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Chargino mass determination at a muon collider
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We analyze the prospects at a muon collider for measuring chargino masses in them1m2→x̃1x̃2 process
in the threshold region. We find that for a gaugino-like chargino of mass 100–200 GeV, a measurement better
than 50–300 MeV should be possible with 50 fb21 integrated luminosity. The accuracy obtained here is better

than with other techniques or at other facilities. The muon sneutrino mass, which enters through theñm

exchange diagram, can also be simultaneously measured to a few GeV if it is not too heavy.
@S0556-2821~99!50107-0#

PACS number~s!: 14.80.Ly, 07.77.Ka, 12.60.Jv
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I. INTRODUCTION

Particle masses can be measured to high precis
through threshold production cross sections at lepton co
ers. This has been demonstrated at the CERNe1e2 collider
LEP II in W pair production atAs5161 GeV, just above
2MW . We have recently shown that future high-luminos
e1e2 and m1m2 colliders can measure theW boson, top
quark and Higgs boson masses at high precisions in the
cessesl 1l 2→W1W2,t t̄ ,ZH @1,2#. Initial state radiation
from muons is reduced compared to electrons, and m
colliders have negligible beamstrahlung which increasin
becomes a problem at linear electron colliders as the en
increases. Muon colliders thus could be very useful in pre
sion measurements of particle masses, widths, and coup
@3–7#.

In this Rapid Communication we study the achieva
accuracy in measuring the mass of the lighter chargino in
minimal supersymmetric standard model~MSSM! via the
cross section via

m1m2→x1x2 ~1!

near the threshold. We focus our attention on a chargino s
that is dominantly gaugino for simplicity, since the thresho
cross-section then depends mainly on just two parame
the chargino mass (mx̃1) and the sneutrino mass (mñ). The
minimal supergravity~MSUGRA! model predicts a lightes
chargino that is gaugino-like. Our analysis is somewhat m
general than MSUGRA in that we allowmñ as a free param
eter, rather than have it constrained by universal mass s
inputs at the grand unified scale. Our parameter choices
mit us to make direct comparisons with previouse1e2 stud-
ies.

The measurement of the chargino mass via the thres
cross section has been considered previously fore1e2 ma-
chines in Refs.@8,9#. The narrower energy spread and t
negligible beamstrahlung a muon collider offer a distinct a
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vantage over most electron-positron designs. We assum
this Rapid Communication that the muon collider has a re
tively modest~rms! beam energy spread ofR50.1%. We
consider a measurement with high integrated luminos
(50 fb21), carefully taking into account beam smearing e
fects and optimization of cuts to eliminate the background
the threshold region.

A precision measurement of the chargino mass is a hig
desirable goal to test patterns of supersymmetry break
For example the relationship between the lightest neutra
and the lighter chargino masses can be used to test the
tence of a universal soft supersymmetry-~SUSY!-breaking
parameter. Renormalization group evolution~RGE! from the
grand unification scale leads to the approximate predic
mx̃6.mx̃

2
0.2mx̃

1
0 @10#. The predictions for chargino pai

production have recently been investigated beyond the t
level @11#. A precision measurement of the cross section c
test radiative corrections coming from heavy squarks, si
the corrections depend on log(MQ̃ /ml̃).

The cross section of the chargino pair production depe
not only onmx̃6 but also on the mass of the muon sneutri
(mñ) which enters through at-channel diagram. As we show
in Sec. II, a simultaneous measurement of bothmx̃6 andmñ

is possible if the chargino is gaugino-like. In Sec. III, w
compare our results with that achievable at ane1e2 linear
collider and with the kinematical end-point technique. W
also comment on the benefits of polarized muon beam
studying the chargino mass and properties.

II. ACHIEVABLE ACCURACY IN mx̃6

At the present we do not know the supersymmetry bre
ing parameters that determine the masses and coupling
the supersymmetric particles. Presumably the CERN La
Hadron Collider~LHC! will have been operating for severa
years before a muon collider is functioning, and will be ab
to measure parameters well enough to tell us whether
©1999 The American Physical Society01-1
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lightest charginos and neutralinos are gaugino-domina
Higgsino-dominated, or in a more complicated mixed sta
If the lighter chargino is gaugino-dominated as expected
theoretical grounds@12,13#, then changing the parameters
the chargino mass matrix essentially changes the mass
does not significantly change its couplings. The charg
mass matrix is

MC5S M2 A2MWsinb

A2MWcosb 2m
D , ~2!

and in supergravity models the diagonal terms are expe
to be larger than the off-diagonal ones. As a typical illust
tion, we choose the representative MSSM parameters

M25120 GeV, m5400 GeV, tanb54, ~3!

whereM2 is the gaugino mass parameter,m the Higgs mix-
ing and tanb5v2 /v1 the ratio of the vacuum expectatio
values~VEVs! of the two Higgs doublets in the MSSM. Th
choice of Eq.~3! is motivated by the ‘‘gaugino point’’ of
Ref. @14#, so that the lighter chargino is gaugino-like (M2
,umu). This choice corresponds tomx̃65123 GeV.

For the chargino pair production under discussion,
cross section is insensitive to tanb andm if m*300 GeV.
However, the sneutrino contribution in thet-channel inter-
feres destructively with thes-channel graphs. Therefore on
can envision a measurement of the cross section that es
tially depends on just two parameters,mx̃6 andmñ . Figure 1
illustrates the total cross sections versus the center-of-m
energy near threshold for various values of sneutrino m
with other parameters as in Eq.~3!. The rapid rise of the
cross section near threshold is due to theS-wave pair pro-
duction of spin-1/2 particles with small decay widths. T

FIG. 1. The cross section form1m2→x̃1x̃2 in the threshold
region for various sneutrino masses, with the parameters in Eq.~3!.
The sneutrino mass dependence arises from at-channel contribution
which interferes destructively with thes-channel diagrams. The
muon collider is assumed to have a beam energy spread oR
50.1%, and initial state radiation is included.
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cross section is typically of order 1 pb. Thus a large sig
sample of order 53104 chargino events would be obtaine
with the assumed collider luminosity.

A simultaneous measurement of the chargino a
sneutrino masses requires a sampling of the cross sectio
at least two points. As in other threshold measurements,
statistical precision on the chargino mass is maximized
c.m. energyAs just above 2mx̃6. However as is evident from
Fig. 1, a change in the cross section atAs52mx̃611 GeV
can also be due to a variation in the sneutrino mass, s
second measurement of the cross section must be made
higherAs where the dependence of the cross section on
chargino mass and the slepton mass is different. It turns
to be advantageous for the chargino mass measureme
choose this higher energy measurement at aAs point where
the chargino cross section is not flat. The precision that
be obtained in the chargino mass depends substantially
the chargino mass itself since the cross-section decre
with an increasingmx̃6. The heavier the chargino is, the le
accurate the measurement for a given luminosity. A rou
determination of the chargino mass to about 1 GeV is n
essary prior to the measurement of the threshold cross
tion. With 50 fb21 of luminosity devoted to the standar
above-threshold study, this should be easily achievable@14#,
and the scan points discussed above can be set.

The chargino decay mode isx̃6→x̃0f f̄ 8, resulting in a
large amount of missing energy due tox̃0 in the final state,
which is stable in the MSSM and thus escapes the detec
If mx̃62mx̃0.MW then realW contributions~two-body de-
cay! dominate and thex1x2 final state is comprised of 49%
purely hadronic events, 42% mixed hadronic-leptonic eve
and 9% purely leptonic events~these ratios are determine
by the W branching fractions!. The above estimate of th
branching fractions is a very good approximation as long
the sleptons and squarks are sufficiently heavy (ml̃ ,mq̃
*300 GeV), whether or not the bosons from the decays
on-shell. We do not limit our study in this Rapid Commun
cation to the chargino decays to on-shellW, and we use
PYTHIA to determine the branching fractions. In the eve
that sleptons and squarks should be lighter than this, t
may also be pair produced and there would be additio
knowledge about the chargino decays that could be explo
in a similar analysis. To effectively suppress the bac
grounds, we concentrate on the pure hadronic channel.
width of the chargino, typically less than a few MeV, has
negligible impact on the threshold cross section even for
two-body decay case, provided that the lighter chargino
gaugino-dominated. Based on the cross sections given in
1 and including the decay branching ratios and signal e
ciencies, the signal rate atAs52mx̃611 GeV would be
about 20 fb for most values of the sneutrino mass. W
50 fb21 integrated luminosity, the cross section could
measured to a statistical accuracy of about 3%. Thus an
derstanding of the background to at least this level is nec
sary.

There are several backgrounds to the chargino pair sig
by far the largest beingm1m2→W1W2. The backgrounds
have been studied in Refs.@15,16#, and signal efficiencies
1-2
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were obtained for the various final states when the center
mass energy isAs5500 GeV. The dominantW1W2 back-
ground can be effectively eliminated by angular cuts beca
the W’s are produced in the very-forward direction. How
ever, if the energy is reduced for running in the charg
threshold region, then the effectiveness of the angular
would be reduced since the background events become m
spherical. Therefore we reinvestigate the acceptance cri
near the threshold.

Based on the characteristic kinematics of the signal,
impose the following cuts to remove the backgroun
mainly from W1W2→4 jets:

A cut on missing mass, roughly 2M x̃0
,M (miss)

,2M x̃0
120 GeV.

Require cos(uW-miss).20.8 where cos(uW-miss) is the
minimum cosine of the angle between the reconstruc
fasterW* 1 and the missing momentum.

Require the reconstructedW* to be in the central region
ucos(uW)u,0.7.

These cuts greatly reduce theWW background to a neg
ligible level. The overall signal efficiency with these cuts
about 10% for the fully hadronic decays. If we know,a pri-
ori, that mx62mx0,MW , then we can further reject th
W1W2 background by demanding the reconstructedW*
from the di-jet to havemj j ,MW .

For the case where theW* coming from the chargino
decay is virtual, the identification of the jets is a releva
concern. A clustering algorithm such as the Durham jet
gorithm takes clusters that satisfy some minimum dista
measure and merges the clusters into one. For the Dur

1HereW* generically denotes aW boson of on- or off-mass shell
For a signal with off-mass shellW from the chargino decay, the
WW background, is even less severe.

FIG. 2. The 1s precision obtainable in the chargino mass taki
mñ5300 and 500 GeV assuming 50 fb21 integrated luminosity.
The precision onmx̃6 is better forlarger sneutrino mass~see Fig.
1!.
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algorithm the measure is defined as

yi j 5
2 min~Ei

2 ,Ej
2!~12cosu i j !

Ev is
2 , ~4!

for clusters with energyEi and Ej . By choosing a suffi-
ciently large cutoff foryi j one can force the event in two jet
and thereby obtain an efficient reconstruction of virtualW
bosons in both the signal and the background@17#.

Figure 2 shows the expected precision ofmx̃6 from fully
hadronic decays with 50 fb21 integrated luminosity and a
sneutrino mass of 300 and 500 GeV. For a lighter sneutr
for which the destructive interference between thes-channel
andt-channel graphs is more severe, the precision ofmx̃6 is
less. In the range ofmx̃65100–200 GeV, a measureme
better than 50–300 MeV is possible, much below the 1
level. The precision decreases with increasing chargino m
since the production cross section decreases.

The result of a fit to the chargino event rate is shown
Fig. 3, taking the parameters in Eq.~3! and assuming an
integrated luminosity of 50 fb21. The cross section is mea
sured just above the thresholdAs52mx̃611 GeV, and at a
point well above the threshold,As52mx̃6120 GeV ~with
25 fb21 at each measurement!. The chargino mass determ
nation is better for higher sneutrino mass. The cross sec
is more sensitive tomñ when it is lighter, resulting in a bette
measurement of the sneutrino mass. The sneutrino mass
be measured to about 6 GeV accuracy formñ5300 GeV
and to about 20 GeV accuracy formñ5500 GeV. This pro-
vides an indirect method of measuring the sneutrino m
@14#, which would be especially valuable when the thresh
for sneutrino pair production is not open.

FIG. 3. TheDx251 contours in the chargino mass-sneutri
mass plane, taking the parameters in Eq.~3! andmñ5300 and 500
GeV. The curves assume 25 fb21 of integrated luminosity is de-
voted to As52mx̃611 GeV, and 25 fb21 is applied at As
52mx̃6120 GeV.
1-3
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III. DISCUSSIONS

Comparing our results with similar studies fore1e2 col-
liders, we find that the beam energy spread can cause a
nificant reduction in the precision of the threshold measu
ment. The most recent Cornell TeV Energy Superconduc
Linear Collider~TESLA! design envisions an electron bea
energy spread ofR50.2% @18# while the Next Lineare1e2

Collider ~NLC! design anticipates a beam energy spread
R51.0%. The NLC will be able to achieve precisions whi
are from 15% to 90% worse~for mx̃6 from 100 GeV to 200
GeV! than for the muon collider considered here, while t
TESLA design should achieve precisions less than 1
worse than the muon collider. A high energye1e2 collider
in a very large hadron collider~VLHC! tunnel would have a
beam spread ofsE50.26 GeV @19# and would obtain re-
sults with a precision comparable to those considered he

The mass of the chargino can also be measured by fin
the endpoint in the spectrum~or by fitting to the full spec-
trum! of the chargino decay products@9,15,20–22#. The end-
point is determined strictly by the kinematics of the dec
x̃6→x̃0f f̄ 8, so it is sensitive to both the chargino and ne
tralino masses. However the expected precision of the
point method with 50 fb21 of integrated luminosity is 1% o
larger @15#, larger than the precision obtained from meas
ing the threshold cross section. For the threshold meas
ment, the cross section for chargino pair production is in
pendent of the final state decays, and only the branch
fractions and detector efficiencies for the various final sta
impact this measurement. This approach is complemen
to using kinematic end-points of chargino decays to de
mine the chargino mass. Our considerations are based
largem-value,umu.7M2, as usually found in MSUGRA and
gauge-mediated symmetry breaking models. In this case
x2

0x2
0 cross section is negligible compared to thex1

1x1
2 cross

section for mm̃*300 GeV. x1
1 is Higgsino-like and the

cross sections become sensitive to the value ofumu. Sec-
ondly,x2

0x2
0 production may have a comparable cross sec

to x1x2 and the final-state kinematics need to be taken i
account to separate thex1

1x1
2 andx2

0x2
0 contributions.

We have assumed here that the chargino is lighter than
muon sneutrino, as is normally the case in MSUGRA mod
@12,13#. If that is not so, the chargino has a new decay mo
x̃6→ l 6ñ. The signal efficiency of the cuts against bac
ground would need to be reconsidered if this mode is ki
matically allowed.

It is expected that the both beams of a muon collider
be partially polarized, although with some loss of luminos
for high polarization@7#. Polarization could prove a usefu
tool for studying the chargino pair production. When t
chargino is gaugino-dominated, it couples to the left-han
m2 because it is then dominantly the partner to theW.
Should the chargino be Higgsino-dominated, one wo
want to employ right-handedm2 polarization since the
W1W2 background would then be largely reduced. In ad
tion, the t-channel sneutrino exchange contribution can
07170
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turned off by operating with a right-handed polarizedm2

beam.
For the gaugino-dominated chargino considered he

both the signal and background are approximately prop
tional to (12P)2 whereP[Pm252Pm1 is the polarization
of the two muon beams (P521 for a pure left-handedm2

or a right-handedm1). The background (W pairs! and the
t-channel sneutrino signal contribution couple to the le
handedm2 ~and right-handedm1) beam. In the limit of
SU(2)3U(1) symmetry, theU(1) gauge boson couple
only to the Higgsino component of the lighter chargin
@14,23#. So thes-channel graph also couples predominan
to the left-handedm2 when the lighter chargino is gaugino
like as considered here. Thus for 100% polarizedm1 andm2

beams the mass determination would improve by a facto
2 assuming the same integrated luminosity.

We have assumed in this study that the chargino cr
section is theoretically known, apart from the contributi
from the t-channel diagram from a sneutrino of unknow
mass, which may require that one-loop corrections be ta
into account. One can relax this assumption and allow
cross section normalization to be another free parame
Then at least three measurements for the cross section w
be required to extract the two masses (mx̃6,mñ) and the
cross section normalization. This would test the theoret
prediction for radiative corrections from which the ma
scale of squarks might be inferred@11#. On the other hand, if
the sneutrino is discovered independently and its mass
sonably well measured, one could carry out the two-po
measurement, as presented this Rapid Communication, to
terminemx̃6 and the cross section normalization.

IV. CONCLUSIONS

We studied the pair production of a gaugino-like chargi
at a muon collider. A measurement of the lighter charg
mass to better than 50–300 MeV is possible formx̃6

5100–200 GeV by measuring the pair production cro
section near the threshold at a muon collider with 50 fb21

luminosity. We demonstrated that for gaugino-like chargin
this is superior to the kinematical end-point method and
results obtainable with the same integrated luminosity
other colliders. Only modest beam energy resolutionR
;0.1%) is needed for the threshold measurements.
muon sneutrino mass can also be simultaneously meas
to a few GeV if it is not too heavy.
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