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Recently it has been realized that the production and decay processes of charginos, neutralinos, and sleptons
receive corrections which grow like lag for largent; . In this paper we calculate the chargino pair production
cross section a&*e~ colliders with quark-squark loop corrections. We introduce a novel formulation, where
the one-loop amplitude is reorganized into two parts. One part is expressed in terms of the “effective”
chargino coupling?quv and mixing matricesJ”, V", and includes alo(logm) corrections, while the other
decouples for largen;. The form of the one-loop cross section then becomes physically transparent. Our
formulation can be easily extended to other loops and processes. Numerically, we find significant corrections
due to the effectiva-channel couplingge;w, for gaugino-like charginos. In the mixed region, where the
chargino has large gaugino and Higgsino components, the corrections duB,¥’j are also significant. Our
numerical results disagree with a previous calculation. We reexamine previous studies of the determination of
Ee;g\, through the measurement of the chargino production cross section. We point out that a previous study,
which claimed that the measurement suffers large systematic errors, was performed at a “pessimistic” point in
MSSM parameter space. We provide reasons why the systematic errors are not a limiting factor for generic
parameter choice$S0556-282198)03617-0

PACS numbeps): 11.30.Pb, 12.60.Jv, 14.80.Ly

[. INTRODUCTION plings. The cancellation of Higgs mass quadratic divergences

cannot be realized without these supersymmetry coupling re-

Calculations of higher loop effects in the standard modelations. Therefore, they comprise an essential ingredient of
(SM), together with the recent precision measurements othe model. Measurements of the coupling relations will pro-

electroweak parameters, have given rise to a wealth of inforvide definitive evidence of supersymmetry. .

mation on physics at the weak scale and above. Among these The hard coupling relations receive radiative corrections
measurements, one of the interesting observations is the af3—13| due to the soft breaking of supersymmetry. Since all
proximate agreement of the measured gauge couplings witpP!it Supersymmetry multiplets contribute to the splitting of

the prediction of supersymmetric grand unified theoriedN® 9auge-gaugino and Higgs-boson—Higgsino couplings,
(GUTy [1]. This may be regarded as indirect evidence formeasurements of the splitting may provide _us_eful mfprma—

the minimal supersymmetric standard mo@¢5SM), which tion about the supersymmetry spectrum. Th_|s is readily un-
is the low energy effective theory of supersymmetric GUTS_derstood from the point of view of effective field theory. As

. . o . an example, below the squark mass scale the gauge and
Additionally, global fits to precision data in the SM prefer a . . :
light Higgsy b%son mas$2§) which is consistent Wi?h the gaugino couplings run differently because squarks do not

X , contribute to the running of the gauge or gaugino couplings,
MSSM which predictsn, =130 GeV. _ but quarks continue to contribute to the running of the gauge
In the near future, the CERN Large Hadron Collider .o njings. At a scal& below the squark mass scale, this
(LHC) will explore the TeV energy region. Squarks and glui- mismatch in the running manifests as a difference between
nos will be discovered, together with charginos and neutralitpe couplings proportional to Inf,/Q) [9]. Such a correction
nos, if the supersymmetry breaking scale is below a few,|sg appears in the off-diagonal elements of the chargino and
TeV. Recent studies show that certain superpartner mass d.ﬁeutra"no mass matrices, which originate from Higgsino-
ferences can be measured quite precisely at the [34.  Higgs-gaugino couplings. This is analogous to the radiative
Furthermore, if any of the proposed lepton colliders are congorrections in the SM, where the gauge symmetry relations
structed many of the MSSM parametdesg. the gaugino among various observables are corrected by the gauge sym-
masses, the Higgsino mags the slepton masses, and the metry breaking masses of the particles.
ratio of vacuum expectation values @nwill be measured Corrections to supersymmetric relations were first calcu-
to O(1%)-0O(10%) [5-8. lated in Ref[9] in the effective renormalization group equa-
The future precision measurements of new particlesion (RGE) approach. For degenerate heavy squarks, one
masses, event rates, and branching ratios, will provide fofinds the correction to lepton-slepton-gaugino couplings:
detailed tests of the supersymmetry hypothesis. Supersym-
metry imposes hard relations between gaugino couplings and — s
gauge couplings, and between Higgsino and Higgs cou- 9eriv/Gz = 1+ 2%logyo(mg/my), @
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2) which is merely enough to constrain squark mass within a
factor of 10. One may ask whether a full one-loop calcula-

The fermion-sfermion-gaugino couplings are involved intion is necessary if this is always the case. However, we find

both the production and decay processes of charginos, neHle case studied in Rgf7] is uncharacteristically pessimistic

tralinos and sfermions. Studying these processes provides 8t e sense that the signature of chargino events is very
measurements of the gaugino couplings. It is particularly inSimilar to that of backgrounds, and this naturally makes pre-
teresting to measure the gaugino coupling at futeife cision measurement very difficult. We provide reasons why

colliders, because precise measurements of the differentidyStematic errors are not a limiting factor in the precision

cross section are possible there. Studies show the gaugeiUdy of the supersymmetric relation. ,

gaugino coupling difference may be measured within The paper is o_rgamzed as follows. In Sec. Il we d_escrlb_e

0.3%—20% through the measurement of the production crogdr formalism which reorganizes the one-loop chargino pair

sections of sleptons or charging8,11,13. Typically, the production a_mphtude: In S_e_c. Il we shqw our numerical

high sensitivity ofO(1%) orless may be achieved when the results. We find that, in addition to corrections from the well

collider experiments can measure both the final state supestudied log, behavior ofge;, the nondecoupling correc-

partner masses and the mass of the particle exchanged &i@ns to the effective mixing matrices are important when the

t-channel. Such a high precision measurement allows for thehargino is a sizable mixture of Higgsino and gaugino. We

possibility of constraining the mass scale of squarks whicffomment on the calculation of and our numerical disagree-

might not be in direct reach in either hadron or lepton col-ment with Ref[15]. We also discuss the validity of various

lider experiments. approximations to the one-loop cross section. In Sec. IV we
Because the corrections to the supersymmetric relationsevisit the previous study of thg; i measurement from the

are large enough to be measured in proposed future expeihargino production cross section. We argue that the system-

ments, it is important to calculate the full one-loop amplitudeatic error is not a limiting factor in the measurement, con-

in detail. Tree level amplitudes depend on the definition oftrary to a study in Ref{11]. Sec. V is saved for discussion

the tree level parameters. In tb® scheme[14] the gauge and conclusions.

couplings and chargino and neutralino mixing matrices de-

pend on the renormalization scale. Changing the scale by a

factor of 2 easily results in a few percent change in the pre- !l ONE-LOOP CORRECTION TO CHARGINO PAIR

dicted value of the production cross section, about the size of PRODUCTION

the correction of interest. Such scale dependence can be cur-

tailed only by including radiative corrections. ) ) )
In this paper we present the full one-loop calculation of ~We show the form of the amplitudes of the chargino pair

the chargino production cross sectioie” e —; x;) in-  Productione™ (py)e” (p2)—Xx; (Ps)x; (p4) including quark

cluding quark and squark loop contributions. The calculatiora"d squark loop corrections. We start with the tree level

has been performed previously in the dimensional reductio@mplitude. Thes-channel amplitude comes from the ex-

with modified minimal subtractiond®) scheme in Ref{15] ~ change of gauge bosony,¢). Thet-channel amplitude in-

including only top-quark—top-squark and bottom-sbottomvolves the exchange of the electron sneutrisev,. Their

loops. In their formula the mixing matrix of the chargino is sum gives

scale dependent. This scale dependence must be compen-

sated for by the chargino wave function renormalization,iMij=i(Mi(jS)+Mi(jt))

leading to very complicated expressions. By introducing the

effective mixing matriced)”, VP, we reorganize the ampli- 1

tude !nto a compact and physically t.ran_sparent fqrm. The full =4+ ie2—[u(p3)7”5i,-v(p4)][v(pz) y,u(p1)]

amplitude consists of two renormalization scale independent S

parts. One contains all the process independent corrections. 1

For sufficiently heavy squarks, this part reduces to the effec- - — i Z z

tive tree level amplitude in terms of process independent +|ng_M%[u(p3)y (WiiPLtvRi PRIV(PS)]

effective parameters which include all tki&logny,) correc-

9e/93M=1+0.7%log (g /).

A. Amplitude and cross section

tions. The other part contains the process dependent contri- — 5 ig2 ViV
butions, i.e. the one particle irreducilePl) chargino vertex X[v(P2) Yu(T3ePL—SWQe)U(pP1) ]+ 2 ol
correction and chargino wave function renormalization. This m,

art decouples in the lar limit. — —
P g T X[u(pa) *Pro(P)[v(P) Y, PLUGPY], (3

We also examine previous studies of the measurement of

the effective gaugino couplingg; through the study of
chargino production and decayl1], which is based on where s=(p;+p,)? t=(p1—p3)% 09z=0»/Cw, Sw
Monte Carlo(MC) study of Ref.[7]. In the study, the con- = ‘/1_CW2 =sinfy, and Pg =(1* y5)/2. Theu andv are

straint ongg;w IS claimed_ to be limited by t_he systematic the wave functions oé* and’y™. We have applied a Fierz
error due to the uncertainty of the underlying parametersgransformation to thé-channel amplitude to make its spinor

The maximal sensitivity t@.;¢ obtained in Ref[7] is 2%,  structure similar tcs-channel one. Theﬁ are the tree level
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couplings of the charginos to tt#boson, which depend on ig% 1 _
the chargino mixing matricesU(V). Their definitions are iMi(jt)=7 s[u(p3) ¥*Pro(Pa)]
given in Appendix A. t=m;
We next show the form of the corrected amplitude. The - 1
loop corrections include the 1PI chargino-gauge vertex cor- X[U(pz)yMPLu(pl)](Vi*lvjl—i- §(Vi*1Vj'152,-Rrj

rection, the chargino wave function renormalization, and the

gauge boson self energy corrections. We adopbtheenor-

malization scheme for gauge couplings and the weak mixing + 5Z|FfTV Vo |

angle €,9,,97,Sw) and chargino mixing matricesU,V),

and we adopt the on-shell scheme for thand” masses. Where sZ-® are the wave function renormalization of

Since we only include the quark and squark loop correctionst;harginos}[(R) . Their explicit forms are given later. Strictly

the running of theor parameters includes only the contribu- speaking, the squark loop correction also appears in the

tions of quarks and squarks for consistency. Note thigy() ~ Sneutrino propagator. However, this momentum independent

are obtained by diagonalizing the tree level mass matrix Ecgontribution is completely canceled by the on-shell renor-

(A2) in the DR scheme, so they are renormalization scalemalization ofm~

dependent. The s- channel amplitude is corrected by oblique gauge
The t-channel amplitude receives only chargino waveboson propagator corrections, chargino wave function renor-

function renormalization. The corrected amplitude takes thenalization, and the 1Pl chargino-chargino-gauge boson ver-

4

following form: tex correction. The form of the corrected amplitude is
, 1 Il (s)) — _ I (s) _
I/\4§f>=—neQe—(1—L [U(Pa)T v (Pa) [V (P2) 7,u(py)]—ie —“——{Q5-&;[u(p3) Yv(pa)]
S S s(s—M3)

X[0(P2) ¥,92(T3ePL — 55, Qe)U(P1) 1+ Qe[ U(P3) Y*(v ] PL+ v PRIV (P4 T[v(P2) Y,u(p1) 1}

1 M74(5)~ 7M7) | — —
—igz 2/ 1- > [u(pa)TEv(Pa) (v (P2) ¥, TePL—S3QeIU(P1)], (5)
S— MZ\ s—Mz
|
where My is the Z-boson pole mass. ThHT(p?) are the Kij(p)=35(p2)pPL+3R(p2)pPr+32(p2)P,
transverse parts of ther renormalized gauge-boson self- 5
energies. Their explicit forms are given in Rei$6,17]. The +35%(p?) PR, (7)

form factorsiI"$* for one-loop correcteqt;" x; G* vertices

(G=1y,2) have the following forms: and 6Z are then fixed by imposing well-known on-shell

renormalization conditions for fermiorfd8]. The diagonal

G# G G parts of 6Z are
Fiff=—vy (ULIJPL+URIJP ) HEVLY PL+FURY PR

+FS(P3—Pa)*PL+FSP3—pa)“Pr 5ZiLi:—zh(miz)+%[2i[i’(mi2)—2i?*(mi2)]
1 1
~ 5 (W0 82y 82y Tv 5 Y Py ~miEE (m)+ 2 (mP)]
1 ~mLEp(mP) 2P (m)),
— (052 + 620G ¥ Pr. ©) ML (D) (m?)]

8= =2 {(m))~m{ 2 (M) + 2 (mD)]

The first term of Eq.(6) contains the tree level couplings
(A7) with (e,gz,U,V) in the DR schemeFS andF$ are the
one-particle-irreducible(1Pl) corrections to the vertices. ) ) .
Their explicit forms are given in the Appendix B. The last Here ='(p%)=dX(p )/op?. The abbreviationm; = is
two terms give the chargino wave function renormalization.used for convenience. The term proportlonal t(ﬁ?nn 5Z

The wave function correctionsZ“R are determined in comes from our convention to use re?il . In this paper We
terms of the two-point functioniK;;(p) of charginos treat only cases wherg2(m?) is real (no CP violation).
}}r(—p)}j_(p) in the DR mass basisK;; is decomposed as The off-diagonal termsi¢ j) are

—m[ZR (m?)+32"* (m?)]. ®
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and the explicit dependence of the 1PI vertex corrections in

2
6Zf= ———[M’SE(m) + mmSi(m?) Eq. (6). However, this cancellation is quite complicated. For
my —m; example, in Eq.6) the Q dependence of the off-diagonal
L ; G G
+mi25(mj2)+ijjDi*(mj2)], parts of §Z- cancels both that df) in v;” and that ofFy;, .

Moreover, the off-diagonal parts @z-® in Eq. (9) super-
5 ficially diverge when two chargino masses become degener-
5ZR= ———[mm;zk(m?) +m?sR(m?) ate. Therefore the forms onL(R) in Egs. (4),(5) can be
m;—m; inconvenient in real calculations.

In this subsection, we reorganize the contribution of
6Z"® into a very convenient form, by utilizing the
Q-independent effective chargino mixing matricés™(VP).
The loop contributions which compensate the running of

1 (U,V) are then completely split from other corrections.
mi(pole)zmi—Emi[Eh(miz)JrEiFf(miz)] We first notice that both the diagonal and off-diagonal
parts of the chargino wave function renormalizatién-(?

+my=2(m?) +m 0% (m?)]. ©

In addition, the pole masses of charginos are given by

1 o Dk 2 can be implemented by making the following replacements
- E[En (M) + 2" (m)]. (100  in the couplings of the tree level amplitude,
In the corrected amplitude Eq&}),(5), the renormaliza- U'Tk—>U'Tk+ EUiTngij’

tion scale dependence of tiiR tree level parameters and 2

that of the loop functions exactly cancel ¢4 «). However,
the cancellation is quite complicated as we will see in the - e
next subsection. Vik= Vit 5 Vi) 0Z. (13

In the numerical calculation we take the pole masses of
gauge bosonsZ,W), and the standard model modified mini- The corrections Eq(13) are universal in any processes in-
mal subtractior(MS) electromagnetic couplingsw(Mz) as  yolving on-shell charginos. Remember that in Et@) the
inputs. Thepr gauge couplings are obtained from these paixing matrices U,V) diagonalize thedr tree level mass
rameters as discussed in RgL3]. The chargino sector is matrix Eq.(A2).
fixed by giving pole masses of two charginos and3gv ;). The factors in Eq(13) come from the relations between

Finally, the spin-averaged differential cross section isiha g fields in the gauge eigenbasls , theDR fields in the
written in terms of the amplitude as ) ~ )
tree level mass eigenbagjs , and the on-shell renormalized
do 1 By ., fields y; P,
dcow ~2s 16m> 1M1 ay

_ ~_ 17—
— o _ v =Uilx =Yz
HereX denotes average over the initial electron and positron
helicities and sum over the final chargino helicities. We use T T RS P
the helicity amplitude methofiL9,20 in the numerical cal- Yir=ViiXir= Vij(Z)jXkr - (14)
culation of the cross section. The relevant formulas are given . ] o )

We then introduce the effective mixing matrices of
charginos, which are renormalization scale independent, and
rewrite Eqg.(13) by these matrices. We first define the effec-

1 2 2 2 2
~_ 2 2 _
:Bx_g\/s —2(m;i,+m}j+)s+(m;i,—m;(j+) - (12 tive mass matriM o(p?) in the DR gauge basis as

in Appendix C. The phase space fac@r is given by

Since a highly polarized electron beam will be available at — ) T S P C
future e*e~ linear colliders, in this paper we often present Mc(P?)=Mc—27(p%)— 5 McZ™(p%)— 52" (p)Mc.

the cross section for an initial electron in a helicity eigen- (15)
state. Note that the chargino massegipand in the wave
functions[u(pz),v(p4)] are the pole masses. 3;; are chargino two-point functiong;" ¢ in the gauge

basis. They are related & in the DR mass basis as
B. On-shell renormalization of charginos

The wave function renormalizations of chargingg;; ™ st=u3tut,
appear in the corrected amplitude E@®.(5). They contain
ultraviolet divergences from X" 3R 3P) and, after br SR+ SRYT

renormalization, depend on the renormalization s€al&his
Q dependence cancels the impli€t dependence of ther ~
mixing matrices U, V), the gauge coupling, in Eq. (4), 3P=v*3byt, (16)
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M.C.IS dlag(?nalzed by two unitary matrices, the effective vl = (UP) (51k ]k(mk))N&/z)(k_LPv
mixing matricesU (p?) andV(p?), as

Mp(p2)=V* (p2)Mc(p?)UT(p?), (17) Y= ( Jk<mk>) NEd

where I\WDQZ)idiini(pz)) is a real diagonal matrix.

2
JR— mk ’ ’
Note that M, U, V, Mp) are independent of ther renor- NE2=1- 7[Ekk+25k (m?)
malization scale&.

We then give the forms ofJ,V) and MD in terms of

two-point functions3 (p) of charginos. U,V) are expanded
as N2

m ’ ’
— S [ERHERIm)). (23

is the real diagonal finite factor. The chargino wave
function renormalization is then included by replacit:iﬁ<
and V], in the couplings of the tree level amplitude by cor-
responding factors in Eq23), as

U(p?)=U+38U(p?)=(1+du(p?))U,

V(p2)=V+ 8V(p?) = (1+ dv(p?))V. (18)
Here su=sU-U" and 6v=6V-V" must be anti-Hermitian Ui"k—>(up);‘j< 5]-,(— (mk)) N2,
from the unitarity of U,V). Their diagonal elements must be
then pure imaginary. 1
The O(a) expansion of Eq(17) gives V&H(VP)E( Ojk— Jk( k)) N2, (24)
Mp(p?)=(1+ dv* (p?))V* Mc(p?)UT(1+ su(p?)) The use of effective mixing matrices)€,VF) has several

1 1 nice features. First, the superficial smgularltyégf Ffor de-

“M__SDrn2y_ = Lin2)_ ZSR2 generate masses is completely absorbed iato,Y"). We
Mo—2"(p%) 2 Mo2"(p%) 22 (P)Mp can then see that the original singularity just reflects the ar-
bitrariness in the diagonalization of a matrix with degenerate
eigenvalues. The absence of this singularity is similar to the

_ R procedure proposed in R¢R1]. Second, the renormalization
The real parts of the diagonal elements of Ep) give m; scale dependence in E3) only appears ins-R. The
=my(pole) atp>=m¢. The off-diagonal elements of Eq. Q-dependent parts of the first equation of E2@) become,

+ 6v* (p?)Mp+Mpdu(p?). (19

(19) give the following relations: up to O(a),
2 1 (1 5 oL R Toi] Vz-r
ou;; (p%) = — R 2 (Mi+mp) 245 +mm % i =(UP)] Kok Xk
i ] div
D 3 Dx 2 1~ ~_
+m|2”+m12]| )(p )1 :(5”_52:_] )(UP)JTkaLP- (25)
div
Su* (p?)= 1 (E(m-2+ m)SR+mm st Equation(25) takes the same form as the SUKRY(1) sym-
4 mi2_mj2 ! metric renormalization off; . This property is very conve-

nient both in theoretical considerations of the renormaliza-
D4 s Dx |2 tion and in numerical calculations. Note, however, that
Ty Mg )(p), (20 (UP,VP) are nonunitary atO(«), unlike (U,V) and

2
for i #j. Finally, the imaginary parts of diagonal elements(Ull_YR(pW)‘v function corrections in our br e ex
give the relation e wave function corrections in our process are ex-

pressed as follows. By applying the rule in EQ4), the

s-channel form factora’;l“ﬁ“ in Eq. (6) are rewritten as
(— 5U+5U*)n(p2)— [ED ED*]n(pz) (21

J— P l -
. _ S84 = — y*NYNYA w8 P + 08 PR + = (0E., S, (m?
By convention we seﬁvii(pz)zo. The relations Eq(14) 4 YNPNTw Pt ogi PR+ 5 (01 jrj(mp)
are then rewritten in terms of

P_U..(m2 P_v. (m?
UiJ' _Ull(ml ), VIJ V'J(mI ), (22) The effective matrices are unitary up to correctlonsai(m:

as fm~ )/rrr)
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+s sneutrino, and the beam energy. Some corrections to the
chargino production amplitude do not decouple in this limit

Lt G
ii/(miz)ULifj)'yMPL

1< <R, R 25 but increase as lddg. This reflects the supersymmetry
+ E(vRij,Ej,j(mj)wLE“ A(MDvgi ) Y*Pr breaking in the effective field theory below the squark mass
scale[9].
+(1PI vertex corrections (26) First, the effective chargino mass mathik(p?) receives

— . . 2. 5 .
Wherevf(R) are obtained fromf(R) in Eq. (A7) by replacing nond_ecoupllng cgrrecuons. Foa Q>p the effective mass
(U,V) by (UP,VP). The Q dependence of the second and Matrix becomes independent pf. For degenerate squarks,
third terms of Eq.(26) exactly cancels that of the last term. the asymptotic form is obtained by replacing the elements of
The Q independence of the rewritten form factor Eg6) is  the tree level mass matriM ¢ of Eq. (A2) by
thus more transparent than the original form Eg). Simi-

. . . 2 ~
larly, the last factor in the-channel amplitude of Ed4) is 993 ( Mg 1}| .«
rewritten as Mz—Ma(Q)| 1+ 1672 g —z/|=Mz. (28
1
VAV 5 (VI V625 + 625V Vi) L )
3yi+yd)( Mg 1]
e g L yEeyP SR (12 e T2 Rl
=Vir" ViININ; _E(Vil*vj’lzj/j(mj)
+3FMAVEIVR). (27) [ sMy  ScosB
V2MycosB— V2MueosB(Q)| 1+ ——+ =/,

In leaving, we comment that the effective matrix method ] w  CosB 30
given here can be applied to any process involving on-shell (30
charginos, since the corrections of Ed.3) are universal.

This method can also be extended to other particles with SM ssing
flavor mixing, such as the neutralinos. V2MsinB— V2MysinB(Q)| 1+ M—W+ Sing |
L w
C. Large M limit (32)
We are interested in the limit where the squark midss
is much larger than the masses of the charginos, thwhere
|
scosB 3 3 A o 9
co
2 _ i 21 W2 Q)P 2 QY 2
167 co 25|n2ﬂ< yiln oL ybIan) 2Yb00523|nM5v+4Yb' (32
ssing 3 M3 ¥ 3 o 9
sin
2 __ > 2[h_ Q21 W 22 Q. T2
167 sing 2c0§,8(ytln o yiln Qz) 2ytslnz,BInl\/l\zNJr 2V (33
2
porzMw_3 ol Mo 1l L o o (BR-2)in(R-1)+ RN 34
My 2% nWZN 5] 792 R )= ( )In( ) & (34

with R=m2/M3,. The corrections to the diagonal elementstions decouple in this limit. The squark loop corrections from

can be absorbed into the effective mass paramédgfsand  the gauge boson self energibis decouple after the gauge

1" and are not interesting within the context of the MSSM, couplings are renormalized. The factst” in Eq. (23) ap-

By contrast, the corrections to the gaugino-Higgsino mixingproa&r;)es_ to 1 in this limit. Finally, the réondecoupllng terms

masses cannot be absorbed into unknown parameters such in Eq. (26). exactly cancel théy, (g terms of the

tanB. The squark loop corrections to the effective mass ma—l. vertex corrections in Eq6). This result is consistent

_ with the universality of gauge boson interactions.

trix Mc, and effective mixing matricesU,VvF), do not By contrast, thed(logMg) terms inS-® remain in the

decouple in the larg®l g limit. This effect is very important  t-channel amplitude and are very important. This is the ori-

if the gaugino-Higgsino mixing is not highly suppressed. gin of the “superoblique corrections” discussed in Refs.
In the s-channel amplitude all other squark loop correc-[11-13. We point out that the correcteechannel amplitude
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TABLE I. Five parameter sets. All entries with mass units are in GeV.

Name Description m;l— m;z— tan3(My) m,, A Js sgn u
G1 gaugino region|,u|>M, 200 800 2 100 0 500 -1
H1 Higgsino region)u| <M, 200 800 2 100 0 500 -1
G2 gaugino regionj,u|>M, 172 512 4 240 0 500 -1
H2 Higgsino region)u| <M, 172 512 4 400 0 500 -1
M mixed region,|u|<M, 172 255 4 240 0 500 -1

takes a very simple form for sufficiently heavy squarks. Inelectron beam. We denote the cross sectiowrgg, when
this case, the corrected amplitude is obtained from the trethe initial state electron is left handédght handegl

level one by the replacement In the gaugino regionNl,<<|u|), x; is wino-like, and

1~ the amplitude receives bothchannel ands-channel contri-
gg(Q)\/i*lvjl_,gg(Q)( 1— EE ?1( miZ) butiqns, .unless the initial electron is righF handed.llf the elec-
tron is right handed, thé-channel amplitude vanishes be-

=R 2 PP cause of the absence ofVdegr coupling. In the opposite
Ezll(mj) Vit Vi limit, |u|<M,, the lightest chargino is Higgsino-like. Since

o o the Higgsino couplings to the first and second generation
=q "= (m2 g "> m2)Pr P (s)leptons are negligible, in the Higgsino limit only the

Gern(M)Gesw(MVir Vi (39 s-channel amplitude contributes. Finally, whevh,~|u|,
both charginos have large gaugino and Higgsino compo-
nents, and they are somewhat degenerate in mass. In this
for sufficiently heavy squarks. The parameggjy, whichis  region of parameter space the chargino mixing matrices rel-
renormalization scale independent, is interpreted as the effeevant in the production cross section are sensitive functions
- of tanB, which enters in the off-diagonal elements of the
chargino mass matrix.

In this section, we present our results assuming a univer-
sal soft breaking squark massg and a universal trilinear
(36) couplingA at the weak scale. These parameters, along with

p and tarB, determine the squark masses and mixing angles.

The third generation quark-squark-Higgsino couplings de-
pend on the top and bottom Yukawa couplingsindy,, . As
shown in Eqs(30)—(34), the heavy top quark can give rise to
a sizable correction proportional yﬁInMa, which enters in

e off-diagonal elements of the effective chargino mass ma-

X. The Yukawa couplings are also involved in the 1PI

rtex corrections when the final state chargino is Higgsino-
ike. The top Yukawa coupling is very large when gar 1
while yy, is substantial when tg®= 30.

Here we used the fact thiffj,(mjz) (j'#1) is insignificant

tive evyW coupling. ge,w deviates from the corresponding
gauge couplingg5™(Q). Its asymptotic form i§11,13,

gew=osM(Q)

393 o 3
1+§$4m5?‘z

Here we note that the? dependence af,,(m?) decouples
in the largeMg limit.

While universality of the first and second generation
squark masses is necessary in order to satisfy flavor changirli
neutral current constraints, the experimental constraints o
the third generation squark masses are weak. Some mod
have been proposed where only the squarks in first two ge
erations are heavy22]. In this case, the contributions of o
heavy squarks are obtained by multiplying the terms propor- In the following we will considery; x; production in the
tional to gg in Egs. (28)—(33),(36) and the first term of Eq. three cases where the lightest chargino is predominantly
(34) by 2/3. The remaining light third generation squark con-gaugino, predominantly Higgsino, and in the mixed region.
tributions to the chargino and gauge boson two point func\We will refer to the parameter sets listed in Table I. We now
tions may be included either by the full one loop formula ordiscuss the three regions in turn.
by the leading log approximation.

A. Gaugino region

lll. NUMERICAL RESULTS In Fig. 1(a) we plot the chargino production cross section

In this section we describe the dependence of the chargina(e_ e” H}{}f) versus Mg (solid ling), for the G1
gaugino region parameter set of Table I. In the gaudoro

production cross sectiom(e*e*—g(l’;(l*) on various . . . :
MSSM parameters. The production cross section is a func'-_"ggs'no region the diagonal elements of the effective

tion of the gauge couplings, th&-boson and sneutrino chargino mass matriMc are fixed by the input chargino
masses, and the chargino masses and mixing matfizes masses, so they are independendg. Conversely, ther
rametrized byM,, u, My, and tam). In the proposed col- parameterdM,(M,) and u(u) vary asMq increases. The
liders the electron beam can be highly polarized, thereforeffective mixing matricet)”, VP contain nondecoupling cor-
we often show the production cross section with a polarizedections from the off-diagonal elements of the effective

075002-7
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1.05 pypre T | b 1.005 prrrrr I I B FIG. 1. (a) The One-loop Chal’gino pI’OdUCtion
gaugino region : cross sectiowr as the function of the soft squark
1.00 — 10041 ] massMg, for the gaugino-like parameter set G1
= Q Loosf of Table | (solid line). The positive correction
» it ! i ~ )
3 0.051 ke g Proportgnal to log/g is dug to the loop correc
A L 1002 ] tion to ge,w. The dotted line shows the cross
© o.90 ] qbq section without theZ(y)x~ x* vertex correc-
© me vertex correction. J 1.001F 7 tions. (b) The ratio between the cross section
—— ftull cross section [ . .
o Vbbb bl o didtdd o+ Ll without the gauge vertex corrections and the full
500 1000 2000 5000 10000 500 1000 2000 5000 10000 one-loop cross section for the same set of param-
~ ~ eters. The vertex correction is less than 0.5% of
Mg (GeV) Mg (GeV)

the total cross section.

chargino mass matrix. However, this effect is suppressed by, for several values ofn,, for the G2 parameter set of

small gaugino-Higgsino mixing|V¥|,|UT,/=1. The posi-
tive correction proportional to lddg in Fig. 1(a) is therefore
primarily due to the loop correction to the effective coupling

Jevw -

The remaining corrections can be divided up into obliqu
and nonoblique parts, each of which satisfies decoupling.
The nonoblique part consists of the 1PI vertex correction and

the associated chargino wave function renormalization. In
the following when we refer to the vertex correction we
mean this combination. The vertex correction is somewhat In Fig. 3 we show theM 5 dependence oé when the

Table I. The cross sections are normalized by(Mg
=400 GeV). AsMg, increasesg increases ifm; is less
than 200 GeV, while it decreasesnf, is greater than 300
GeV. Form,~250 GeV,o_ becomes insensitive tMg.
The dependence dvl g from thet-channel amplitude is neg-
eIigible in the limit m;> /s since thet-channel amplitude

2
cales as IJ/rV .

B. Higgsino region

complicated, so it is worthwhile checking whether this gaugechargino is Higgsino-like. We take parameter set H1 of
and scale invariant correction can be neglected. The croskable |. The diagonal elements of the effective chargino

section calculated without including the vertex correction ismass matrixVl ¢ are fixed by fixing the chargino masses. As

shown by the dotted line in Fig.(d), and the ratio between in the gaugino region, the mixing is suppresséd;,),
the cross section without the vertex correction and the fullU,,/=1. The one-loop cross section includifigpt includ-

one-loop cross sectiom;'

no vtx

/o, is shown in Fig. b). The

ing) the vertex correction is shown by the solitbtted line.

effect of the vertex correction is less than 0.5% of the totalThe cross section changes by less than 0.5%gsvaries
cross section for this choice of parameters. This is negligiblérom 300 GeV to 3 TeV. Such a wedd, dependence in
Higgsino-like chargino production is expected from our ob-

compared to the sensitivity t@, in future experiments.
As seen in Fig. (a), the left-handed cross sectian

servations in Sec. Il. Although the large top quark Yukawa

increases by about 14% &85 varies from 300 GeV to 3 coupling is involved, the vertex correction remains small,

TeV. The sensitivity taM g depends onm, and Js, as dis-

cussed in Ref.11]. In Fig. 2 we show thé/ 5 dependence of

or(Mg) / or(Mg = 400GeV)

less than 1%.

C. Mixed region

In the mixed region ¥ ,~|u|), the full one-loop cross

120 ——TT17 T — T section receives important corrections proportional tvigg
115} -
0.620-
1.10 i
) [
1.05 £ oe15
. [
b
1.00 p 1
® S . ]
» 0610 Higgsino region -
0.95 L1l 1 1@
1000 4000 10000 Lol [ N
M5(GeV) 200 300 500 1000 20003000 5000 10000

FIG. 2. TheMg dependence of for the parameter set G2 of

Table | with several values af;,. The ratioso (Mg)/o (Mg
=400 GeV) are shown fam,= (1) 150 GeV,?2) 240 GeV,(3)
350 GeV,(4) 500 GeV, and5) 1000 GeV. The values af (Mg
=400 GeV) are(0.55,0.39,0.54,0.83,1).4b for lines(1,2,3,4,5,

respectively.

weak.
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FIG. 3. The cross sectionr| with/without the gauge vertex
correction vs Mg for the parameter set H1 of Table |
(solid/dotted. The lightest chargino is Higgsino-like. Both the de-
pendence oMg, and the effect of the vertex correction is very
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: ] variation of tag andM g, consideredg varies by less than
12 — mixed region —]

- ] 1.5% [Fig. 5b)]. The cross sectiowy is relatively more
“““-—-~~___‘____~: sensitive to tag [Fig. 5(c)], but the absolute change in the
1.0 s-channel  — cross section is smaller than in the plot. In both cases the

] Mg dependence is very weak because of the very small mix-

— ing, and the absence oftachannel coupling.

In the case of large gaugino-Higgsino mixing, the cross

] section is more sensitive to tarthan toMq. In Figs. %d)

and 3e) we show the chargino production cross section in

the mixed region, with parameter set M of Table I, except

full ) e m, =400 GeV. The cross hatched region gan4 shown in

1 these plots is excluded because it is not possible to obtain the

02 Lo vvul ] specified chargino masses in this region. We find a strong
400 1000 4000 10000 dependence on tgnfor both o, [Fig. 5d)] and o [Fig.

5(e)]. The Mg dependence is very small in Fig(d due to

FIG. 4. o vs Mg for the mixed region parameter set M of the interference between tise andt-channel amplitudes. In

Table I (solid). The s-channel and thé-channel cross sections are general it can be large. For example, in Fige)Sat tans

shown by the long dashed and short dashed lines. The cross sectigit» r changes from 45 fb to 62 fb &g changes from

receives important corrections from the Mg dependence of)” 300 GeV to 10 TeV. _
andVP (see text The large dependence of the one-loop cross section on

_ _ o _ Mg in the mixed region is caused by the strong sensitivity of
through the corrections to the effective mixing matrit#5  the cross section to the off-diagonal elements of the effective
VP, as well as loyl corrections from the effective coupling chargino mass matrix. In Relf7], it was claimed that a 4%
Je,w- We illustrate this in Fig. 4, which shows the produc- measurement ofrg results in the constraint 3:%tans<4.1
tion cross section for parameter set M of Table I. For this(at tar3=4). The tree level chargino masses were fixed in
choice of parameters!, and|u| are both near 200 GeV, so their determination. We see from Fig(eb that for a given
the chargino mass eigenstates are fully mixleti{fﬂZ:O.G). value of ok the central value of tg®(M ;) can shift by 0.5,

In the figure,o increases by 4% &dl varies from 1 to 10 depending orMg,.

TeV (solid line). The destructive interference between the We find that while the vertex correction is not substantial
t-channel ands-channel amplitudes accounts for this insen-compared to the experimental sensitivity to the cross section,
sitivity. The 22% reduction in the-channel cross section the corrections due tt/® and VP can be. For example, the
(short-dashed lineis due to an 8% reduction off, and a Mg dependence in Fig.(§) is almost entirely due t&)” and

2% increase ofj.,w. The s-channel cross section depends VF. At tang=4, or changes by about 37% adg, varies
on bothUP andVP, and decreases by 78ong-dashed ling from 300 GeV to 10 Te\_/. In contrast, the vertex correction is
Note that the cancellation of thélg dependence is very €SS than 1.4% over this range.

sensitive to other parameters, suchy@s m’,, and tars.

0.8

o, (pb)

0.6

0.4

E. Squark mixing effects

D. Comparison of Mg and tanB dependencies Left-right squark mixing effects give rise to important

We now compare thélg and ta dependence of the porrections in the mixed region. The stop and sbo_ttom .mix-
chargino production cross section. This comparison is impor'—ng angl_es are cqntrolled bk, p, and tag as descnbeq n
tant for estimation of the uncertainty in constrainiii, :[Dr\]pper}dpg A. lrj Fig. 6 we show con_tou.rs of constam n
from the cross section measurement. In Figs)-55(e), we € (AW/Mgq, M) plane for the chargino in the mixed region.
show contours of constant cross section in theg( tang) We use parameter set M of Table I. The cross hatched region

plane. In Fig. §a) we use parameter set G2 of Table I, ith of Fig. 6 is excludedzeither because of the chargino mass
Lo~ - i <0. i
JS=400 GeV. Sincex; is gaugino-like, > depends on constraint or becausnsrt 0. The cross section shows strong

m,,. We see thatr is insensitive to tad in this case. It is dependence oA/Mq whenMg is small. For example, when

almost constant in tgh when tag>5. On the other hand, AlMq vares from =2 to +2 with Mo=345 GeV, the
o, decreases by 10% whég, changes from 300 GeV to 10 cross section changes fror~n 6~1 fb to 39 fb. Phdependence
. is mainly caused by the, -tz flip in the graphs with
gaugino-Higgsino mixing, through the corrections46 and
] B ] ~ VP, The correction is therefore roughly linear #o0 The A
like x; , using parameter set H2 of Table I. Over the ent'redependence decouples at laMg as 1M, for fixed AIMg,.

If only the two chargino masses atgh are measured it

may not be possible to disentangle the dependence of the
°The parameters are those used in Rifl]. We take s  Cross section on squark mixing from the dependence g8 tan

=400 GeV for Fig. %a) because of the accidental insensitivity of andMg. For example, aM5=345 GeV in Fig. 6, we see
o to Mg at Js=500 GeV. the cross section is 61 fbo &/Mg=—2. We can find the

TeV due to the correction tge,w -
In Figs. §b) and Hc), we show the results for Higgsino-
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same cross section with the same chargino massAés=&  checked the-channel exchange of the sneutrino has a sub-
by changing tag from 4 to 3.6. It may be necessary to stantial effect on the total cross section in some of their plots,
measureA from other quantities. The stop masses and mix-and including the contributions of the first two generations
significantly alters the results.

. : Our comparisons with their results show large numerical
are measureﬁZ?:]. In Fig. 6~ the top squark~masses are We”differences. For example, for the parameters corresponding
split when A/Mq=—2 (mi, =128 GeV,mi, =528 GeV)  , yhair Fig. 4 at ta=0.5, we find the one-loop cross sec-
for Mq=345 GeV, while they are nearly degenerate at &jon decreasedy 1.2% asMg=A varied from 200 to 1000
point of small mixingA/Mq=0.12 (ri;, =383 GeV,m;,  GeV. Their results show a 17%creasein the cross section.
=386 GeV). Combining these measurements with measureNotice they take the gaugino mass paraméfei(M;) as
ments ofu and tarB from other processedy; can then be input. Taking this unphysical mass parameter as input gen-
determined. erally leads to largeMg dependence. In the example just

Because left-right squark mixing arises from mentioned, takingn;z— as input reduces thiel 5 dependence
SU(2)xU(1) gauge symmetry breaking, it contributes 10 qm 1 294 to 0.4%.
the violations of the relations between the tree level chargino We also find smaller differences between the tree level
and neutralino masses. We can utilize this dependence 'é‘n
efforts to constrain the values &f and tar8. In Fig. 7 we
show contours oA=0 varying ta8 and of taB=4 varying
A in the (m”g, og) plane (solid lines. We fix Mg

ing angle can be constrained r'rﬁ”t12 and o(e e —t;t})

d one-loop cross sections. However, this is not surprising,
since the definition of the tree level cross section is some-
what arbitrary. Our tree level cross section is determined by
) the two chargino masseM,, M, m,, tan3, and the ef-
=345 GeV,m0=105 GeV, and the other input parametersfective theory(i.e., standard modeWs gauge couplings. The

are fixed as in Fig. 6. The contours terminating ra}g tree level cross section depends on the choice of the scale of

=201.4 GeV have tgh=4 while the contours terminating the effective theory gauge couplings. An appropriate scale is
atmy=2125 GeV haveA=0. For values of ta@ slightly found py_con3|der|ng ttwe H|ggsnjo_product|on cross section
above 4, we cannot find solutions with the given charginog:;:]eﬁyl'g]gc'\él uzje\ég?(\eﬂc% lesr:etgll‘stﬂ?Eé:itziltjig(rsreacrteioilom_the
masses. For a givelrz, we find aL% differs up to 3 GeV quark loop oblique correction, the cross section in the effec-
between two contours. We also show the variationgf  tive theory is equal to the cross section in the full theory if
with m;g whenA or tang is varied(dashed lings For fixed the effective theory gauge couplings are evaluated at the
mio, mie differs up to 2 GeV between the two curves. If we renormalization scalé_}=e_xp(—5/6)\/§z \/5/2- Hence, our
tree level cross section is evaluated with effective theory
g{auge couplings evaluated at the scale/2. With this
choice, the tree level and full one-loop cross sections are
nearly equal when the squark corrections decouple.
mixing dependence is quite small. For example, M _ We have already discussed tha’g, for pract_ical purposes, it
—350 GeV chanaes from 47.4 f.b t0 40.5 fb wd’M” is safe to n_egle<_:t the vertex correction. We WI|| now cons!der
IR 9 ' : Q two approximations to the remaining corrections. In the first,

changes from 0 to 2, while the cross section without th ; Lo )
vertex correction varies from 46.7 fb to 39.6 fb, a 1.5% toe[he effective theory approximatidi=TA), we use the effec

. . —,.,,,. . . . . P
2.2% effect. Although it is larger than the1% effect found  tV€ coup!mg Jerw ‘_”‘nd .the effecuvez mixing matrices)”,
in the gaugino and Higgsino dominant regions, it is Unimpor-VP. In this approximation some ISWa corrections are in-
tant compared to the strong dependence of the cross sectietuded. In the second approximation, the “log const”

can measure the chargino and neutralino masses within
GeV or less, it could help to single out the effect of squark
mixing.2

The contribution of the vertex correction to the squark

on A, tang, andMg,. approximation(LCA), we strictly keep only the nondecou-
pling squark corrections, i.e., we include only the corrections
F. Comparison and approximations of the form logMg)+const. The effective coupling in the

We should briefly comment on the comparison of our!0g + const approximationg,ca, is given in Eq.(36). The
results with those of Ref15]. The results in Ref[15] are  effective mixing matrices in the LCA are found as follows.
obtained by including top, top squark, bottom and shottoml he off-diagonal elements of the effective chargino mass
loops only. They underestimate tgélog(Mg) corrections to ~ Matrixin the LCA are given in Eq$30)—(34). The effegﬂve
— mixing matrices in the log+ const approximationy ¢, ,
Vica, are then determined from the two chargino masses

and these off-diagonal elements. Notice tlg@EA,UECA,
Vica, and the effective theory couplings, are renormaliza-
tion scale independent.

S In Fig. 8 we show the ratio of the various approximations

Jevw/9, and UP VP, which depend equally on the 1st and
2nd generatior(s)quarks as the third generation. We have

3An excellent measurement of the chargino and neutralino mass
may be achieved at proposed’ ™ colliders. A recent study
shows that it should be possible to measure the lighter charging
mass with an accuracy of 30 to 300 MeV by measuring the cross
section in the threshold regid24]. “We refer to theirA. We use the opposite sign convention for
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)070 4 o.7o\ i ]
0.28 ;
0.28 - _0.706 5 -
N § [
M 3 bt ]
L L U ;. 2 11341 N N L 1 1 e O B B A 1T
1000 4000 10000 400 1000 4000 10000 400 1000 4000 10000
(d) S (pb) (e) Ox(pb)
SOfTmTITE T T, SO I T
o EFHEEEEEC el B £ 1 1L L e TS
4.0 0% 40 - om0
S 3.5k 0.53 ss5F o0 1
§ 0.54 5 _/
3.0F 0.56 = 3.0 O%gso .
0.58 B . =
2.5 0.60 ;(5) | 0.100
L s s aaql M M g g TR R L L Lol L1 L L L AL 1l
2’0400 1000 4000 10000 400 1000 4000 10000
M(GeV) M(GeV)

FIG. 5. Contours ol [(a), (b), and(d)] and o [(c) and(e)] in the (Mg ,tanB) plane. The parameter sets from Table | GaeG2
(gaugino-like with Js=400 GeV;(b) and (c) H2 (Higgsino-like; (d) and (e) M (mixed with m;=400 GeV. TheMg dependence is
strong in(e), though the taf dependence is more prominent. The cross hatched regions are excluded by the chargino mass constraints.

to the full cross section, versudg. We plot the ratio of

the s-channel tree level gauge couplings\is/2. The scale
unpolarized cross sections in the gaugino, Higgsino, anavhich should be used to get exact agreement in the decou-
mixed regions in Figs. @), 8(b), and §c), with parameter

pled regime is somewhat different, dependingMn, m;,

sets G1, H1 and M of Table |, respectively. The cross sectiomnd +/s.

without the vertex correction is shown by the dotted line.

In all three figures the vertex correction is less than 1%,

The ETA result is shown with the dot-dashed line, and theso the “no vertex” approximation is a good one, even for
very small squark masses. The ETA also works well, better

LCA result is indicated by the dashed line.

There are two factors which contribute to the deviationsthan 1% except &l 5= \/§/2 in Fig. 8b). The LCA works as
from unity in the largeMq region in the ETA and LCA well as the ETA, except in the gaugino region withg
results. For one, these approximations are calculated witks \/s and in the mixed region witiv oS 1.5{s. By compar-

effective theory couplings, while the full calculation is cal- ing the ETA and LCA results we see that theM% correc-
culated with full theory couplings. This mismatch causes dis-

crepancies of orderalogMg)?. These discrepancies give tions included inge,w, U and V" can be essential in ob-
some indication of the expected magnitude of two-loop cor-

rections. Another reason why the approximations can dis-

agree in the larg#, limit is that the scale used to evaluate

10000 %@
- ] [} [} ]
%/ " 653
__ 4000} ]
> 55 ]
)
<7 1000 50 3
NGO 45 3
28 -2 -1 2 3

0 1
A/MQ

FIG. 6. Contours ofog in the (A/Mg, Mg) plane for the
mixed region parameter set M of Table |. TAéM g dependence is

larger for smalleMy, .

0.12

0.02

0.00

A or tanp dependence in mixed region

tanfP dependence
at A=0 A dependence

at tanf=4
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N /
F 7
L/
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FIG. 7. Contours oA=0 (tan3=4) varying taB (A) in the
(m“g, og) plane(solid lineg, with Mg=345 GeV. The variation

of m;g with m;g for the same set of parameters is also shown
(dashed lines
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FIG. 8. Various approximations to the cross section divided by the full one-loop cross section. The results for the “no vertex”
approximation, effective theory approximatid&TA), and “log + const” approximationfLCA) are shown(a), (b), and(c) show results in
the gaugino, Higgsino, and mixed regions of parameter space, respectRatgmeter sets G1, H1, and M of Table | are used.

taining a good approximation, even for squark masses asters can be strongly dependent ga Therefore the esti-

large as 1.§s. mate given in Ref[11] cannot be trusted at other values of
s unless a dedicated MC simulation is provided for both the
IV. UNCERTAINTY IN THE CHARGINO PRODUCTION signal and background. The bottom line is that the constraint
CROSS SECTION MEASUREMENT on ge,w can be greatly improved for more generic param-
A. Previous analyses eters, and by optimizing the beam energy and cuts.

Before going into the details of their simulation, we shall

. _ X Qiscuss the background to th@] signal for the case where
production and decay7,11]. Chargino production can be ~

+ ; P! .
studied ine* e~ collider experiments by observing their de- X1 decays exclusively intq; W as follows:
cay intovl x§ or qq’ x5, with signalsl 2j + missing momen-
tum or 4j + missing momentum.

In Refs.[7,11] the probe of the supe_rsymmetric relation
of SU(2) gauge-gaugino couplings™=ge,w Was consid- LWWxOy?
ered based on the MC study of th2j mode at the point in .
parameter spaceu(M,,tan3,M;/M,,m,)=(—500 GeV,
170 GeV,4,0.5,400 GeV where m;(1+=172 GeV andm;ci

=86 GeV. The analysis of Ref[7] assumes s
=500 GeV and that no direct production ofis available.

In this section we reexamine previous studies of chargin

ta— ot -
€€ —Xx1X1

—>|an,+¢1'

We assume is the stable LSP, so it escapes detection and
e(tﬁgong with the neutrinpgives rise to missing momentum in
ese events.
This process suffers fro/-boson pair production back-
round. In the background events the total momentum of the

This results in a poor constraint ap,w. In Ref.[11] the
authors consider the same point in parameter space, exc
they assumen, is measured directly, ands can be tuned.
Further, they assume that the uncertainty of the theoretical
input parameters in the chargino and neutralino sector, th g . o
acceptance of 2j events, and the dependence of the accep’ -boson pair is balanced in the transverse direction, but the

tance on the theoretical input parameters are independent 8Pseryed transverse momentum Is not _bal{:mced, due to the
— escaping neutrino. Hence, the discrimination between the

m;, and y/s. Under these assumptions, they fifide,w /95"  signal and background is difficult.

=2% withm; =240 GeV andy/s=400 GeV. This result is In the MC study of Ref[7], the following cuts are made
considerably poorer than the resﬁtje;;\,/gi“’k 0.6%, esti- 1O red.uce the background frolW-boson pair production in
mated in the sneutrino production study of R@f3]. thel2j mode: _

The purpose of this section is to provide a critical discus- (&) existence of an isolated hard leptdfj>5 GeV, 6y,
sion of the analysis of Ref§7,11]. We point out that the >60°; (b) Pr>35 GeV; (0) 60aop>30°; (d) my,
poor constraint found in Refl1] results from the low ac- >120 GeV:(e) —Q,;C0¥haq:» Q)€C0sH,<0.707. Cuts(b), (c)
ceptance of the”2j mode (found in Ref.[7]), and the low and(d) are set to reduce thé&/-pair events produced nearly
acceptance is further traced back to fspecia) choice of back to back in the transverse direction, while keeping the
parameters. We also point out that the signal acceptance asdpersymmetric signal. The c{d) is designed to remove the
dependence of the acceptance on the theoretical input paratarge forward peak of th&VW events.
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Although these cuts are standard ones to improve the sig- 00 Acoplanarity angle distribution of reconstructed W pairs

nal to noise ratio, the acceptance of the signal turns out to be AEEEE L I L L B
small, B cut <— eet— X — 4 ]
100 [ i my=176.6GeV,/s=500GeV

@ i : ¥ :m,=86.9GeV,|Ldi=16fb" ]

= L1 ; ' -

o R :m,,=92.2GeV :

Nobs B 300 I‘ i Myo ]

1= BB T =11.9%, (37) = _I:; Tl ; —- :m,,=80.3GeV ]

0L.B|Bp — T 1 §

2 Ly ]

g 200 — [ —]

e L ]

resulting in S/N=1 at the previously mentioned point in 100 -
parameter space. C ]
Our knowledge of the acceptance is limited by the errors N N TR A T T

of the underlying parameterg.(M{,M,,tan3,m;). The sys- 40 60 30 100
tematic errors om are estimated a& 7 = 0.55% by allow- Acoplanarity[°]
ing the underlying parameters to vary so tl’@t;,m;;, and

m’ 0 vary within 2 GeV of their input values.
1

jen]
[\
]

FIG. 9. The number of accepted chargino production events vs
] ) ] ) ~ the acoplanarity angle, witk/s=500 GeV andfL£dt=16 fo '.

While A 7sysitself is small, the error in the cross section The points with error bars are foM,=84.6 GeV, and the long-
due to the acceptance uncertainty turns out to be large, i.@ashedshort-dashedline corresponds td,=78.6 (90.6) GeV.
Anln=5%. This is comparable to the change in the crosssee text for other parameters.
section wherm, changes from 1 TeV to 4.5 TeV withn,
=240 GeV andy/s=400 GeV.

No question was raised concerning the small acceptance
of the I2j mpde In Refs.[?,ll_], but the value shoulc! be tematic error of the acceptance is estimated by chanfying
contrasted V\?th other MC]c studies, whm%{gen%rallyécl?lm aC% 0m 2 to 10 GeV in Ref[7]
ceptances of 30 to 50% for SUSY sign§ds6,25. The low . . " .
acceptance in Eq37) is a consequence of the special choice Tlo 'g‘.JSthte_ the I]flnema_tlcs, we show tgefacoelarjarlty
of parameters. At the point in questi(m;l+=172 GeV,and 2"9€ istribution ofW pairs reconstructed frone~e

m;(tl)=86 GeV, so the mass difference between the pare
and the daughter particlesz:m}I—m}tl)—mW is only 6

FE X1 X1 —~WWyxi—4j +pr events in Fig. 9. The i
mode also suffers from th&/W background, however the
cuts to remove the SM background are far simpler than those
GeV. In the rest frame of; , both thew boson andy® are  ©Of thel2j mode? _ o

Figure 9 shows the acoplanarity angle distribution after
- applying the cuts to reject backgrouwd pairs given in Ref.
between they; momentum and th& boson, and also the [6], except for the acoplanarity angle Yo, 30°. To gen-
momentum spread of the/, can be very small. When the erate MC events, we modified the event generator of Ref.
charginos are produced as=500 GeV, g +w<15°, and [6], and we used the Japan Linear Collidét.C) detector

_ ~5 ! simulator[6]. The effect of initial state radiation is included.

the W-boson pair momenta angl; momenta are roughly The distribution shown by points with error bars corresponds
balanced. to our standard input parameterg,i,, M,,tan3,m;)=

Notice in the cuts listed above we are relying on Iarge(_5oo GeV,84.6 GeV,170 GeV, 2,400 Ge\fesulting in

+w and large missing transverse momentum to separatg.=176.6 GeV andn0=86.9 GeV. The parameters are
the signal from theWW background, but neither of these X M

attributes are characteristic of the signal events. The sm ?]zsgigeszftktﬁg rgr:ogr.Ltlaa(rgse;/ﬁcljatrr?grc?ri?afh\?zillIJr;:stWre]. deter-
acceptance merely results from the fact that\heair from mined from 10000 generated events, corresponding to
thehs_ignal _anclj the t_)ac_kground have very similar kinematicil:d,[=l6 fb~L. On this same plot we alsyo show two distri-
at this particular point in parameter space. X T

The IZmall accgptance I?1a$ a direct foect on the acceptan t'f';sé %org:s\;;o?dmg dm f 90_]% GeVégrlqr;—(igshe)dand
uncertainty. The signal event distribution in ther( 6acop, l_d ‘ ~e:é§nzg-6a?/ el q gsi BOIZHGU \|;)ns corre_-
m,,) space sits near the background distribution and therg2PONd 10 M0 ' eV andm, ' v, respec
fore near the cut region. When the input parameters aréively. The difference inAm for these two curves is 12 GeV,
changed slightly within their error, the signal region also
changes in thefr, 6,0, M;,) Space. Because the accepted

number of events for the input parameters is so small com-5the 4j mode suffers from the SUSY background dueetee™
pared to the total number of reconstructtpair events, a

nonrelativistic. When the parelngl+ is boosted, the angle

T0 0. 2:7070 ; PR
- . - . — x2x2—4ix1x1,» Which may be hard to distinguish from the
small change in the signal region easily changes the aCCe@Flarzgirz'lo signlal.l We discuss thg 4node here for more or less

tance by several percent. Related@},;w is a rather sensi- illustrative purposes, although it is possible to extract more physics
tive function of Am when Am is small. Note that the sys- information by including this mode in a combined fit.
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large enough to create a statistically significant difference irwithin the error is largely responsible for causing events to
the event distribution, given the somewhat small integratednove into and out of the accepted region.
luminosity we are considering. These curves are normalized
to have equal numbers of evefits. B. Improving the measurement

The acceptance changes drastically for the different cases. We found in the previous subsection that the point in
Implementing6,.,,>30°, we find the acceptance varies by aparameter space considered in R€¥s11] must be regarded
factor of two. The acceptance is correlated wktm, which  as a pessimistic case. At other points the acceptance will

determines the maximz;J*W angle. Below we listm, the generically increase, leading to a decrease in the acceptance
. max uncertainty. However, nature may equally well choose any
maximal angled ., , and the acceptance for the three cases;int 5o let us reconsider this point for a moment, and seek
a procedure to reduce the acceptance uncertainty.
One possibility is to reduce the chargino and neutralino
Mo Am A 7 mass errors, especially the error on their mass difference.

+w
* When there is no correlation betweéTn}I and 5m}tl), the

92.2 GeV 4.1 GeV 13.7° 14.1% !
86.9 GeV 9.4 GeV 20.7° 19.39 largest(smallest acceptance comes from the point where
80.3 GeV 16.0 GeV 2790 27.3% My — Mo becomes maximuniminimum) within the mass

errors. For example, in thejdmode, when we changhl
and M, so that @m};,Am}g)z(Jrz GeV,—2 GeV), we

find the acceptance increases by 6%. Wiﬁngr,Am;g)

; o =(+2 GeV,+2 GeV) we find the acceptance increases
acceptance. This correspondsitay/ » of about 10%. by’ 1.7%. Hence, the acceptance is over three times more

Notice w_e requweaac_op>30 t_o rednlfg(e _the SM - back- sensitive to absolute changes in the mass difference than the
ground, while the maximab e IS 26§(+W if the recon-  hass sum.
structed jet momenta are identified with the quark momenta. In the standard technique to determine a particle’s mass
For the sample withm=4.1 GeV, the events are accepted from the energy distribution of one of the daughter particles
by virtue of the finite resolution of the jet axis. A&+,  in two body decay, the mass difference between the parent
increases above half of the acoplanarity angle cut, the acnd the daughter particle is measured better than the indi-
cepted number of events increases linearly with,,. On  vidual masses, especially when the parent particle is signifi-

the other hand, ifAm is so large thateinfxw> fcop then — cantly boosted(See examples in Reff6,25].) So, at generic
most of the events pass the cut by a wide margin. In particupo'nts the uncertainty in the acceptance is much smaller than

lar, most events are accepted regardless of several percétte Would expect from uncorrelated mass errors. However,
variations in the input parameters. Therefore, the acceptandg this particular example, the acceptance is smaller near the
error is much smaller in a generic region of parameter spac&ndpoints of the energy distribution. This is because the
We expect the acceptance uncertainty to scale roughly ifdaughter particle has a maximal energy when it goes in the
versely with the acceptance, for sufficiently largen. We same dlre_ctlon as the parent particle. In such a case, the
will examine this conjecture later by an explicit example. 2coPlanarity of the event comes only from the other

The uncertainty itself depends on the mode under considefargino, leading to small statistics near the endpoints.

ation and the cuts applied, as we discuss in the next Subse@erefore, we expect that the energy distribution is less sen-

tion sitive to the chargino-neutralino mass difference for the case

For thel2j mode the situation is less clear. Each of the9iVen in Ref.[7]. .
three cuts, the; cut, the acoplanarity angle cut, and tie, The uncertainty of the acceptance may be reduced by in-

cut, causes roughly the same reduction in the number o(freasing the acceptance itself. One can increase the accep-

signal events. Because of the missing momentum from th&Nce easily in the pmode by reducing/s. In Fig. 10 we
escaping neutrino, each cut yields smaller reductions con:€€ the acoplanarity angle d'St”er‘YELg”W pairs is much
pared to the # mode. However, each acceptance dominanthyflatter for 's=400 GeV. The angl# ., =41.3% so alarge
1

depends on the paramet&m. In particular, the acceptance number of events ° :
) : pass the ayf.,>30°. We find the accep-
is larger for largerAm for all of these cuts. Whedm is 506 increases to 54.8% from 19.3% at our standard point
small the signal region significantly overlaps the backgroun wherem+=176.6 GeV andn-0=86.9 GeV). The accep-
& . X . .

region. In that case, as with thé¢ sode, the variation cAm ) 1
tance increases by 2.4% WI'[h1X1+=176.6+2 GeV and

m}g=86.9—2 GeV. The uncertainty in the acceptance from

Varying m}g by 2%, we expect about a 2% change in the

5The total number of reconstructaifW events depends on the
chargino-neutralino mass differences. For example, rejection of the
forward going jets {V's) gives such dependences. However, as dis- ‘At (+6 GeV,+6 GeV) we find the acceptance is 24.3%. We
cussed below, this mass sensitivity is small compared to the uncethen assume a linear dependence onthe, to obtain the estimate
tainty in the acceptance due to the acoplanarity angle cut. for (+2 GeV, +2 GeV).
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Acoplanarity angle distribution of reconstructed W pairs If it is clear that specific distributions and/or cuts are the
R I D B dominant source of the uncertainty, one might benefit from
I R - fitting the distribution. Figure 9 illustrates an example where
300 I my, = 176.6GeV, my,=86.9GeV the shape of the acoplanarity angle distributinot its over-
2 Y — :/s=400GeV i all normalization changes substantially withm.
% i !l, é ------ :J/s = 500GeV ]
g 200 = = V. DISCUSSION AND CONCLUSIONS
5 7
-q'é c : : ] In this paper we calculated the chargino production cross
g 100 = - N section including full one-loop quark and squark loop cor-
L : . rections. Quark and squark loop corrections are known to
i ; i induce corrections proportional to lo§. This logarithmic
- ; s . : correction is seen as a reflection of broken supersymmetry in
O o o 100 150 the effective theory below the squark mass scale. The cor-

Acoplanarity[°] rection may be observable in chargino, neutralino, and slep-
ton production and decay processes as discussed in Refs.
FIG. 10. The acoplanarity angle distribution 8f-pair events  [11,13. In this paper, the important corrections in the large
from chargino production, afs=400 GeV. See the text for other my limit were extracted from the full one-loop calculation,
parameters and cuts. and they were compared with the decoupling corrections. We
also revisited previous MC studies of the measurement of the
the chargino-neutralino mass errors is therefore reduced bgorrection to the fermion-sfermion-chargino couplirdty

factor of 7 relative to the/s=500 GeV casé. =gaw—95". In Ref.[11] it was stated that a precise deter-
For thel2j mode, reducing/s may not result in a larger - mination of the chargino production cross section is impor-
acceptance. For this mode, many cuts are needed to redugfy, put the uncertainty in the theoretical underlying param-
backgrounds and the relevant distributions have diffet@t eters would be the limiting factor in the measurement. In this
dependencies. For example, tig>35 GeV cut rejects paper we pointed out the systematic error will not be a prob-
more events at smalley’s, because the narrower allowed |em at generic points in MSSM parameter space. This is

more balanced in transverse momentum. Since Wiy @ point in parameter space with special kinematic properties.
background also has a softpr at smallery/s, it may be Our study shows that experiments at futeree™ colliders

beneficial to reduce thg; cut. To determine to what extent should be sensitive to the squark mass scale if the chargino is
T .

the acceptance can be improved, both the signal and back)_roduced with a large cross section. L
We presented our one-loop calculation in terms of the

ground must be studied carefully, because the signal to NOIS& hormalization scale independent effective chargino mixing

ratio is near unity in this mode. Such a study is beyond th‘?natricesup andVP. They are the matrices which diagonal-
scope of this paper. '

We summarize this section as follows. ize 2the effective mass matri¥ic(p?) at momentump?
The previously claimed cross section error due to the un=nr_. When the one-loop amplitude is written in terms of

. . . X
certainty in the acceptance should not be taken as a genetig” and VP, a complicated part of the wave function renor-
statement. The point studied in RET] has special kinematic malization is absorbed, and the remaining part is a simple

properties making it a very pessimistic case. . _expression. The sum of the 1P| gau?g‘e;(* vertex correc-
Because the error in the acceptance scales inversely Wity and the remaining simplified wave function renormaliza-

th_e acceptance,. the acceptance uncertainty may be miniyn is scale independent, and decouples in the large

mized by changing the beam energy and the cuts so as fgnit. By isolating this scale independent correction we were

maximize the acceptance. One should always try to find thgpje to discuss its importance separately.

best possible way to increase the acceptance, not in order to For syfficiently heavy squarks, it behooves one to intro-

error. . . A .
electron-sneutrino-wino coupling,,w . All corrections pro-

portional to logn, can then be included in the “effective tree
level” amplitude, which is obtained by replacing the cou-
struction efficiency is only reduced by a factor of 2.6. The depen-pllngs and mixing matrices of the Free Ieyel amp“t%’.‘”
dence of theW-pair reconstruction efficiency on the chargino- U, V,_and s-channel gauge coupling;, with the effective
neutralino masses comes in through the dependence ol Huson ~ ON€SJe,w UP, VP, andgP respectively. The corrections
velocity. The daughtelW boson in the center of mass frame is proportional to logy, are included in the first three effective
substantially nonrelativistic a's=400 GeV, so thaV-boson ve- ~ parameters, Whi|giSM is mg independent. Our formulation of
locity is sensitive to the chargino-neutralino mass difference. Thighe effective mixing matrices can be easily extended to the
dependence may be ascertained on an event by event basis.  gauge-Higgs loops, and to the wave function renormalization

8However, we find the acceptance error including eV recon-
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of other external particles with flavor mixing, such as neu-large variations in the accepted number of events. The ex-
tralinos. pected experimental chargino and neutralino mass error
For gaugino-like charginos, the Io§ dependence of therefore leads to a large systematic error in the chargino
EeZGv gives the dominant correction to the production amp”_prod_uction cross section. We sfugg.est the uncertainty at such
tude. The amplitude in Higgsino-like chargino productiona point can be reduced by optimizing cuts and beam energy
does not receive corrections proportional torgg Instead it to increase the acceptance. We sho_vved that at generic points
receives finite corrections from the gauge—Higgsino-Higgsindn parameter space the acceptance |s.substant|ally Igrger, and
vertex correction. The correction is rather small even thougﬁhe systematic errors due to the pharglno and neutralino mass
Yukawa couplings are involved. Numerically we found the uncertainties will not pose a serious problem. We stress that

correction is of the order of a few percent. Our numerical€fOrts 10 optimize cuts to obtain the maximal acceptance

calculation is in contradiction with previous results given in greatly reduce the error in the cross section both by increas-

Ref. [15]. They claim large corrections to the production Ing statist!c; and reducing systematic errors. This improves
cross section of Higgsino-like charginos. We found in somethev\?ens't'v't% of the mea}suremednt to thﬁ Ioﬁp effgctsl,. q

cases order of magnitude differences with their results. Fii e note the systemabtlc erdror cl;etht et e.oretlca. un ekT'
nally, in mixed chargino production, the corrections to the ying parameters may be reduced by measuring various ki-

off-diagonal elements of the effective chargino mass matriﬂemat'_c‘f"l d|str|but|ons_ Of. degay products PR, Bacop, et.
are important, becaudg” andV® are sensitive to them. The Such fitting to decay distributions has not been considered in

off-diagonal elements receive corrections proportional toorevious §tudi'es. Furthermore, the dec':ouplling .correction Is
lognt,, and they also receive decoupling corrections due tfrot negligible in the mixed case, and this might introduce an

squark left-right mixing. Both corrections can be as large aénteresting twist in fut_ure chargino studies_. This wil b_e stud-
10%. In order to successfully extract the most useful infor—'ed elsewhere. We did not present our fits of chargino pro-

ﬁzjction cross section to MSSM parameters. Notice, however,

mation from the chargino measurements, it may be necessa; ) )
to isolate the light top squark mixing effects, for example by at f.'t.s of MC data to MSSM. pa(ameters are sensitive to the
ecific choice of the theoretical input parameters, beam con-

measuring the top squark masses and mixing angle through. i
its direct %roductirc))n.qPrecise measurements %f th% chargir?%ﬁ'ons’ etc., c_hosen for the study. The fitted result_s at one or
and neutralino spectrum could also give information on tog? €W POINts in parameter space should not be interpreted
squark mixing. generically. _
The validity of various approximations to the one-loop  The corrections encoded @, U” andV* are univer-
cross section was also studied in this paper. A simple apsal- They appear in various production and decay processes,
proximation which works in a wide region of parameter and may be important when chargino decay distributions or
space makes it easy to simulate the effect of the radiativeranching ratios are used in a fit. Neutralino pair production
correction in MC studies. We found the 1P| vertex correctionféceives analogous lag corrections. Of course the chargino
may be safely neglected, and we further defined approxima@nd neutralino corrections are equally important in final
tions to the rest of the one-loop amplitude. The one-loopstates which receive contributions from both chargino and
cross section is well described by the effective coupling andreutralino production.
mixing matrices. These parameters encode the leading Previously, information on particles which were not pro-
log(Mg) and constant corrections, as well as important deduced directly was ascertained by calculating the effects of
coupling corrections. If these decoupling corrections ardoop corrections in SM processes and comparing the predic-
dropped, we found that the resulting approximation can béions with experimental data. Unfortunately, superpartners
poor even for relatively heavy squark masseg 1.5s. typically give very small corrections in SM processes be-
Chargino production suffers from-boson pair produc- cause of the!r decoupling nature. Once a superpartner is
tion background a¢* e~ colliders. Therefore, the detectabil- found, the existence of heavier superpartners with nhass
ity of the radiative effect must be studied carefully. Previ-9ives rise to interesting nondecoupling effects proportional
ously studies proceeded by choosing a point in MSSMO logM in the production and decay processes of the lighter
parameter space, and generating the MC signals utilizing theParticle. In this paper we studied a chargino production pro-
cuts that reduce th&/W backgrounds while keeping signal €€ss, and compared the fggcorrection and the associated
events. These cuts were determined in a generic situation f#ecoupling corrections in detail. We found the mixing of
Ref. [6]. We pointed out that the point of parameter Space||ght th!rd generation squarks also leads important radiative
chosen in the MC study of Ref11] is not consistent with ~ corrections. If these two effects can be separated, we could
the assumptions used to determine the cuts in Rgf. uncover rich information about the squark mass spectrum.

Namely, at the parameter point of RéL1] there is very We stress that a systematic treatment of the loop correction
and a detailed examination of future experimental prospects

little phase space in the chargino decm’/—>WX2. AS &  ,re needed to make such a study possible.

result, thep; distribution of the signal events is similar to

that of the background. However, the cuts to reduce the

background were chosen under the assumption that the sig- ACKNOWLEDGMENTS
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APPENDIX A: TREE LEVEL INTERACTIONS

We list the tree level interactions of charginos, quarks, Tr— e( -1 0 )
and squarks. The charginge{) mass matrix in the gauge 0o -1)
eigenbasis, —1+sirf6y 0
_ -~ = _ -~ = 7 __
gie=(WL ,Hy),  ¢ir=(Wg ,Hag), (A1) T"=9z 0 —%+Sin20W '
is given ag 26]
— e T viL=02(TsrL— Qs SiFoy),
— L= YirMcij¥j + i Mcij¥ir 7 .
vir= —0zQs SINF by,
M2 \/EM\NC()$ T ~ c "
= . A2 vif=vf, vi=vh, vii=vEk=0,
C \/EMWslnﬁ u ( ) LL fL RR fR LR RL
The mass matriM ¢ is diagonalized by two unitary matrices vii=vk=eQ, v7=eQd;. (A7)
V andU asMp=V*MU", whereMy=diag(m;). Note that o ) _
at the one-loop leveMy in Eq. (A2) is theDR renormalized The mixing of left- and right-handed sfermions may not
parameter. be negligible for third generation sfermions. The mass ma-

The chargino-fermion-sfermion couplings are written astrices for~fz(~t,5) are given as follows:
follows:

2 2 f
~ = - 3 _r _ (5 m. Mg L
Cim= T2 x; (& PL+b; PRI+ (Hoc) m=(fL fR) m2,  m2 )
e - ~
falxj (8 Pty PRfat (He), (A3) mfzmé +mf+mZcos28( Ty, — Qs Sirby),
3L

wheref=(q,l) and (f,,f,) are SU2) doublets, and the suf-

fix i of sfermions denote its mass eigenstates. Explicit forms mﬁzrrrfz +m?+m3Q; cos2B sirffy,
~ 3R
of (a,b) in the gauge eigenbasis of sfermiohs; are writ-
ten in' terms of (J,V_), the gauge coupling, and Yukawa —my(A+ u cotg)  for 1
couplingsy; of fermionsf as m?g= _ (A8)
—my(Ap,+u tand) for b.

— +

&L PP a}zl_izgzuila -

The mass eigenstatdsg , are obtained by diagonalizing the
- * +o_ * mass matrices. This leads to the field rotations

& R~ yi,Viz, A ri— YV

_ 4 f,=f_ codd; + f sind;,

b: .= —VYi,Viz, b}zLi:—Yf1Vi21

1

B F,=—1, sindi+fg cod;, (A9)
bR =0, (A4) -
where m}l<m}2. s is the mixing angle. Couplings df; ,
where ~
are easily obtained from those in ther basis.
CFULN gomg,

(A5) APPENDIX B: QUARK AND SQUARK LOOP FUNCTIONS

yn= V2Mysing’ Yt~ V2Mycos8”
We list the explicit forms of the quark-squark loop func-
The gauge interactions of fermions, charginos, and sfermionkons in the corrected amplitude shown in Sec. Il. The results
are expressed as are for quarks and squarks of a given generation.
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The forms of the chargino two-point functiols; (p?) are
[27]

SHP%) = 25 (A 2 Ba(PPmy
+buk.bf,kJ B1(p?,mg,m, ),
. _
2= 6772( EikT b;B1 (p?,my,mg)
+auk|a:jkj 1(p2’md szlk))l
Eﬁ(pz)— (bakl komuBO(p ,my,mg,)
+auk|b:1kj mdBO(p My, muk)) (B1)

Here By ; are 't Hooft—Veltman functions in the convention
of Ref.[17], andN.=3 is color factor.

The one-particle-irreducible(1Pl) corrections to the
Xxi x; G vertices,F andF¢, appear ifl Eq. (6). The cor-
rections have two parts: contributions frorfi,{,fy) loops
(denoted withf) and those from f(,f ,f{) loops (denoted

with?’), where ,f’) denotes an S(2) multiplet of quarks.
Accordingly, theF®’s are decomposed as

G
Fuw= 2 FVL(R +E FVL(R)’

G _
FSL(R)_Z FSL(R)+2 FSL(R)

(B2)

The contribution of the (,f,f}) loops for (f,f')=(d,u)
are expressed as

Gf _

VLT oo 22 [bxiv rbj;F ™+ af;mm;(Ci5— CTY)
+mf{_aXiURb§jmin1>2<_inULa§jijf1>1(
+ayju ¥ mi(C + C13) + by gak;m; (CH*+CHH}
+mibyiv b%;Co1], (B3)
Fei= 2 [bXIva m(C ch

16772
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+ay ak;m;(Cli— Ci3+CH—CH
+m{ayvrb;Ci3— axv bk;(CH*+CI}.
(B4)
Here we abbreviateay;=a:,, . by=br, ., and v (g

vf L(r)- The FS' formula are obtained from the corre-
sponding FLf expressions by replacingay;«by; and
v —vg. CHlandCX ap @re the Passarino and Veltm@8g] C
functions |n the convention dR9]. The arguments of thE€
function are

2
C&(aﬁ) =Co(ap (P} .07, S,M7 e ,m?). (B5)
The functionFX is defined as
o Loox £X 2, .2 X
2
+(m?— m?)Cl5—1}, (B6)

me, —
fX

whereB™=Bo(p?,mf m%x)

The contributions of {,f}.f}) loops for (f,f")=(d,u)

are expressed as follows:

W= 0xeb3CH, (87)
FS[ " lon 22 [mfaX|UXYbYJ(Cf Y-ci )
+m; bXIUXYbY](C23XY Cf )
+mJaX|UXYaY](Cf XY _ Cf XY
Cf XY__ f XY)] (88)

The F§" are obtained from Eqs(B7),(B8) by replacing

ay;—byi. Here,vyy=0"C, and
Cf XY _ ¢ 2 2 2 2 2 B9
0(ap) = Corap) (P .P7,S,ML, .M, My, ). (B9)
Y X

The contributions for (?’)=(u a) loops can be obtained
from the (f, T )=(d, u) expressmns in Eqs{B3) (B4), (B?)

(B8) by rep|acmgaf,x, b},xl be, o — a},xl LUPLe T UER,
andeYH—v;YG.

APPENDIX C: HELICITY AMPLITUDE METHOD

®There we have ignored additional terms proportional fa ( In the calculation of cross sections it is often useful to
+p4)* since their contribution vanishes in the massless electrofflirectly evaluate the amplitude for helicity eigenstates of ini-
limit. However, these terms can contribute to other processes sudil and final state particles, and numerically take the sum of
as chargino decays. the squared amplitudes for helicities, instead of taking the
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trace of the squared amplitude analytically. This method is
called the helicity amplitude methdd9,2Q.

In this appendix we list the spinor bilinears which are
relevant in the one-loop amplitude of the process

ei(plahl)eJr(pZvh2)_>Xi7(p31h3)Xj+(p4vh4)- hy_4 are the
helicities of the corresponding particles and take the values
+1/2. We evaluate the spinor bilinears in the center of mass
frame. The coordinate space is chosen so that the ieifial

goes along the positiveaxis and the finay; goes along the
(0¢) direction in the polar basis. We give our results in the
spherical basis. A Lorentz vector in the spherical basis,
(A®,A™ with m=0,*, is related to the vectoA* in the
Minkowski basis via

A<> :AO,

1
At=——(A+iA?),

J2
A0:A3,
A = i(Al—iAZ) (C1
% .

The inner product of two vectorsA(B) is given by

PHYSICAL REVIEW B8 075002

Hp=Un,ys0n,=(—1)" " 2(E3+E,)?

—(m=my)?*25,

HG=un,v"vn,= ( [VEz+miVE,—m;

—VEz—miVE,+m;]6) o,
Ez+m;
_ INE 3 ! _(—_1\A
(V2)'Fiy/ E4+mj[E4+m' (1)

X(E3z— mi)]dﬁq)\F( 9)ei(m_}‘F)¢) ,

HA=Un, ¥*ysun,=(— 1)hatii2
Es+m;
E3+mi[_E4+ E3+ mi+mj]5)\':0,

—(V2)PHL(= 1) Eg—m; JEs+my
+VEg+mVEs—my]dy, (0)e™ ] (C3)

We use the abbreviations=h;—h, and A\g=hz;—h,. (E,

Es, E;) are the €7 ,x; ,X]*) energies, respectively. The rel-
A-B=A°B° +2 (—1)MiamgTm, (C2 evant Wignerd functionsd,lm\(e) are
m

The initial massless fermion bilineak$ (we ignore the

electron magsand final fermion bilinear#l are given in the
spherical basis as

HG=0n,(p2) Y*Un, (p1) = (0.2V2|\|[ES_pm, ),

HA=0h,7*¥sUn, = (—1)" " 2H,

Hs=un,(P3)vn,(Pa)

=((Eg+Eg)*—(m;+m)?)Y%5 o,

di, di, di_

do. dgo do- | (6)

dt, dt, d_
1+cos 1 . 0 1-co¥
! ] cos? ! ing (C4
=| -——=sin ——sing | .
2 2
1-cow 1 0 1+cow
5 \/Esm 5
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