cos@+a)[\/2 sin(@+a)] in order to
extract these asymmetries, whete- = n—2®. The nor-
malization factors in these weight functioh&P) are deter-
mined by the requirement thitdd f(P) acts as a projector,
which impliesf37d®f2(®)=1. Note that this weight factor
shouldnotbe applied in the denominator of E&§O). Finally,

grees of longitudinal and transverse polarizationsand yt

(x. and y7), of the incident muon(antimuon beam. As
iX —

already stated, we will simply take, = xt=x.=x7=1 in
the following numerical analysis.

V. NUMERICAL RESULTS

In this section, we present some numerical analyses of
CP violation both in the tau-slepton and neutral Higgs boson
systems based on a specific scenario for the relevant SUSY
parameters. The loop-induc&P violation in the Higgs sec-
tor can only be large if bothu| and|A| (or |A], if tans
>1) are sizabld12-15. For definiteness we will present
results for taB=10 and the c.m. energy's near the two
heavy Higgs boson resonances. Since even foBtaf0 the
contributions from the bottonts)quark sector are still quite

one has to take the sum of these weighted integrated crossnall, our results are not sensitivertg; andA, ; we there-

sections forp=0 and»= m, in order to remove termgC5
or C,¢ from the denominatot? note that these two configu-

fore fix Ap=A; andmp=mg=mg, although different val-
ues for the S(P) doublet and singlet soft breaking squark

rations of transverse polarization vectors are seIf—conjugatmassesméq& my, are allowed, and also take equal phases

under aCP transformation, sincey= — 7 is identical to»n
=+ 7. We thus findQ,3=Q,,=1/y2. Sincea+a is also

"Recall that[C,[12]]=0 in the MSSM if theZ width is ne-
glected.

2The numerator is independent gfafter the weighted integra-
tion over®.

for A, andA,. Since we are basically interested in distin-
guishing theCP noninvariant Higgs sector from theP in-
variant one, we take two values for the rephasing-invariant
phased,,, of A ,u€t: 0 (CP invariant casg and /2 (the
almost maximallyC P violating casé while the phase of the
gluino massdy is set to be zero. We chose the following
“standard set” of real mass parameters and couplings of the
Higgs and squark sectors:
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ma=0.5 TeV, |A;,|=1.0 TeV, |u|=2.0 TeVv, can be reconstructe¢ht least statistically i.e., if both the
polar angle® and the azimuthal angl® can be measured.
mg=0.5 TeV, ®5=0, mg=mg=mp=1.0 TeV. We have found that there are t&P-violating rate asymme-

(5D tries and 18CP-violating polarization asymmetries. For
some polarization observables, and for all rate asymmetries,
qt is important to experimentally identify the electric charges
of the produced sfermions from their decay products. These
requirements are very difficult to satisfy in the production of
third generation squarks. Moreover, in most SUSY models
®p,=0: my =499.6 GeV, my =500.0 GeV, sqgarks are _significantly heavier than sleptons, so that _squark
pair production may not be possible fafs=m,. This is

why we focus on the production of tau slepton pairs. Even

my,=499.5 GeV, my =500.4 GeV. here the requirement that the heavy Higgs boson masses are
(52) larger than the sum of the tau slepton masses imposes a

nontrivial constraint on the accessible parameter space.
In the CP invariant case ®,,=0) we have cog,;=0, i.e.  Moreover, in the absence of a detailed Monte Carlo study it
the stateH, is CP-even and the statd; is CP-odd. On the s not clear how well the production plane can be determined
other hand, our parameter set wilh, , = 7/2 gives cosy;  experimentally. In the following we therefore consider cases
=0.976, i.e., now the statdl, is mostly (but not entirely  without and with direct reconstruction of the production
CP-odd, andH5 is mostly CP-even. Because of the near- plane separately.
degeneracy of the two heavy Higgs bosons a significant Before turning to these asymmetries we briefly discuss the
overlap effect, i.e., interference between these two Higgs bayehavior of the totak; 7; and7; 7, cross sections. These
son resonances is expected in the presend@ffiolation.  total cross sections are not only necessary to estimate the
Note thatCP violation in the Higgs sector tends to increase number of available events for a given integrated luminosity.
the mass splitting between the two heavy states; however, igjnce (apart from overall prefactoyshey also appear in the
our case, it still does not exceed the widths of the two Higg%enominators of Eqi49) and (50), they also Significant|y

bosons, which amount to about 1.2 GeV. affect the /s dependence of the asymmetries. These total
We work in the general MSSM, i.e., we do not assume

s ; cross sections are shown in Fig. 3. We see thatzthpair
unification of scalar soft breaking parametérsmasses ané roduction cross section is sizable-100 fb) even awa
terms.!2 The real SUSY parameters associated with the tatf'_l3 Y

h

slepton system are thus independent of the parameters in t em the Higgs poles. Since here the dominant contributions
Higgs and squark sectors. As standard inputs we take

In our numerical analysis, the top and bottom quark runnin

massesm,(m,) =165 GeV andmy(my)=4.2 GeV will be
taken. Fom, much larger tham; as in Eq.(51), two neu-
tral Higgs bosons have almost degenerate masses:

(I)A/-L:

2

come from gauge boson exchange, there is almost no sensi-
tivity to the CP-violating phaseb , , as discussed earlier. On
n; =0.23 TeV, nr,_=0.18 TeV, |A.|=0.5 TeV. the other hand, the Higgs exchange contribution to the total
(53 cross section does depend significantly on this phase. Not
, only the maximal value of this cross section, but also the
The phaseb, of the rephasing invariant quantify,u€®is  energy where this maximum is reached depends on the
varied. For reference, we list the tau slepton masses foE P-violating phases. This follows from the observation that

®, =0,7/2: in the absence of P-violation aCP-odd Higgs boson can-
’ not couple to an identicat pair; however, onc€P is vio-
®p =0: nm, =827 GeV, nr, =287.4 GeV, lated, both heavy Higgs bosons contribute. In fact, &gy
=~ and+/s=m,, Higgs boson exchange clearly dominates
D, = 7. n-. =87.6 GeV, nr.=286.0 GeV. the totalr, pair production cross section. _
T2 1 2 The dominance of the Higgs boson exchange contribu-

(54) tions near the poles is even more pronounced in e

4 . . . . — .
Since the c.m. energy is assumed to be around the resonanf&ar.m?ﬂ Our choice[Eg. (.53)] implies |sin 20]=1, which
of the heavy Higgs bosons/s=500 GeV, the tau slepton Maximizes theZr;7, coupling[Eq. (18)]. Nevertheless the
pairs?—frl’ and?f?zi can be produced ip* 1~ collisions, gauge boson exchange contributions are suppressed com-

but heavy E;?g ) pairs are not accessible, as can be seelﬁ’ared to the case of, pair_ production by the absence_ of
from Eq. (52). photon exchange contributions and by the smaller available

_ 3 _
In the previous section, we have listed 64 polarizationP@se spacefii,~0.24, as compared 6;,~0.83). Note

observables which can be constructed if the production plani@t the Higgs boson exchange contribution only scales like
B, and is hence much less phase space suppressed. More-

13This implies that we cannot make statements about first or sec- . ‘ o
ond generation sfermion masses. Moreover, we do not assume th§%~The difference between the total cross sections7fpr, and
the electroweak gauge symmetry is broken radiatively. 7, 7, production is negligible, as shown in Sec. IV B.
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(a) ou; ®a, =0 (b) o1y, Bau =3 there exist no nontriviaC P-violating VV asymmetrie® for

ggg L 600 l l probing CP phases in the tau slepton mass matrix. This im-
- x_..' _ 500 b ’ﬂ":‘ _

mediately implies that pair production ine* e~ collisions
is of no use for directly measuring tl&P phase associated
with the tau slepton systeffi.

On the other hand, the SS polarization and rate asymme-

O 29 a0l 03 O w9 o1 a0z  lries are nonzero. The siCP-violating SS polarization
V3 [GeV] V35 [GeV] asymmetriesAp(Cy[ij]) and Ap(Cidij]) depend onCP
(¢) 012, @4, =0 (d) 012, Baw =3 violation in ther sector only through th€ P-even combina-

400 T T

tion of couplings ReYy.;; f;ij), see Eq(44); these asymme-
tries are CP-odd, since they are also proportional to the
CP-odd combinationsO,,0, + 0,04 of Higgs mixing
angles. The product of this combination of Higgs cou-

0 o b ; plings and Higgs mixing angles vanishe<iP is conserved,
497 499 501 503 497 499 501 503 but in general one can expect a nonzero result in the presence

Ve [GeV] Ve [Gev] of CP violation in either the Higgs or sector. If there is no

FIG. 3. Theys dependence of the tofa] pair cross sectioftay ~ C P violation in the Higgs sector®,,=0), these(and all
other CP-violating) asymmetries are odd functions of

and (b)] and the mixedr; 7, cross sectiori(c) and (d)] near the . ; )
heavy Higgs boson resonances, with the SUSY parameter set 1P, i-€., the transformatiod, —27—®, leads to a

Egs.(51), (52) and(53). Frames(a) and(c) are for®,,=0, while change of sign of these asymmetries, leaving their absolute
frames(b) and (d) are for®,,=m/2, The six lines in each frame values unchanged. Since these are polarization asymmetries,
are for @, =0 (solid ling), w/3 (long dashed ling 27/3 (dot-  they should be nonzero even for the production of two equal
dashed ling = (dotted ling, 4m/3 (short dashed lineand 57/3  ~ states, in particular fo’;.l pair production.

(heavily dotted ling respectively. These expectations are borne out by the numerical results
shown in Fig. 4. Here the upper two frames show
over, even in the absence G violation both Higgs bosons A,(C,[11]) and the lower two frames shows(C;d 11]),
can contribute ta; 7, production. Nevertheless a strong de- while the left(right) frames are for & P-conserving Higgs
pendence on the value df, can be seen also in this case. sector (,,=m/2). Since Ap(C,[11]) is CPT-odd, it is
Note that thér, 7, production cross section typically changes Proportional to the imaginary part of the product of relevant
by more than a factor of 10 over the shown range of enerHiggs boson propagators, whife:(C,¢), beingCPT-even,
gies, as compared to a variation by a factor 2—5 in ca§q of Is proportional to the real part of the product of propagators.
pair production. The energy dependence of the total cros§duation (42) then explains whyAp(C,[11]) decreases
section is therefore especially important for the understand™Uch faster as one moves away from the Higgs poles than
ing of the s dependence of asymmetries in thar, chan- Ap(C1d 11]) does. The results of Fig. 4 show that both these

nel, which includes all rate asymmetries. Note also that thggltﬁ”;:“r%%stsr?;n;n;g:'gz Izrre eqlgﬁaﬁen\?vlgvne;tgtrgscodrious
peak cross section, which falls in the range~060—300 fb, y ge. Y.

is also sizable in this channel, when compared to the anticif—aCt that in the presence of sizaldkP violation in both the

pated luminosity of- 10 fb~! per yeaf22]. Finally, we note H_|ggs andr sectors som€ P-odd asymmetries can be “ac-
that in the absence a@P violation in the Higgs sector the Cidentally” suppressed; see the long dashed cufve ®,
total cross sections are even functions of the plda§§ This =/3) in Fig. 4b).

explains why the curves fab, = ¢ coincide with those for The possibly large size &p(C,4[11]) is very encourag-

R . _ing, since this asymmetry can be measured with only longi-
©p,=2m—¢ in Figs. 33 and 3c). However, this degen- ool bolarized beams: this is important, since it might be

eracy is lifted if®,,#0. technically quite difficult to produce transversely polarized
muon beams. Moreover, this asymmetry is linear in polariza-
tion; this means that the precision with which it can be mea-
sured also depends “only” linearly on the achievable degree

If the production plane is not reconstructed, all the SVof polarization. Moreover, in the presence of large
correlations are averaged away when integrating over the

azimuthal angleb, but the polarization and rate asymmetries

corresponding to the coefficien{€,,C;,;C3,C4,C15,C16} 15From now on, let us denote the asymmetries with SS, VV, and

survive. As emphasized earlier, the VV correlations aregy correlations in the numerators by SS, VV, and SV asymmetries,
however, determined by the SUSY parameters associatgdspectively.

with the . tau slepton system without artyP-pr_eserving 18An exception to this rule can occur if the twamnass eigenstates
phases, if theZ boson width is neglected. In this case the happen to be nearly degenerate, with a mass splitting comparable to
CPT-odd VV rate asymmetriesiz(C; J12]) vanish so that their decay width$29].

N
\3
£ \i

ai; [fb]

a;; [fb]

AN
/e

.

x

A. Without direct reconstruction of the production plane
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(@) AC[11)), @,=0 (b) A(C,11)), @, =m/2
.0

0
0 0250507 1 12515

R
. X | . X FIG. 5. The maximal value of Ap(C,[11])| is shown for
“a97 499 501 503 497 499 501 503 Pp, =2 and®, =4m/3, where “maximal” means that the opti-
Vs 1GeV) ¥s1GeV) mal value ofy/s has been taken. The other input parameters have
(€) A[C,[11]), @,=0 @ ALC, 11D, @, =72 been fixed to their “standard” values, except that one of these pa-
1.0 J T 1.0 J T rameters has been varied along each curve XTd#ds is the ratio of
this parameter to its “standard” value: for the solid curve,
05 | 7T ] =|A,|/(0.5 TeV); for the dashed curv&®=tang/10; for the dot-
) ‘ dashed curve,R=|u|/(2 TeV); and for the dotted curveR
P N =|A{|/(1 TeV). The upper bounds on tgnhand|u| come from the
0.0 :"—:’/ \\‘,_::1 requiremenint; =80 GeV, while the lower bound on tghcomes
\\ / - from the boundm,; =111 GeV.
\ e
-05 N\ 7 1 -
Nt | violation from ther sector and also greatly reduces the cou-
1o . . 1o [ . . plings of Higgs bosons ta pairs; see Eq(20); hence all
497 499 501 503 497 499 501 503 CP-odd asymmetries become very small in this limit. The
Vs[GeV] Vs (GeV]

dependence ofu| (dot-dashed curyds somewhat stronger

FIG. 4. The \/5 dependence of th€ P-odd SS polarization than that OdAT|; howgver, we again find a maximal asym-
asymmetryAp(C,[11]) for (@) ®,,=0 and(b) ®,,= /2, andthe ~Metry=0.5 unlesg u| is reduced by more than a factor of 3
CP-odd SS polarization asymmetutp(Cyd 11]) for (c) ®,,=0  from its standard input value of 2 TeV. Finally, the maximal
and(d) ®,,= /2. Parameters and notation are as in Fig. 3. asymmetry remains finite even &&|=|A,|—0, as shown
by the dotted curve. In this limit there is P violation in

CP-violating phases this asymmetry remains sizable over 1€ Higgs sector, but we already saw in Fig. 4 164 vio-
large region of parameter space. This is shown in Fig. 5lation in ther sector by itself is sufficient to produce a large
which shows the behavior of the maximal value ofvalue of this asymmetry.

Ap(C,4[11]) when one input parameter is moved away from  ynfortunately studies of; pair production alone do not

our standard input set described at the beginning of this SeCuffice to completely determine the parameters oftfsec-

tion. |1'rt1?hmaX|mum r:ere tr?:‘ers t‘: thel dep(;:ndefncdim €. tor. Even under the most favorable circumstances such stud-

we piot Iné asymmetlry at the oplimal center-o-mass energy,q .5, only determine the values of four real parameters: the

which dependgslightly) on the input parameters. This is massn,, the mixing angled, (these two parameters can
Tll T

legitimate, since\'s can be freely chosen in an experiment. . .
In order to show the dependence on different parameter%Iready be determined from VV correlationand the cou-

within a single frame, as axis we chose the ratio of a given Plings of the two heavy Higgs bosons tq pairs. On the
parameter to its “standard” value. The range of variation ofother hand, thee mass matrix depends on six real parameters
these parameters is restricted by experimental constraints, titer; ,nv.,|A.|,|[,tanB, and®, ). Moreover, if the mixing
most important ones being the lower boundsy, betweenCP-even and -odd Higgs states is small,[11]
=111 GeV (note thatH; behaves essentially like the stan- and C,{ 11] essentially only depend on thgoduct of the
dard model Higgs boson, sincen;>M32) and m; couplings of the two heavy Higgs bosonsropairs, since in
=80 GeV. such a situation the product of mixing angf@g,O,, will be

We see that the maximal asymmetry depends only rathesizable only fork#1. In our numerical example this is trivi-
weakly on tarB (dashed curve However, the total cross ally true for ®,,=0, but is also approximately correct for
section near the Higgs resonance fafitarf 8 for tarf 3 ®p, =72, whereH, is predominantlyC P-odd whileH; is
<m;/my, due to the decrease of the couplings of the heavynostly CP-even. Fortunately the total cross section fqr
Higgs bosons to muons andsleptons and the simultaneous pair production for\'s=m, should depend on a different
increase of the Higgs decay widths irtto quarks. The de- Ccombination of Higgs couplings, so that it might still be pos-
pendence on|A,| is also very weak, as long agA,]| sible to determine the couplings of both heavy Higgs states
=200 GeV. However, sendingA,|—0 removes theCP  to 7, pairs.
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(@) Ay(C12D, ®,,=0 o ®) AC112)), @, =72 remains finite far away from the heavy Higgs poles; recall
' ' ’ that this asymmetry is normalized to th@npolarized
squared Higgs boson exchange contribution only; see Eq.
(49). However, this is only true for complete{yransversely
polarized beams; and even in this case the number of events
will become very small as one moves away from the Higgs
poles. Nevertheless measuring this asymmetry in the vicinity
00, 503 or  aoe o1 203 of the pole shogld y'|eld'useful mformauon. Note that in the
Js [GeV] Vs [GeV] absence oC P violation in the Higgs sector, the asymmetry
depends only on CGEAT, i.e., it becomes invariant under

1.0

(©) AC 12D, ©,=0 (@) AC,f12), ®, =2 . _
109 o e s 05 = - ®p —2m— D, ; this is true for all otherCP-conserving

,,,,,,,, asymmetries as well. However, this degeneracy is broken if
SRR S~ T ®,,#0. Generally we find tha€P violation in the Higgs

0 0.0 sector increases the sensitivity to the rephasing invariant

e phase in ther sector.
e This is true also foAg(C,412]). In fact, this asymmetry
-10'3497 pros oy 08 05,57 s o 505 is very small if there is n& P violation in the Higgs sector.
Js [GeV] s [GeV] The reason for this is that the products of coupliigO,

and0,,0;, appearing in this asymmetfgee Eq.(44)], are
FIG. 6. They/s dependence of the P-even SS rate asymmetry almost proportional tos,; if the heavyCP-even and -odd
Ar(C4[12]) for (@) =0 and(b) ®,=m/2, and theCP-odd SS  Higgs states do not mix, while the combinatiBy, of Higgs
rate asymmetrydg(C1412]) for (c) ®x=0 and(d) Pp=m/2. Pa-  bhoson propagators vanishes fo=1. The interference be-
rameters and notations are as in Fig. 3. tween the heavy and ligi@ P-even Higgs states then at best
o _ ~ gives an asymmetry of order 18, which is not measurable
If mixed 71 7, pairs are accessible, many more quantitiesyjth realistic luminosities. On the other hand, on€® is
become measurable. We saw above that studies, gfair  violated in the Higgs sector, this asymmetry can become
production should allow one to determine four real param{arge. However, since it i€ PT-odd, it decreases quickly as
eters in ther sector. In principle the totat; 7, cross section, we move away from the Higgs poles. Moreover, the results
measured in the vicinity of the heavy Higgs poles, shouldof Fig. 6 indicate that this asymmetry is not very sensitive to

then be sufficient to completely fix the parameters of the Pa_evenifd,, #0.
sector. However, this is only true if we assume that the
masses and mixing angles of the neutral Higgs bosons are B. With direct reconstruction of the production plane

known. In addition, we have to assume thatair production If the production plane of the tau slepton pair can be

is indeed described by the MSSM, and that there are no othgfonstructed efficiently, the SS asymmetries relate@ to
diagrams contributing; for example, in the presence of slepanq ., hecome accessible. More importantly, all SV corre-
ton flavor mixing,t-channel diagrams might contribut84]. | a4ions can now be studied. These asymmetries are linear in
Analyses of the new asymmetries that become available ifjiqqs propagators, which implies that they are less sensitive
717, pairs can be produced can then be used to check thg the strength of the Yukawa coupling of the muon than the
consistency of the framework followed in this paper. More-SS correlations are. Moreover, in principle asymmetries
over, (some of these new asymmetries should also havexR¢D,, ] allow one to “switch off” the contribution from

quite different systematic uncertainties than the quantitie%ggs mass eigenstaté, simply by settingys=my, , since
=my,,

discussed so far. : X )
the real part of the Higgs propagator vanishes there. In this

In particular, we now have the opportunity to study rate . . -
asymmetries in addition to polarization asymmetries. All theManner one might be able to cleanly isolate the contribution

SS rate asymmetries, i.e. the twoP-even asymmetries from the second heavy Higgs boson. In this section, based on

C,[12 d C.d12]), and the twoC P-odd _ parameter seté51) and (53), we investigate quantitatively
Jrﬁzgtriei Aigcag?lz“#;nhe[ AR?C:l?[rAZ]),earévin pricr)wciplzsggnn- whether the SV asymmetries can provide us with additional

sitive to CP violation in the tau slepton system even without useful information on the- sector.

reconstruction of the production plane. However, we already [N principle SV correlations can already be studied in po-
saw at the beginning of Sec. IVB thp€5[12]] is always larization asymmetries in the] 7; channel. Unfortunately
very small in the MSSM withni» m%. Moreover, we find we find numerically that these asymmetries are always rather
numerically thatAr(C,d12]) is relatively insensitive to small, with an absolute values0.2. This is true also for
@, , in particular if there is naCP violation in the Higgs  polarization asymmetries in the mixeg/ 7, channel. We are

sector. In Fig. 6 we therefore shomz(C,[12]) (top row)  thus left with the eight rate asymmetriedg(C,[12])(n
andAr(C1412]) (bottom row. =5-12). Equation(45) shows that all these asymmetries

The first of these asymmetries is even under t@fhand  depend on the parameters of theector through the combi-
CPT. Itis therefore nonzero evend,,=®, =0, and also nation of couplings
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_ z = 2D, . =2
=M (VicsQ33 ), (55) o OMCHD G0 O MG, oo

as well as through the masses of theleptons. A closer look 02 | .

at the explicit expressions for these rate asymmetries show. — f-—-—""- S T
that the four asymmetriedg(C,[12]) (n=6, 7, 10, and 1L R JPE—
are proportional to the small numerical factosjf 1~ o [T |

—0.07 for ssva.ZSS; this comes from the vector coupling
of the Z boson to muons. We will therefore not consider ~%4,o> 255 s01 503 Y97 200 501 503

these asymmetries, and instead concentrate on the remainir Vs [GeV] Vs [GeV]
four asymmetries, which stem from the axial vector coupling
- . . A C12D, &, =0 d) A(C,I12]), &, =72
of the Z boson to muons. They satisfy the proportionality o.4 © "(,‘[ D : 0.4 @ Al ,[ y ki
relations
02| .
AR(Cs[12]) % = O IM[ Dy Jl, oo ST
AR(CS[].Z])OC+Sﬁolk|m[DHk]|k, -0.2 \_/
56 L o - .
497 499 501 503 497 499 501 503
Ar(Co[12]) % + 530, RE Dy I, Vs [GeV] Vs [GeV]
Ag(C1f12]) — Oy RqDHk]l ‘. FIG. 7. They/s dependence of th€ P-violating SV rate asym-

) ) ] metry Ag(C5[12]) for (@ ®,,=0 and(b) ®,,==/2, and the
These relations show that tlP-conserving asymmetries CP-conserving SV rate asymmetig(Cg[12]) for (c) ®p,=0
Ar(Cgg involve the CP-odd components Qq) of the  and(d) ®,,= /2, respectively. Notations and parameters are as in
Higgs bosons, while the CP-violating asymmetries Fig. 3.

Ag(Cs 19 involve the CP-even componentsdjy) of the
Higgs bosons. This means that in the absenc€Bfviola-  plane has to be reconstructed this means that measuring the
tion in the Higgs sector, only one of the two heavy Higgsasymmetries shown in Fig. 8 will probably pose the largest
bosons contributes to a given asymmetry. In our case thishallenge to both collider and detector.

remains approximately true evendf, ,#0, since, as noted

earlier, the quantity sin@,), which measures the strength of VI. SUMMARY AND CONCLUSIONS

CP violation in the Higgs sector, is quite small. In other
words, in our examples one does not even have to t(me
=My, in order to isolate the contribution of a specific Higgs

We have performed a detailed, systematic investigation of
the signals forCP violation in the neutral Higgs boson and

boson. ~ (a) A (C12]), @, =0 by A C,12)), D, =n2
Note also that the two CPT-odd asymmetries %8 :

Ar(Csd12]) have their peaks at the heavy Higgs boson , |-

poles, but they are suppressed far away from those poles du

to Im[DHk]. However, Fig. 7 shows that these asymmetries 0.0

only decrease relatively slowly as one moves away from the , , 1
poles. This can be understood from the strong energy depen

dence of the totak,7, production cross section shown in -08 - ———t——pb——p = -08 ———p ——0b ——0
Fig. 3: the denominator ofdz(Csd12]) also decreases Vs [GeV] Vs [GeV]
uickly as one moves away from the poles.

| Co%versely, Fig. 8 show); that the (E)ther two asymmetries g © A“(C,“m])’ (DA,“:O 0.8 @ A"(C‘,’m})’ CD"’,‘”/Z
Ar(Cg1412]), which are CPT-even, reach their extrema S~ e
several GeV away from the Higgs poles. The numerators of 04 k. 0
these asymmetries actually reach their extrema/st my 0.0 > {1\"
+I'y/2, wheremy andT' are a typical heavy Higgs mass s AN
and decay width, respectively. However, the rapid decrease¢®4 [~ . Sl T
of the denominator pushes the extrema further away from the_ , , 8 , ,
Higgs poles. Note also that these asymmetries can attair 497 499 501 503 497 499 501 503

larger values than th€ PT-odd asymmetries shown in Fig. Vs [GeV] Vs [GeV]

7. However, whiledg(Cs d 12]) can be measured ifonly one  FiG. 8. The \s dependence of th€P-conserving SV rate
initial beam is (transversely polarized, Ar(Cg1412]) can  asymmetryAg(Cq[12]) for (a) ®,=0 and(b) ®,,= /2, and the
only be determined if both muon beams are polarized, on€ p-violating SS rate asymmetiylz(C1412]) for (c) ®,,=0 and
having a transverse polarization and the other a longitudinal) ®,,= /2, respectively. Parameters and notation are as in Fig.
polarization. Together with the requirement that the evens.
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tau-slepton systems through the production of tau sleptor (a) Ap(Ci{11}), @4, =0 (b) Ap(Ce{11}), @4 =5

. - . — . . — ~_~ . 4 4
pairs in polarizedu™ 1~ collisions, u™u* —7; 7" with the Los N ' ] . 3
labelsi,j=1,2 for the twor slepton mass eigenstates. We = 102 ;5\\-.! ',.,-*‘é_ =0k
worked in the framework of the MSSM with exaRtparity = }8; N 1 = 18; R
and negligible flavor mixing. The relevant sources @P £k \\1\_ // 3 F ok
violation can then be found in soft breaking terms associatec 102 . N/ . 3 1072 3
with third generation sfermions, as well as theparameter. 107 200 30l 303 0 T ios a0l 303
CP violation in ther sector contributes t€ P-odd asymme- Vs [GeV] V5 [GeV]
tries at the tree levelC P violation in thet and/orb sector L0 (©) An(CH{12), D = 0 - _(d) ArlCl12]). Ba = §
leads to mixing betweelC P-even and -odd Higgs current ' ' e
eigenstates. Even though thBP-vioIating Higgs 'mixir)g 7; 10k /f_;:-_g 7; 102
only proceeds through loop diagrams, it can give rise to= g“ﬂ-\.‘\‘\ P Lot -
O(1) CP-violating asymmetries even in the absence of other .5 10° "\\\\v/_/:‘ 1 <
CP phases. I o 3 101 i

. e . - 0~

The expression for the cross section fopair production Wyr a9 s01 503 ot a0 so1 503

from ap* 1~ initial state with arbitrarypossibly transverse Vs [GeV] Vs [GeV]

polarization contains 16 terms. We have classified the behav- FIG. 9. The |5 dependence of the integrated luminosity re-

ior of these terms unde€P and CPT transformations. quired to detect the asymmetrie$s(C,[11]) [(@ and (b)] and
Terms with CP-even polarization factors can contribute to 4(C4[12]) [(c) and (d)] with statistical significance of one stan-
CP-violating rate asymmetries, i.e., differences between thelard deviation, for ideal beam polarization. The luminosity in-
cross sections fo}fg.zf and?{?; production. On the other creases quadratically with the required number of standard devia-
hand, terms withCP-odd polarization factors contribute to tions, and with the inverse of the degree of beam polarization.
CP-violating polarization asymmetries that can already be’arameters and notation are as in Fig. 3.

probed in7;, pair production. In some cases it can also be o . i o
interesting to construct asymmetries from these terms whicRroduction is kinematically allowed in the vicinity of the
are even under &P transformation. These asymmetries areHiggs poles. Moreover, the ratio of the vacuum expectation
nonzero even in the absence ©P violation, but they can Values tarB must not be too small, since the couplings of
nevertheless help to determine the to date unknown paranfoth muons and ta(s)leptons to Higgs bosons scale essen-
eters in the problem, including phases. tially «tang. However, scenarios with very small t8nare

It is reasonable to assume that all the properties of th&*cluded by LEP Higgs searches in any case. The upper two
neutral Higgs bosons are determined beforehand, e_gf(ames in Fig. 9 show that, if these conditions are met and

S NTE . . the CP-violating phases are not very small, this asymmetry
Lh;%lggf:,vtﬁsr;tidgs k o rlut Th]:af r%rr(:]ilijr%%ntggs riéhﬁurggtghse should indeed be measurable with the foreseen luminosity of

o - . about 10 fb'! per year. Here we show the integrated lumi-
determination of the parameters in theector. As a first slep nosity required to see anideviation of this asymmetry from
one might want to determine the masses of the accessible zero, for ideal beam polarization. The required luminosity
states, as well as thg — 7 mixing angled., through the scales quadratically with the required number of standard
study of 7 pair production away from the Higgs poles. Here deviations as well as with the available pqlarization. For ex-
the cross section will be dominated by gauge interactions2mple, a value of 0.01 fb" means that with a data set of
and is thus completely determined by these parameters. TH® fo * and 35% beam polarization one can see am 11
mixing angled, also affects the polarization of theleptons ~ effect, i.e., this asymmetry would be measurable with rela-

produced in decays[35]. Of course, these measurementstive _precision of abo_ut 9%. We saw _in Fig. _5 that this con-
can also be performed ai ate- colliaer clusion should remain true over a wide region of parameter

~ . . . space.
7 pair production _through gauge interactions can thus at Note, however, that this asymmetry might be “acciden-
best give three relations among the six real parameters aRslly” suppressed, even though there are la@fe-violating

pearing in ther mass matrix. The remaining parameters canypaqes in hoth the andt sectors. It is therefore important to

be determined if there are sizable Higgs exchange contribu[—ry and measure several independ€m-violating asymme-
ions. | icular, the longitudinal polarizati : ~ . o
tions. In particular, the longitudinal polarization asymmetrymes_ Moreover, analyses af pair production in the MSSM

Ap(Cy4[ 11]) is usually ideally suited for directly probingP . e )
can at best determine the couplings 7f pairs to the two

violation in ther sector. One does not need to reconstruct th . >

event plane to measure this asymmetry, nor are transvers:jiﬂfavy neutral Higgs bosons. LEP search limitsnop to-
polarized beams required. Moreover, this asymmetry is lineagether with the boundn, <130 GeV, imply that the ex-

in the achievable polarization; this is of some importancechange of the lightest neutral Higgs bosHn contributes
since the actual beam pOIarization mlght be Significantly |eS$|eg||g|b|y to; pair production_ S|mp|e parameter Counting
than the ideal value of 100% assumed in the numerical rethen |mp||es that, in the absence of any prior knowledge of
sults of Sec. V. Of course, we have to assume tha@ir  the parameters of the mass matrix, one will have to study
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7,7, production in order to completely determine the param-single quantity in ther;, channel, for example the total
eters of ther mass matrix. Note that some of these param-ross section near the Higgs poles. We saw in Sec. V that this
eters (tarB as well asu) also appear in other terms in the €TSS section is indeed often sizable, and should thus be
MSSM Lagrangian. It is thus possible that their values will '€adily measurable. A possible problem here might be the
be known(with some error beforehand. Even in that case it distinction betweerr; pair andr, 7, production. This should

would be important to determine them independently from be fai~rly easy in the scenario we studied in Sec. V, due to the
pair production, in order to confirm that the MSSM with the large7,— 7, mass splitting, but could be more problematic if

given assumptions can indeed describe this process. fis mass splitting is small.
course, this will only be possible ifi,>nr:, + . We thus see that in the chosen framework transverse beam
! 1 2

Unfortunately we found thaCP-violating asymmetries polarization is not necessary to determine all the free param-
that can be measured in the mixEﬁrz channel are smaller eters of ther system. However, in order to test the model one

than A(C,[ 11]), at least in the vicinity of the Higgs poles has to overconstrain it, i.e., there should be more measure-

where the event rate is sizable. This is demonstrated by the@entzntg\?v?n pg{agﬁte:ﬁbgﬁgﬁ gﬁg%?l';g“?gf f?;\}(:‘rerm)idel'
lower two frames of Fig. 9, which shows the luminosity 9 gr-parity b

required to see a d deviation in the rate asymmetry ing, are conceivable. In that case the squared matrix element

A(C4[12]). In most cases the minimal required luminosity can still be written as in Eq33), but there will be additional
R 5 . . . . i
is at least an order of magnitude larger thanei(C,[11]). contributions[36] to expression$26), and hence to the co

: = ) efficientsC,,. It is therefore important to measure as many
We saw in Sec. V thaC PT-even asymmetries can I8(1) gjfferent asymmetries and distributions as possible, including

even in the mixed; 7, channel. However, these asymmetriesthose that can only be accessed with transversely polarized
are proportional to the real parts of heavy Higgs bosorbeams. Only then will it be possible to fully exploit the phys-
propagators, which vanish near the poles. As a result, thigs potential of muon colliders to probe the details of super-
minimal luminosity required for measuring these asymme-symmetric models through scalarproduction.

tries (not shown is similar to that required to measure
Ag(Cs[12]), but would have to be taken afs=my =Ty,
wheremy andI’ are the typical mass and total decay width The work of S.Y.C. was supported by a grant from the

of the heavy neutral Higgs bosons. It thus seems unlikely .o, Regearch FoundatigKRF-2000-015-DS0009 The

that studies of mixed; 7, production can contribute signifi- \york of M.D. and B.G. was supported in part by the Deut-
cantly to the determination of theéP-violating phase in the  sche Forschungsgemeinschaft. The work of J.S.L. was sup-
"7 mass matrix. Fortunately the determination of all param-ported by the Japan Society for the Promotion of Science
eters of this mass matrix can be completed by measuring @SPS.

ACKNOWLEDGMENTS

[1] 3. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay,

Phys. Rev. Lett13, 138(1964); for reviews see, for example,
P. K. Kabir, The CP PuzzléAcademic, London, 1968 W.
Grimus, Fortschr. Phy6, 201(1988; E. A. Paschos and U.
Turke, Phys. Rep.178 147 (1989; B. Winstein and L.
Wolfenstein, Rev. Mod. Phy$5, 1113(1993; NA31 Collabo-
ration, G. D. Barret al, Phys. Lett. B317, 233(1993; KTeV
Collaboration, A. Alavi-Haratiet al, Phys. Rev. Lett83, 22
(1999; NA48 Collaboration, V. Fantet al, Phys. Lett. B465,
335(1999.

1745(1991); U. Amaldi, W. de Boer, and H. Fatenau, Phys.
Lett. B 260, 447(1991); P. Langacker and M. Luo, Phys. Rev.
D 44, 817 (1992); J. Ellis, S. Kelley, and D. V. Nanopoulos,
Phys. Lett. B260, 131(1991).

[7] S. Dimopoulos and D. Sutter, Nucl. Phy®452, 496 (1995;
H. Haber, in “Proceedings of the 5th International Conference
on Supersymmetries in Physi¢SUSY’97),” edited by M.
Cveticand P. Langacker, hep-ph/9709450.

[8] T. Ibrahim and P. Nath, Phys. Lett. 818 98 (1998; Phys.
Rev. D57, 478(1998; 58, 019901E) (1998; 58, 111301R)

[2] For pedagogical introduction t8 P violation in theB meson
system, see M. Neubert, Int. J. Mod. Physl1 4173(1996);

A. J. Buras, hep-ph/9806471, and references therein. The most

accurate measurements ©P violating asymmetries i3 de-
cays to date are BELLE Collaboration, A. Abashianhal,
Phys. Rev. Lett86, 2509 (2001); BABAR Collaboration, B.
Aubertet al,, ibid. 86, 2515(2002).

[3] A. D. Sakharov, Zh. Esp. Teor. Fiz5, 32 (1967 [JETP Lett.
91B, 24 (1967)].

[4] M. Kobayashi and T. Maskawa, Prog. Theor. P48, 652
(1973.

[5] E. Witten, Nucl. PhysB188 513 (1981).

[6] C. Giunti, C. W. Kim, and U. W. Lee, Mod. Phys. Lett. &

095009-20

(1998; W. Hollik, J. I. lllana, S. Rigolin, C. Schappacher, and
D. Stockinger, Nucl. PhysB439, 3 (1999; M. Brhlik, G. J.
Good, and G. L. Kane, Phys. Rev. &9, 115004(1999; S.
Pokorski, J. Rosiek, and C. A. Savoy, Nucl. Phg&70, 91
(2000; A. Bartl, T. Gajdosik, W. Porod, P. Stochinger, and H.
Stremnitzer, Phys. Rev. B0, 073003(1999; E. Accomando,
R. Arnowitt, and B. Duttaibid. 61, 115003(2000; T. Ibrahim
and P. Nathjbid. 61, 095008(2000.

[9] T. Falk and K. A. Olive, Phys. Lett. B39, 71 (1998.
[10] M.P. Worah, Phys. Rev. Let?9, 3810(1997; N. Rius and V.

Sanz, Nucl. PhysB570, 1555(2000.

[11] D. Chang, W.-Y. Keung, and A. Pilaftsis, Phys. Rev. L&8,

900(1999; 83, 3972E) (1999; A. Pilaftsis, Phys. Lett. BI71,



CP VIOLATION IN TAU SLEPTON PAIR PRODUCTION . .. PHYSICAL REVIEW D 64 095009

174 (1999; D. Chang, W.-F. Chang, and W.-Y. Keunidpjd. and B. StuguAIP, Woodbury, NY, 1997, p. 234.
478 239(2000. [24] D. Atwood and A. Soni, Phys. Rev. B2, 6271(1995; A.
[12] A. Pilaftsis, Phys. Lett. B435 88 (1998; Phys. Rev. D58, Pilaftsis, Phys. Rev. LetfZ7, 4996(1996; Nucl. Phys.B504,
096010(1998. 61 (1997.
[13] A. Pilaftsis and C. E. M. Wagner, Nucl. PhyB553 3 (1999. [25] B. Grzadkowski, J. F. Gunion, and J. Pliszka, Nucl. Phys.
[14] D. A. Demir, Phys. Rev. 050, 055006(1999. B583 49 (2000; hep-ph/0004034, and references therein.
[15] S. Y. Choi, M. Drees, and J. S. Lee, Phys. LettBB81, 57 [26] A. Bartl, H. Eberl, S. Kraml, W. Majerotto, and W. Porod,
(2000. Phys. Rev. D68, 115002(1998.
[16] M. Carena, J. Ellis, A. Pilaftsis, and C. E. M. Wagner, Nucl. [27] M. Nowakowski and A. Pilaftsis, Phys. Lett. B45 185
Phys.B586, 92 (2000. (1990.
[17] S. Y. Choi and M. Drees, Phys. Rev. Letl, 5509(1998. [28] N. Arkani-Hamed, J. L. Feng, and L. J. Hall, Nucl. Phys.
[18] A. Pilaftsis, Phys. Rev. LetfZ7, 4996(1997; K. S. Babu, C. B505, 3 (1997; D. Bowser-Chao and W.-Y. Keung, Phys. Rev.
Kolda, J. March-Russell, and F. Wilczek, Phys. Rev58 D 56, 3924(1997).

016004(1999; J. F. Gunion and J. Pliszka, Phys. Lett4B4, [29] S. Y. Choi and M. Drees, Phys. Lett. 85 356 (1998.
136(1998; C. A. Boe, O. M. Ogreid, P. Osland, and J. Zhang, [30] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini, Nucl.

Eur. Phys. J. ®, 413(1999; B. Grzadkowski, J. F. Gunion, Phys.B477, 321(1996.
and J. Kalinowski, Phys. Rev. B0, 075011(1999. [31] S. Coleman and E. Weinberg, Phys. Rev7,[1888(1973; Y.
[19] S. Y. Choi and J. S. Lee, Phys. Rev.ad, 015003(2000. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor. P8fys.
[20] S. Y. Choi and J. S. Lee, Phys. Rev.ad, 111702R) (2000; 1(1992); Phys. Lett. B262 54 (1992); J. Ellis, G. Ridolfi, and
61, 115002(2000; 62, 036005(2000; A. Dedes and S. Mor- F. Zwirner, ibid. 257, 83 (1991); 262 477 (1991).
etti, Nucl. PhysB576, 29 (2000; E. Asakawa, S. Y. Choi, K.  [32] K. Hagiwara and D. Zeppenfeld, Nucl. Phy&274, 1 (1986.
Hagiwara, and J. S. Lee, Phys. Rev6R 115005(2000. [33] J. L. Feng and M. J. Strassler, Phys. Re\6®1326(1997; S.
[21] E. Asakawa, S. Y. Choi, and J. S. Lee, Phys. Rev6®) Y. Choi, A. Djouadi, H. S. Song, and P. M. Zerwas, Eur. Phys.
015012(2001). J. C8, 669(1999.
[22] V. Barger, M. S. Berger, J. F. Gunion, and T. Han, Phys. Rep[34] J. Hisano, M. M. Nojiri, Y. Shimizu, and M. Tanaka, Phys.
281, 1 (1997. Rev. D60, 055008(1999.

[23] V. Barger, M. S. Berger, J. F. Gunion, and T. Han, Phys. Rev[35] M. M. Nojiri, Phys. Rev. D51, 6281(1995.
Lett. 75, 1462(1995; J. F. Gunion, inProceedings of the 5th  [36] CP-violating asymmetries in the context of a model with bro-
International Conference on Physics Beyond the Standard ken R parity are discussed by M. Chemtob and G. Moreau,
Model Balholm, Norway, 1997, edited by G. Eigen, P. Osland, Phys. Lett. B448 57 (1999.

095009-21



