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Radiative corrections to chargino production in electron-positron collisions with polarized beams

Marco A. Dı́az
Departmento de Fı´sica, Universidad Cato´lica de Chile, Av. Vicun˜a Mackenna 4860, Santiago, Chile

Stephen F. King and Douglas A. Ross
Department of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, United Kindgom

~Received 15 August 2000; published 22 May 2001!

We study radiative corrections to chargino production at linear colliders with polarized electron beams. We
calculate the one-loop corrected cross sections for polarized electon beams due to three families of quarks and
squarks, working in theMS scheme, extending our previous calculation of the unpolarized cross section with
one-loop corrections due to the third family of quarks and squarks. In some cases we find rather large
corrections to the tree-level cross sections. For example, for the case of right-handed polarized electrons and
large tanb the corrections can be of order 30%, allowing sensitivity to the squark mass parameters.
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Charginos are important in supersymmetry~SUSY! for
several reasons. To begin with they will possibly be the ne
to-lightest SUSY particles~after the lightest neutralino! and
so be amongst the first supersymmetric particles to be
covered. Secondly, being color singlets, they provide a cl
laboratory for studying and extracting the fundamental
rameters of SUSY. Thirdly they are naturally produced in
polarized state, and their polarization is imprinted onto
angular distribution of their decay products, enabling imp
tant information about the nature of the underlying SUS
theory to be extracted from experiment.

Since the CERNe1e2 collider LEP has failed to find
evidence for any SUSY particles@1#, one must await the
construction of the next generation of electron-positron m
chines, which will be linear colliders, to perform high prec
sion studies of chargino physics. Although charginos may
discovered earlier at hadron colliders, it is only at such lin
colliders, with the added advantage of polarized beams,
the parameters of SUSY can begin to be extracted with
precision@2#. In the context of such high energy, high prec
sion colliders, the polarization properties of the produc
charginos can be studied via the angular distribution of
decay products as has been recently discussed by se
groups@3#.

Such studies involve helicity amplitudes for both chargi
production and decay which undergo quantum interfere
due to the short lifetime of the charginos. Thus far both
production and decay helicity amplitudes have only be
studied to lowest order, although the spin averaged c
section for chargino production ine1e2 collisions has been
calculated at one loop, including third family quark an
squark loop corrections@4,5#, and the radiative corrections t
the chargino self-energy has been calculated including
one-loop radiative corrections@6#.

In this Brief Report, then, we present the first study of t
radiative corrections to chargino production in electro
positron collisions, including contributions from three ge
erations of squark and quark loops, for the case of polari
electron beams. Our main purpose here is to study such
rections numerically, and show that the effects may be ra
large in some cases. Although the radiative corrections in
cross sections are of order 1–10 % in general, for the c
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section for right-handed electrons we observe strong can
lations in the tree-level result due to interference terms w
negative signs, and in this case the radiative corrections
be of order 30% for large tanb.

We consider pair production of charginos with momen
k1 andk2 in electron-positron scattering with incoming mo
mentap1 andp2:

e1~p2!1e2~p1!→x̃b
1~k2!1x̃a

2~k1! ~1!

where we takex̃1 to be the particle andx̃2 to be the anti-
particle, with the Feynman rules as given in Haber and Ka
@7#. Henceforth we drop the subscriptsb and a, but under-
stand that the two charginos have massesmb andma respec-
tively and in generalmbÞma .

In @8# it was shown that at the tree level one can~after
appropriate Fierz transformation! write the scattering ampli-
tudes as

2 ie2

s F v̄~e1!gm
~12g5!

2
u~e2!G

3S QLL
(0)F ū~ x̃1!gm

~12g5!

2
v~ x̃2!G

1QLR
(0)F ū~ x̃1!gm

~11g5!

2
v~ x̃2!G D ~2!

for left-polarized incident electrons, with a similar result f
right-polarized incident electrons with the electron projecti
operator (12g5)/2 replaced by (11g5)/2 andQLb

(0) replaced
by QRb

(0) , where the superscript zero indicates tree level. N
that since we take the positive chargino to be the particle,
index b5L,R is related to that in@8# by L↔R.

At one-loop order we find a more general structure. Ne
ertheless the amplitudes may be written as

2 ie2

s F v̄~e1!gm
~12g5!

2
u~e2!G

3 (
i 51 . . . 5

QLi
(1)@ ū~ x̃1!G iv~ x̃2!#, ~3!
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BRIEF REPORTS PHYSICAL REVIEW D 64 017701
for left-polarized incident electrons, with a similar result f
right-polarized incident electrons with the electron project
operator (12g5)/2 replaced by (11g5)/2, and QLi

(1) re-
placed byQRi

(1) where the superscript unity indicates o
loop, and where

G1,25
~16g5!

2
~4!

G3,45gn
~16g5!

2
~5!

G55snr5
i

2
@gn,gr#. ~6!

Note that the coefficientsQL1
(1) andQL2

(1) are vectors,QL3
(1) and

QL4
(1) are two-rank tensors, andQL5

(1) is a three-rank tensor
and similarly forQRi

(1) .
In the presence of one-loop corrections, due to the th

families of quarks and squarks, the amplitude fore1e2

→x̃b
1x̃a

2 may be expressed as the sum of three amplitu
MZ , Mg , M ñ . As explained in Ref.@4#, we define one-loop
renormalized total vertex functions asiG Zxx

ab , iG gxx
ab , iGñeex

1b ,

and iGñeex
2a . In the total vertex functions we include the tre

level vertex, the one-particle irreducible vertex diagra
plus the vertex counterterm, and the one-particle reduc
vertex diagrams plus their counterterms. Although the
tailed expressions for the total vertex functions is quite co
plicated, by exploiting the possible Lorentz structures of
diagrams it is possible to express them in terms of just a
form factors which are generalizations of those presented
the case of the third quark and squark family in@4#, where
explicit expressions may be found. These form factors m
in turn be related to the quantitiesQLi

(1) defined in Eq.~3!,
and similarly for QRi

(1) , as we shall show in detail in a
forthcoming publication1 @9#. We consider our approxima
tion reasonable since by keeping quarks and squarks in
loops we gain a color factorNc53 and a flavor factorNf
53 ~summation over generations was not done in our pre
ous work in @4#!, in addition to having large Yukawa cou
plings in the third generation, especially at large values
tanb. For this reason we think that the electroweak corr
tions we have neglected~including box diagrams! will not
dominate and, therefore, that our conclusions will n
change. Despite this, we recognize that a complete one-
calculation is necessary@9#.

One of the main purposes of this Brief Report is to exa
ine the numerical effect of these corrections, and show
in some cases they may be rather large and with some
pendence on the squark masses. For definiteness at the m
fied minimal subtraction scheme (MS) scaleQ5MZ we take
the SU(2)L gaugino massM2 to be 165 GeV, them param-

1The one-loop corrections due to quarks and squarks consid
here do not involve the operatorG5.
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eter to be 400 GeV and the remaining trilinearA and~degen-
erate! squark soft mass parametersA5MQ5MU5MD to be
500 GeV initially. We also assume a sneutrino mass of 5
GeV. Note that the lighter chargino~1! will be mainly
W-ino, with a mass'M2, and the heavier chargino~2! will
be mainly Higgsino with a mass'm in this example. Since
we work in theMS scheme, the above parameters are r
ning parameters taken directly from the output of the ren
malization group equations~RGE’s!, which is an advantage
when working in supergravity-~SUGRA-! type models. Of
course, the chargino masses we use to calculate the c
sections at one-loop are the pole~physical! masses.

Assuming these parameters with tanb55, Fig. 1 shows
the cross section for the production of the lightest charg
pair for beams of left-handed polarized electrons as a fu
tion of the center of mass energy. The effect of radiat
corrections is to reduce the cross section by a few perc
with a noticeable shift in the lightest chargino mass thresh
due to the more steeply rising threshold. The difference
tween thresholds in this figure corresponds to twice the
ference between the pole and running masses of the ligh
chargino.

Figure 2 displays the cross section for the production
both lightest and unequal mass chargino pairs for beam
right-handed polarized electrons as a function of the ce

ed

FIG. 1. Lowest order~LO! and higher order~HO! cross section
for lightest chargino pair production for left-polarized electro
with tanb55 and the other parameters as given in the text.

FIG. 2. Lowest order~LO! and higher order~HO! cross sections
for lightest and unequal mass chargino pair production for rig
polarized electrons with tanb55 and the other parameters as giv
in the text.
1-2
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BRIEF REPORTS PHYSICAL REVIEW D 64 017701
of mass energy, for the same parameters as before
tanb55. The unequal mass cross-sections12 refers tob
51,a52, which is equal to the cross-section forb52,a
51 assumingCP to be conserved, although the two cro
sections are not added together in the figures. Note tha
cross section for the lightest chargino pairs with right-hand
electrons in Fig. 2 are about 500 times smaller than w
left-handed electrons in Fig. 1, nevertheless with an in
grated luminosity of 106 pb21 it will be easily measurable.2

The radiative corrections involving right-handed incide
electrons in Fig. 2 are larger than for left-handed incid
electrons in Fig. 1, and may now be as large as about 1
Note the shift in the second chargino mass threshold.

Increasing tanb to 50 makes very little difference to th
tree-level and one-loop corrected cross section for l
handed electrons, as compared to the results for tanb55 in
Fig. 1. However for right-handed electrons, increasing tab
to 50 leads to the much larger radiative corrections show
Fig. 3 as compared to Fig. 2. In view of the large radiat
corrections in this case, we proceed to study these region
a little more detail.

In Fig. 4 we magnify a region of the cross section f
lightest chargino pair production for right-handed electro
above the threshold region in Fig. 3. As already remark
the effect of radiative corrections is quite large. The corr
tions depend on the~degenerate! squark mass as shown i
Fig. 4, where squark masses of 500 GeV~1 TeV! leads to
negative corrections of about 25%~35%!.

In Fig. 5 we magnify a region of the cross section f

2The reason for the smallness of the cross section for ligh
chargino production with right-handed electrons is due to a dest
tive interference between the photon andZ diagrams, compared to
constructive interference with left-handed electrons. This is du
the approximately axial couplings of electrons to theZ. The absence
of the sneutrino exchange diagram for right-handed incident e
trons then guarantees a small cross section in this case. Fo
production of unequal mass charginos and right-handed elect
the photon exchange diagram is not present~at least at the tree
level! and the cancellation does not occur, leading to the lar
cross section than the equal mass case in Fig. 2.

FIG. 3. Lowest order~LO! and higher order~H! cross sections
for lightest and unequal mass chargino pair production for rig
polarized electrons with tanb550 and the other parameters
given in the text.
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unequal mass chargino production for right-handed e
trons, this time concentrating on the threshold region of F
3 where the corrections appear to be largest. The shift in
second chargino mass is clearly apparent, and is abou
GeV ~30 GeV! for squark masses of 500 GeV~1 TeV!. The
peak cross section is reduced by about 20%~30%! for squark
masses of 500 GeV~1 TeV!. The sensitivity of the higher
order corrections to the squark soft mass parameters for
case of right-handed incident electrons, shown in Figs. 4
5, means that for the case of large tanb at least, information
about the soft squark masses may be inferred from su
ciently accurate measurements of the chargino produc
cross sections.

Up to now we have chosen to compare the higher or
corrections with a tree level cross section defined by fix
the SUSY parameters rather than the chargino masses,
while the HO cross section involves the chargino po
masses, the LO cross section involves the chargino runn
masses, both pairs calculated with the same fixed values
the running parametersm andM2 at the scalemZ . One may
reasonably ask whether the higher order corrections
scribed here are entirely due to the new threshold effect
the renormalized chargino masses. The way to answer

st
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to
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the
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r

t-
FIG. 4. Detailed blowup of cross sections for right-polariz

electrons for the lightest chargino pair with tanb550. The HO
cross sections are for degenerate squark soft mass parameters
TeV and 1 TeV.

FIG. 5. Detailed blowup of the cross sections for right-polariz
electrons for the unequal mass chargino pair with tanb550. The
HO cross sections are for degenerate squark soft mass paramet
0.5 TeV and 1 TeV.
1-3
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BRIEF REPORTS PHYSICAL REVIEW D 64 017701
question is to compare the HO cross section involving
chargino pole masses calculated with the SUSY parame
m(mZ) andM2(mZ) with a new LO cross section involving
chargino running masses which have the same nume
value as the pole masses, but calculated with different SU
parametersm(mZ) andM2(mZ). In this way, all the correc-
tions due to the renormalization of the chargino masses
hidden, and the difference between the LO and HO cr
sections is due to genuine corrections to the cross sectio
Fig. 6, where we take tanb550 and squark masses of 50
GeV, we show the comparison of the leading order a
higher order corrections with these SUSY parameters so
justed that the chargino masses remain unaltered. We see
in the region of the peak of the cross section for right han
polarized electrons we still get a substantial correction to
cross section which is of the order of 26%~and increasing to
34% for squark masses equal to 1 TeV!. These corrections a
the peak of the cross section are especially important bec

FIG. 6. LO and HO cross sections for tanb550 and degenerate
squark soft mass parameters of 0.5 TeV, for the case wherem and
M2 are modified such that the chargino pole masses remain
same.
-
.A
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it is the center of mass energy likely to be used at a fut
Linear Collider to study these particles. In addition, sin
corrections become important rather close to the thresh
they may affect the chargino mass determination when
threshold method is used@10,11#.

In summary we have seen that for the case of rig
handed polarized electron beams the effects of radiative
rections due to loops of quarks and squarks may give sig
cant corrections to the lowest order result, particularly
large values of tanb. These results highlight the importanc
of being able to measure cross sections with polarized e
tron beams at future linear colliders. Such large radiat
corrections must be taken into account if the underly
SUSY parameters are to be accurately extracted from
experimentally measured chargino cross sections. An imp
tant part of the corrections are due to mass renormalizat
but genuine corrections to the cross section can also be la
especially near the peak of the cross section. Since the ra
tive corrections to the chargino production cross section
sensitive to the squark masses, we have seen that inform
about the squark spectrum may be inferred from charg
production cross section. The effect of radiative correctio
on the production of polarized charginos will be consider
in a future publication@9#.

Note added. After this Brief Report was submitted fo
publication there appeared@12# a complete one-loop calcula
tion of the chargino production cross section and asymm
tries, showing the importance of the corrections. The la
radiative corrections tosR shown here were not observed
Ref. @12# because they only consideredALR and sincesR
!sL the effect was missed.

We are grateful to the Royal Society and CONICYT f
a joint grant~No. 1999-2-02-149! which made this researc
possible. M.A.D. was also supported by CONICYT Gra
No. 1000539.
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