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CP violation in chargino decays in the MSSM
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In the minimal supersymmetric standard mo@&SSM) with complex parameters, supersymmetric loop
effects can lead t&€ P violation. We calculate the rate asymmetries of decays of charginos into the lightest
neutralino and &V boson on the basis of the most important loop contributions in the third generation squark
sector. It turns out that th€ P violating asymmetries can be a few percent in typical regions of the parameter
space of the MSSM. These processes would provide very promising channels for pedbiviglation in the
MSSM at future high-energy colliders.
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. INTRODUCTION lowed. For the lightest charging; and the next lightest

. L neutralino x5, the mass difference between them and the
Searching for newC P violating effects beyond the stan- . . ~0. .
lightest neutralingy; is not usually very large; therefore their

dard model(SM) is important and interesting work for the- dominant d d th bodv tree-level d
oretical and experimental high-energy physicists. The mini- ominant decay tmoges are tnree-body tree-level decays

mal supersymmetric standard modISSM) is currentl through virtual vector boson or Higgs boson mediation. But
SUpersy : . Y in some parameter regions, the mass splitting between them
considered as the most theoretically well motivated exten

) . . . can exceed the mass of a vector boson or Higgs boson. In
sion of the SM[1,2]. In comparison with the sole Cabibbo- i case typei) will be their most important decay modes.

Kobayashi-MaskawdCKM) phase in the SM, it contains £ hermore, if they are heavy enough, decay channels of
more diverse sources @fP violation through complex soft-  tyhe (i) are also possible. In fact, the above decays can also
sypersymmetry¢SUSY-breaking parametef8]. These new  occur at the one-loop level via final state interactions if they
soft phases can have significant impact in a variety of placegre kinematically accessible. Furthermore, @@ violating
[4], includingg,—2, electric dipole momentEDMSs), CP phases can directly affect the couplings of charginos and
violation in theK and B systems, the baryon asymmetry of neutralinos to the third generation sfermions. Therefore, the
the universe, cold dark matter, superpartner production crodaterferences of the tree diagrams of these decays with the
sections and branching ratios, and rare decays. Althougborresponding one-loop diagrams can make their partial de-
there are some experiments that suggest some of the phasmssy widths different from those of correspondi@d® conju-
are small, mainly the neutron and electron ED8§ it has  gate processes. In this paper, as an example, we will focus on
recently been realized th& P violating phases associated CP violation in the decays of charginos into the lightest
with the third generation trilinear soft-breaking terms mightneutralino and aw boson because the two-body-decay
be |arge and can induce sizall=P violation in the H|ggs branching ratio can be Iarge. It can be measured by the rate
boson and the third generation sfermion sectors through loopSymmetry:
corrections[6,7]. Such phases may allow baryogenesis and ~ ~Out ~ O
do not necessarily violate the stringent bound from the non- T —=xaW) Tl —xiW)
observation of EDM$8]. In fact, some of these phases can TG =X WH + T (=W )
be O(1), so as tgrovide non-SM sources @ P violation
required for dynamical generation of the baryon asymmetryOf course, analogous asymmetries can also be discussed for
of the universd9,10]. The important implication of th€ P the other decay channels of charginos and neutralinos.
violating phases in the search for supersymmetry has re- The remainder of this paper is organized as follows. In
ceived growing attention. Sec. Il we list the relevant couplings and give the analytical
The decays of charginojéﬁ (i=1,2) and neutralino§|° formulas for_the decay rate asymmetries. In _Sec. I, we
(I=1-4) in the MSSM undeCP conservation have been pre;ent Qetaned numerical regults. Our cqnclusmns are sum-
extensively studiefi11]. For most of the parameter space of Marized in Sec. IV. In Appendix A we outline the necessary
the MSSM, the decays of the heaviest charg}@oand the masses and mixing matrices, and Appendix B contains the

_ expressions for the form factors.
two heavier neutralin0$(|0 (1=3,4) will be dominated by
two-body tree-level processes in which the final states in-
clude two possible classeqi) a lighter neutralino or
chargino plus aV, Z, or Higgs boson; andii) channels in-
volving squarks or sleptons if they are kinematically al- In order to calculate the rate asymmetry of decays of
charginos into the lightest neutralino and\éboson, in Ap-
pendix A we review briefly the masses and mixing of the
*Email address: yangwm@mail.ihep.ac.cn chargino, neutralino, and sfermion sectors of the MSSM. As

()

Il. RELEVANT COUPLINGS AND DECAY RATE
ASYMMETRIES
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FIG 1. The relevant one-loop diagrams for the deggy
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mentioned in the last section, although the tree-level decay - w
of charginos is invariant undé€ P, a nonvanishing value of )
the rate asymmetrA., in Eqg. (1) is generated at the one- R 9 Ta 1 <
loop level by complex couplings. Among others, the most Clj_ﬁ B mWsﬁN"‘Riz ~| Niz#+ gtandwNia | Rj1 |,
significantCP violating effects arise from the trilinear cou- )
plings of the third generatioA, , , [12], especially from the i
squark sectors because of the Yukawa characteristic factor L _ 91 —® N R 2tan0 Nj; R }
my (M, is the mass of the quark) in the chargino- or 2l mW g Wik |
neutralino-quark-squark couplings. Therefore, one can ex-
pect that the most important contributions come from one- g ~ 1 5
loop quark-squark exchange diagrams, as shown in Figs. DR =— ——N|3RE’2*+(N|2— —tanelel)REI}
1(a)—1(d). The relevant interaction Lagrangians are as fol- V2l mweg 3
lows [1]:
(\/—V Ni2=Vi5Nia),
L5+q = UALPL+ARPR) X B+ b(B P+ BRPR) X 2

+X| (A PL+A PR)tb*—F)(I (B

+Bi*Pr)btr

g

L5047=t(C[;PL+CEPR)xt;+b(D}i P+ DffPr) x{ by Fij=—

\2

g
Eﬁ=ﬁ<ﬁuuNr2+uier3>,

RARIT 3)

FXVCRF P+ CF PR{Er + X2(DRFP L
o i R kT The total amplitude of the;(i——>x‘1’wi processes can be
+ D Pr)bb} written as
R ~ i~ Le M(;(it_’)(l 7):Mtree+MIoop (4)
L wjoy+ ~W, X X YH(EGPLHERPR) X+ Wi X y#(Ef* P
R — ~0 with
+Ei"PrXI
M= uz0(ky) y(EfiPL+EfIPRIUL (P)€,u(Ko), (5)
Ly =1 (FkiW/:BE g,unfl + EJW:EJ* aMBk)’
M e=03+(=p)y*(E PL+E[Y Pg)
- — Xv30(—kqp)€X(—ky),
Lurgq =~ ~5 (W, by*PLL+ W, Ty#P,b), @ R

V2

M |(JO)D=U}0(|<1)[( Y’LA(L+)i1+ DMH(L+)i1) P

wherej,k=(1,2), andP_g=(1* ¥°)/2 . The corresponding
coupling coefficients are given by
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M =v3 (=P (Y*AL g +pHTIR )Py where A¢x) and I1¢2 represent the form factors of vertex
: corrections contributed by the one-loop diagrams in Fig. 1,
+(7,MA(R7)H+ P”H'(l)il)PR] whose expressions are listed in Appendix B. At next-to-
leading order, th€ P violating asymmetry of Eq(1) can be
Xv3o(—ky) €, (—ka), obtained as

2pResG — 121, +mromfy ResH + A (m;oRed! -+ +Redd)
Acp=

(6)
2p(|Ef|?+|EfY?) — 24, - myom{ Re(E EFY

with M,=250 GeV, Mg=450 GeV, |u|=500 GeV,

_ 2 2 2 2 2 2 \2
=my(m=++m=0—2my,) + (M- +—m=o)~, T
e O [Al=|Ac|=500 GeV, ¢=¢p=7, tang=5 or 40,
— 2 2 2 S ~ 9)
)\—m;rer}(lﬁ mW—ZermX(lJ—Zm;(rmW—ZmelJmW,
(7)  we list the relevant sparticle masses explicitly in Table 1. It
can be seen that because of the large Yukawa couplings of

and the third generation squarks, the mixing between top or bot-
tom squarks can be very strong, especially for the high value
8G=(Ap B T AL ER ) — (A yEn AL iER),  of tanB=40. Moreover, the masses gf andy; approxi-
mate to the values o, and M5, respectively, while the
SH= (A BN + AL ER ) — (A ynER+AT)iiER).  mass ofy; is about the value df|. In fact, this is generic
in the region|u|=M, [11]. Therefore, ifM, and|u| are not
81 = (I, By + T8 ERY) — (i En +TIE ):ER), too low, bothy; —x3W* andy; —x2W* are kinematically
allowed.
8I=(I0, 1 ER + 1150 B ) — (M ER IR i, ER). We now consider only thg; — x2W* channel, and dem-

®) onstrate in turn the dependence of@® violating asymme-
try A¢p on various choices of the parameters. Because our
From Eqgs(6)—(8), it can be seen directly that there is@®  results are not sensitive ¥, it will be fixed. In Fig. 2, the
violation at the tree level because of all the form factorsapsolute value of th€ P asymmetry,|Acp|, is shown as a
vanishing. However, in order to generd@P violation ef-  function of the Higgs mixing parametgs|. The four curves
fects, loop correctiongviz., nonvanishing form factoysand  in this figure correspond to the four combined choices of
complex couplinggviz., nonvanishingC P violating phases  tang=5 (or 40) and ¢,= ¢,= /4 (or 7/2), respectively.

are essential factors. The other parameters are fixed by E®). From these curves,
for instance, for the short-dashed line of @n5 and ¢,
. NUMERICAL RESULTS =¢,=ml4, one can distinguish the thresholds Iof; at

In this section, we will illustrate the numerical results for || ~295 GeV, bt, at || ~495 GeV, tb, at. |
CP violating asymmetry based on the MSSM parameter~610 GeV, andtb, at |u|~650 GeV. In the region of
space at the electroweak scale allowed by the present dagiall [u|, the contributions tdAc,| come from the top-
constraints13]. In order not to vary too many parameters, Squark—bottom-quark—bottom-squark loop of Figh)2and
we assume the grand unified theory relation for the gauginéhe top—squark—bottom—top-quark loop of Figd)2As can
mass parameters},~0.5M,. In this case, the phase of the be seen, oncen+>m,+my , |Acy| can sharply go up to the
gaugino sector can be rotated away. In addition, since the ) _
phase of the Higgs mixing parameter, is highly con- TABLE I. The relevant sparticle massés GeV) for the param-
strained by the EDMs of the electron and neutfsl, we  ©ter sets in Eq(9).
take ¢, =0. For the mass parameters of the squark sectors,

we simply fix the relationsMg:Mg:Mp~0.851:1.05. ang My My Mmoo My Mg, M Mg,
Thus, in our following numerical analyses the input param- 5 236 519 122 350 532 449 477
eters contain onlM,Mg,|u|,[Al,|Ay], @1, ¢p, and tams. 40 241 517 124 336 541 361 548

For the set of representative values in the parameter space
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FIG. 2. Absolute value ofA;, as a function of|u| for M,
=250 GeV, M=450 GeV, andA|=|A,/=500 GeV. The thin-
ner short-dashed line(dotted ling is for tanB8=5,0;= ¢y,
=7/4(w/2), and the thicker long-dashed lirgolid line) is for
tanB=40,p,= ¢p= 74 (7/2).

order of 10 3 (10" ?) for tanB=5 (tanB=40). As the value

of || increases, with the; —bt, channel open|A.,| can
further rise to several percent whether g5 or 40. For

larger| |, one should however take the contributions of dia-
gram(a) and(c) in Fig. 2 into account though they are rela-

tively smaller.
In Fig. 3, we plot|A.| as a function of the left-handed
soft-SUSY-breaking squark massg for the same arrange-

ment of tanB and ¢y, ¢y, as in Fig. 2. The other parameters

are still given by Eq(9). Here it is more clearly visible that
the threshold ofot, is at Mg=~455 (470) GeV for tang
=5 ande;= ¢,= /4 (7/2), and aMg~460(465 GeV for
tanB=40 ande,= ¢,=7/4 (7/2). For tan3=40, |A;| is
essentially of the order of 1§ in the regionMg=300—
—600 GeV. For taB=5, in the lighter squark region,
namely, above the threshold g§ — b, |Acpl is also of the
order of 10°2; in the heavier squark region, tﬁgeb"fz
channel is closed, arld,| is reduced to the order of 16.

The CP asymmetry as a function of the trilinear coupling

|A|=|Ap| is illustrated in Fig. 4. Here we takeu|
=550 GeV, the other parameters are still fixed by Ej,

PHYSICAL REVIEW D 67, 055004 (2003

4
|At|=|Ab|(108 GeV)

FIG. 4. |A,,| as a function of|A|=|Ay| for |u|=550 GeV,
Mg=450 GeV, andV,=250 GeV. The thinner short-dashed line
(dotted ling is for tanB=>5,p,= ¢,= w/4(7/2), and the thicker
long-dashed lindgsolid ling) is for tanB=40,p,= ¢,= w/4(7/2).

large, |A.,| rises to a few percent. On the other hand, on
changing taB=5 to tan3=40, the values of/A;,| are
raised 2% or so; varying,= ¢, from /4 to w/2, |A.y| is
enhanced by about 0.01.

Figure 5 shows the dependencefqf, on theCP violat-
ing phaseyp; for the four combined choices of tgh=5 and
40 and ¢,=0 and ¢,. Here we take|u|=600 GeV and
Mg=400 GeV; the other parameters are given by &x.
As expectedA., shows~sin ¢ dependence. For the case of
tanB=5, because the value pf| is larger than the value of

Mg, all of the bt ,, thy, channels are open. At the two
maximal top squark phases= 7/2,37/2, theCP asymme-

try can reach 6%. In this case, because the mixing between
bottom squarks is not very large, the influence of the phase
¢p Is relatively small. For the case of t@ 40, however,

the mixing between bottom squarks is comparable with the
mixing between top squarks, ang, can obviously change
Acp by up to 40% alp,= m/2,3/2.

IV. CONCLUSIONS

In this work, we have discussed possikl@ violation in

and the choices of tg8, ¢, ¢, are the same as the previous the decays of charginos and neutralinos in the MSSM. For

values. For smaller values pA;|=|Ay|, |A.p| is very small
and below((0.01). As|A=|Ay| increases from small to
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FIG. 3. |A¢ as a function ofMg for |u|=500 GeV, M,
=250 GeV, and|A;=|A,|=500 GeV. The thinner short-dashed
line (dotted ling is for tanB=5,¢,= ¢, = w/4(7/2), and the thicker
long-dashed lindésolid line) is for tanB=40,p,= ¢, = 7/4(7/2).

the decay of the heaviest chargino into the lightest neutralino
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FIG. 5. A;p, as a function ofg, for Mg=400 GeV, |u|
=600 GeV, M,=250 GeV, andA=|A,|=500 GeV. The thin-
ner short-dashed lin&otted ling is for tanB=>5,0,=0(¢,), and

the thicker long-dashed lindsolid line) is for tanB=40,,
=0 (o).
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and aW boson, we have explicitly presented analytical andwhere m~0(I =1-4) are the masses of the physical neu-
numerical results for th€ P violating asymmetry. The decay {rgjino states The expressions for the mass eigenvalues and
rate asymmetry originates from the largeP violating  mixing matrix elements for charginos and neutralinos can be
phases and one-loop corrections of the third generatiopyyng in Ref.[11].

squark sectors. Th€ P asymmetry can typically reach sev-  The mass-squared matrices of top and bottom squarks in

eral percent, depending mainly on the phases an@td&for  tne |eft-right basis can be written as
a larger mixing between the top squarit®ttom squarks

the CP asymmetry is particularly evident. At a futues e” ) mé mig

linear collider with+/s=500—-1000 Ge\[14], the cross sec- MG= m 2 ) (q=t/b) (AS5)

tion of chargino pair production is aroun@(1) pb [15]. LR RR

With a integrated luminosityC=100 fo~!, about several \ith

hundred signal events can be expected since the decay chan-

nels have a larger branching ratio and a cleaner final signal. mLL M2 +m + mzcos 28(T3— Qqsw)

Therefore, analyzing these final states would allow us to

measure the important couplings of squark sectors and deter- =M2 -+ m +m2cos 28Q,s2

mine theC P violating phases, thus providing an opportunity urd g e

for detecting directly theC P violating effects of the MSSM. mER: mq(Aa‘ —u cot,B)/mq(A’q‘ — utang), (A6)
ACKNOWLEDGMENTS whereMg andMg (Mp) are the left- and right-handed soft-

SUSY-breaking top squarfbottom squark masses, respec-

One of the authors, W.M.Y., thanks M. Z. Yang for helpful jyely The soft-SUSY-breaking trilinear couplings, are
discussions. This work is in part supported by the Nat'onal:omplex parameters

Natural Science Foundation of China. . .
=|Ade' ¢, Ap=|Aple' ¢ (A7)

APPENDIX A: SUSY PARTICLES MASSES AND MIXING . . .
with CP violating phasesp; and ¢, . The mass-squared ma-

To fix our notat|0n we Slmply summarize in this appen tnx M can be d|agona||zed by a un|tary matmg
dix the masses and mixing of the relevant sparticles. The

mass matrices of charginos and neutralinos are given, respec- R ME R T=diag(ma , ma ), (A8)
tively, by 1 %
M P where the diagonalization matrix can be parametrized as
2 wSg
Al ; i 5
\/Emwcﬁ o (A1) Ri— cosd, sinf,e' “a 29
| —sing;e "%  cosg (A9)
q q
and
with
M 0 —mzSy.C mzSyS
' ZoWEp ZoWEE Si=arg(Af —ucotB), Sp,=arg(Af —putanp).
0 M, MzCwCg  —MzCwSp
M= sy mpcuc 0 - ’ (AL0)
ZOWEB Z-W-R H The squark mass eigenvalues and mixing angle are then
MzSwSp  —MzCwSp M 0 given by
(A2)
- . 2 1 2 7 \2 212
where we have used the abbreviatiosg=sinéy, Ccgs o [mLL+mRR+ V(Mg —mig)2+4Im7el?],
=cospB, etc. M; and M, are the soft-SUSY-breaking
gaugino mass parametejs.is the Higgs mixing parameter. 2 |m2y|
tang is the ratio of the two Higgs vacuum expectation val-  5n9 — MR A1l
. - antq=— 2 7 2 - (A11)
ues.u and one oM, (i=1,2) can be complex. The chargino M{— Mgt Mg — Mg
mass matrix can be diagonalized by two unitary matrides ' 2
andV,
APPENDIX B: THE RELEVANT FORM FACTORS
T -
U*McV d'aqu+ XI)’ (A3) In this appendix, we list the form factors of the one-loop

corrections in Fig. 1. We give only the form factors of the
wherem~+ are the masses of the physical chargino State%lecayx —>X|W A +)|| and H(+).| Those of the decay
Thet: neutrathncl)\Imass matrix can be diagonalized by a singlg§—_, 50y~ , A{R; andII{; can be obtained correspond—
unitary matrix ingly by conjugating all the couplings in 5 andTI¢; .
. Corresponding to the four one-loop diagram contributions,
* T— - - - -
N"MNT= diag(n o, Mg, Mg, mye), A the form factorsA ;5 andII; [in the following we omit
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“(+)" ] can be divided into four parts,

(L= _ Rx D (2)_ (2)
ALR= A(LRY AGLR L AGLRY AMLR ITj; 1672 E FiilmoBj 2)
15 R=I(O-R4 [TLR4 TRy (AR +m)~(i+B:‘j*D:‘k(C(222)— (2))+m"oB DR

Bl
i (B1) X (CR-c@+c@-c@),
wit

Hi(lz)R:Hi(lz)L(LHR)’

3
A‘”"—FE ARCHFiCsY,  AFR=ANL-R),
T gk

3 = 1632772 2 [myARDE CE3+ oA D
(2)L 8772 % B ka]CM’ Ai(|2)R=Ai(I2)L(L<_,R), ><(C(232)_ (3))]
A= 1632772 2 | mymeARDI CEY "= 16\/_ 22 % [T MARDK (G C)
LpL* (c®_c®) 4+ (3)_ (3)
_mtm;rAﬁ(DlLk* Cg3)+C(13i))+AiLkDL* %+zc(23“1) +m}i+AikD|k Ci/—Ci+ 31,
+me(CR-CP+ - c) +ml - R= PR AR CRR DR BRR, s o o,
' CE)?1)1,12,21,22,2%_>Cg?l,lz,Zl,ZZ,Zb (B2)
X (C—c)+micP+ct)) ] where
Cg.]j.),12,21,22,23,2f Cll,12,21,22,23,24
AfR=—— H 2 {-mmyATDf CE X (o, me . mEy, mé mf m),
+ mym + AL Df* C2— mmroAR DE* (CE)+ C3) @ _c
11,12,21,22,23,24 ~11,12,21,22,23,24
+m}i*m}?AikD|Lk*(C(13i)_ ci)l, x(rréo,nlf+,m\2,\,,n}§k,m§,r‘r1%,).
Ai(|4)L,R:Ai(I3)L,R(A:_ C <—>B m}i*Hm}IO, ! i i

c® =C
0,11,12,21,22,23,24 ~0,11,12,21,22,23,24

(3) (4)
C:O,:I.l,].2,21,22,23,2]—> C0,11,12,21,22,23,2)4 % (mg mg m2 m2 mg m2)
XIO ’ Xi+ IRARVYARLL o §] bk st )y

H'(l)L: E mA R* C(l)_ (1) 4
il 16772 2 LM i (Cix 2) Cg,%1‘12,21,22,23,27_r Co,11,12,21,22,23,24
2 2 2 2 2 2
+MyeARCH* (CE)— C5) +my - ARCF* X (Mo, M, My, M, M ,mp). (B3)
1 1 1 1 _ . .
x(Cip-cH+c-ci), The definitions and numerical calculation formulas of the
(DR e (UL Passarino-Veltman one-, two-, and three-point functions are
I " =11 (L<~R), adopted from Ref[16].
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