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Chargino mass determination at a muon collider

V. Barger
Physics Department, University of Wisconsin, Madison, Wisconsin 53706

M. S. Berger
Physics Department, Indiana University, Bloomington, Indiana 47405

T. Han
Physics Department, University of Wisconsin, Madison, Wisconsin 53706
(Received 28 January 1998; published 3 March 1999

We analyze the prospects at a muon collider for measuring chargino masseihghe—y*y~ 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~ ttintegrated luminosity. The accuracy obtained here is better
than with other techniques or at other facilities. The muon sneutrino mass, which enters thrngh the
exchange diagram, can also be simultaneously measured to a few GeV if it is not too heavy.
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I. INTRODUCTION vantage over most electron-positron designs. We assume in
this Rapid Communication that the muon collider has a rela-
Particle masses can be measured to high precisiorttvely modest(rms beam energy spread &=0.1%. We
through threshold production cross sections at lepton collideonsider a measurement with high integrated luminosity
ers. This has been demonstrated at the CERB collider (50 fb™1), carefully taking into account beam smearing ef-
LEP Il in W pair production at/s=161 GeV, just above fects and optimization of cuts to eliminate the background in
2M . We have recently shown that future high-luminosity the threshold region.
ete” and u*u~ colliders can measure thé&/ boson, top A precision measurement of the chargino mass is a highly
quark and Higgs boson masses at high precisions in the prélesirable goal to test patterns of supersymmetry breaking.
cesses| *1-—W*W~ tt.ZH [1,2]. Initial state radiation For example the rela_t|onsh|p between the lightest neutrahn(_)
from muons is reduced compared to electrons, and muofind the Ilghter_ chargino masses can be used to test 'Fhe exis-
colliders have negligible beamstrahlung which increasinglyl€"c€ of & universal soft supersymmet($USY)-breaking
becomes a problem at linear electron colliders as the energjrameter. Renormalization group evoluti®tGE) from the
increases. Muon colliders thus could be very useful in precidrand unification scale leads to the approximate prediction
sion measurements of particle masses, widths, and couplin§&*=M2=2nmo [10]. The predictions for chargino pair
[3-7]. production have recently been investigated beyond the tree-
In this Rapid Communication we study the achievablelevel [11]. A precision measurement of the cross section can
accuracy in measuring the mass of the lighter chargino in théest radiative corrections coming from heavy squarks, since
minimal supersymmetric standard mod#SSM) via the the corrections depend on ldgg/nT).
cross section via The cross section of the chargino pair production depends
. not only onm = but also on the mass of the muon sneutrino
Mmoo XX (1) (m;) which enters through achannel diagram. As we show

) ) in Sec. Il, a simultaneous measurement of bty andn;,
near the threshold. We focus our attention on a chargino stafe possible if the chargino is gaugino-like. In Sec. Iil, we

that is dominantly gaugino for simplicity, since the thresholdcompare our results with that achievable atedre— linear

cross-section then depends mainly on just two parametergyjider and with the kinematical end-point technique. We

the chargino massnf;+) and the sneutrino mass). The 5154 comment on the benefits of polarized muon beams in
minimal supergravity MSUGRA) model predicts a lightest studying the chargino mass and properties
chargino that is gaugino-like. Our analysis is somewhat more '

general than MSUGRA in that we allomr, as a free param-
eter, rather than have it constrained by universal mass scale
inputs at the grand unified scale. Our parameter choices per-
mit us to make direct comparisons with previaise~ stud- At the present we do not know the supersymmetry break-
ies. ing parameters that determine the masses and couplings of
The measurement of the chargino mass via the thresholihe supersymmetric particles. Presumably the CERN Large
cross section has been considered previouslef@™ ma-  Hadron Collider(LHC) will have been operating for several
chines in Refs[8,9]. The narrower energy spread and theyears before a muon collider is functioning, and will be able
negligible beamstrahlung a muon collider offer a distinct adto measure parameters well enough to tell us whether the

Il. ACHIEVABLE ACCURACY IN  mg=
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2 T . L cross section is typically of order 1 pb. Thus a large signal
sample of order % 10* chargino events would be obtained
with the assumed collider luminosity.

A simultaneous measurement of the chargino and
sheutrino masses requires a sampling of the cross section of
at least two points. As in other threshold measurements, the
statistical precision on the chargino mass is maximized at
c.m. energy/s just above 2 -. However as is evident from
Fig. 1, a change in the cross section\/a}t=2m;(i+ 1 GeV
can also be due to a variation in the sneutrino mass, so a
second measurement of the cross section must be made at a
higher /s where the dependence of the cross section on the
chargino mass and the slepton mass is different. It turns out
to be advantageous for the chargino mass measurement to
choose this higher energy measurement gsaoint where

0240 250 2('50 2;0 2é0 2§0 300 the chargmo cross sectlo_n is not flat. The precision that can

\s [GeV] be obtalnt_ad in the C_harglnp mass depends su_bstantlally on
the chargino mass itself since the cross-section decreases

FIG. 1. The cross section fQE+M7*>’)'(+’)}7 in the threshold with an increasingn}i. The heavier the Chargino iS, the less
region for various sneutrino masses, with the parameters i3q. accurate the measurement for a given luminosity. A rough
The sneutrino mass dependence arises frovoh@nnel contribution  determination of the chargino mass to about 1 GeV is nec-
which interferes destructively with the-channel diagrams. The essary prior to the measurement of the threshold cross sec-
muon collider is assumed to have a beam energy sprea of tion. With 50 fo ! of luminosity devoted to the standard
=0.1%, and initial state radiation is included. above-threshold study, this should be easily achievidblg
and the scan points discussed above can be set.

lightest charginos and neutralinos are gaugino-dominated, 1o chargino decay mode F—’;(Of? resulting in a
Higgsino-dominated, or in a more complicated mixed state '

. P : ; t of missing energy due¥8 in the final state,
If the lighter chargino is gaugino-dominated as expected OIJ]arge amount of
theoretical groundgl2,13, then changing the parameters of which f Sfag?vlm iﬂe MSSIVV andtt_TJusE_ escatlpesbthg- déetector.
the chargino mass matrix essentially changes the mass bljtm;(i Mo w then realW contributions(two-body de-

. PR : .
does not significantly change its couplings. The chargind:aw domlnate_and the " x 0f|na_l state Is cor_npnsed Qf 49%
mass matrix is purely hadronic events, 42% mixed hadronic-leptonic events,

and 9% purely leptonic eventshese ratios are determined

m, = 500 GeV

o [pb]

M, V2Mysing by the W branching fractions The above estimate of the
Mc= , (2 branching fractions is a very good approximation as long as
V2MycosB M the sleptons and squarks are sufficiently heawy;,fm

and in supergravity models the diagonal terms are eXpeCte(?n?(s)ﬁel(l;(\a/t/%c\j/ghr?(t)kt]?irmoitr 28: ISQS dboisn Ophsigrgz ?gecii:w:;{;snire
to be larger than the off-diagonal ones. As a typical illustra- ) y P

tion, we choose the representative MSSM parameters cation to the chgrglno decays to on—sh\M and we use
PYTHIA to determine the branching fractions. In the event

M,=120 GeV, u=400 GeV, taB=4, (3) that sleptons and squarks should be lighter than this, they
may also be pair produced and there would be additional
whereM, is the gaugino mass parametarthe Higgs mix-  knowledge about the chargino decays that could be exploited
ing and tarB=v,/v, the ratio of the vacuum expectation in a similar analysis. To effectively suppress the back-
values(VEVs) of the two Higgs doublets in the MSSM. The grounds, we concentrate on the pure hadronic channel. The
choice of Eq.(3) is motivated by the “gaugino point” of width of the chargino, typically less than a few MeV, has a
Ref. [14], so that the lighter chargino is gaugino-liké§  negligible impact on the threshold cross section even for the
<|ul|). This choice corresponds to;==123 GeV. two-body decay case, provided that the lighter chargino is
For the chargino pair production under discussion, thegaugino-dominated. Based on the cross sections given in Fig.
cross section is insensitive to tgnand u if ©=300 GeV. 1 and including the decay branching ratios and signal effi-
However, the sneutrino contribution in thieehannel inter- ciencies, the signal rate a].’§=2m;(r+1 GeV would be
feres destructively with the-channel graphs. Therefore one about 20 fb for most values of the sneutrino mass. With
can envision a measurement of the cross section that esses@ fb ! integrated luminosity, the cross section could be
tially depends on just two parametens, - andn;. Figure 1 ~ measured to a statistical accuracy of about 3%. Thus an un-
illustrates the total cross sections versus the center-of-masterstanding of the background to at least this level is neces-
energy near threshold for various values of sneutrino massary.
with other parameters as in E@). The rapid rise of the There are several backgrounds to the chargino pair signal,
cross section near threshold is due to Swwave pair pro- by far the largest being.* u~—W*W~. The backgrounds
duction of spin-1/2 particles with small decay widths. Thehave been studied in Refgl5,1€, and signal efficiencies

071701-2



RAPID COMMUNICATIONS

CHARGINO MASS DETERMINATION AT A MUON COLLIDER PHYSICAL REVIEW D59 071701
300 30 T T
20 + mg = 500 GeV
200 ~ 10 b J
z =
2 g of
+ER IIIV =300 GeV g 300 GeV
< <
100 B -10 + il
20 b J
%00 150 200 30 ‘ ' '
122.90 122.95 123.00 123.05
mx+ [GeV] mx+ [GeV]

FIG. 2. The Ir precision obtainable in the chargino mass taking
nr;, =300 and 500 GeV assuming 50 fbintegrated luminosity.
The precision omn - is better forlarger sneutrino masgsee Fig.

1).

FIG. 3. TheAx?=1 contours in the chargino mass-sneutrino
mass plane, taking the parameters in ).andnv;=300 and 500
GeV. The curves assume 25 fhof integrated luminosity is de-
voted to Vs=2nmr:+1 GeV, and 25 fb' is applied at\s
=2m,-+20 GeV.
were obtained for the various final states when the center-of-
mass energy is/s=500 GeV. The dominantv*W~ back- algorithm the measure is defined as
ground can be effectively eliminated by angular cuts because
the W's are produced in the very-forward direction. How-
ever, if the energy is reduced for running in the chargino 2 min(E2 ,E?)(1—cos6;;)
threshold region, then the effectiveness of the angular cuts Yij= : 12 o
would be reduced since the background events become more Eis
spherical. Therefore we reinvestigate the acceptance criteria
near the threshold. . . '

Based on the characteristic kinematics of the signal, wdor clusters with energyE; and E;. By choosing a suffi-

impose the following cuts to remove the backgrounds,c'emly large cutoff fory;; one can force the event in two jets

mainly from W*W-—4 iets: and the(eby obtain an efficient reconstruction of virtudl
\ ycut o missingj mass, roughly Ng; <M (miss) bosc_)ns in both the signal and the ba_clfgroﬂhiﬂ.
~ Figure 2 shows the expected precisiomgf- from fully
<2M5,+20 GeV. hadronic decays with 50 fid integrated luminosity and a
Require COSfy.mis9>—0.8 where cosfy.mis) iS the  sneutrino mass of 300 and 500 GeV. For a lighter sneutrino,
minimum cosine of the angle between the reconstructegor which the destructive interference between srehannel

4

fasterw* * and the missing momentum. andt-channel graphs is more severe, the precisiompf is
Require the reconstruct&f* to be in the central region: |ess. In the range ofir; - =100-200 GeV, a measurement
|cos@)|<0.7. better than 50—300 MeV is possible, much below the 1%

These cuts greatly reduce tN¢W background to a neg- |evel. The precision decreases with increasing chargino mass
ligible level. The overall signal efficiency with these cuts is since the production cross section decreases.
about 10% for the fully hadronic decays. If we knoavpri- The result of a fit to the chargino event rate is shown in
ori, that m,=—m 0<M,y, then we can further reject the Fig. 3, taking the parameters in E(B) and assuming an
W*W~ background by demanding the reconstruct8 integrated luminosity of 50 fb'. The cross section is mea-
from the di-jet to havem;; <M. sured just above the threshol@=2m;-+1 GeV, and at a
For the case where th&/* coming from the chargino point well above the threshold/s=2m:=+20 GeV (with
decay is virtual, the identification of the jets is a relevantys fy-1 at each measureménthe chargino mass determi-
concern. A clustering algorithm such as the Durham jet alnation is better for higher sneutrino mass. The cross section
gorithm takes clusters that satisfy some minimum distancgs more sensitive tar;, when it is lighter, resulting in a better
measure and merges the clusters into one. For the Durhameasurement of the sneutrino mass. The sneutrino mass can
be measured to about 6 GeV accuracy fay=300 GeV
and to about 20 GeV accuracy for;=500 GeV. This pro-
HereW* generically denotes & boson of on- or off-mass shell. Vvides an indirect method of measuring the sneutrino mass
For a signal with off-mass sheWV from the chargino decay, the [14], which would be especially valuable when the threshold
WW background, is even less severe. for sneutrino pair production is not open.
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lll. DISCUSSIONS turned off by operating with a right-handed polarizaed

beam.

For the gaugino-dominated chargino considered here,

th the signal and background are approximately propor-

tional to (1-P)? whereP=P,,-= — P, is the polarization

%t the two muon beamsR= —1 for a pure left-handeg. ™

or a right-handedu*). The background\{ pairs and the

L—channel sneutrino signal contribution couple to the left-
andedu~ (and right-handedu®) beam. In the limit of
SU(2)xXU(1) symmetry, theU(1) gauge boson couples

only to the Higgsino component of the lighter chargino
14,23. So thes-channel graph also couples predominantly
o the left-handeg.™ when the lighter chargino is gaugino-

Comparing our results with similar studies fefe~ col-
liders, we find that the beam energy spread can cause a Sib
nificant reduction in the precision of the threshold measure
ment. The most recent Cornell TeV Energy Superconductin
Linear Collider(TESLA) design envisions an electron beam
energy spread dR=0.2%[18] while the Next Lineae*e”
Collider (NLC) design anticipates a beam energy spread o
R=1.0%. The NLC will be able to achieve precisions which
are from 15% to 90% worsgor nv, - from 100 GeV to 200
GeV) than for the muon collider considered here, while the
TESLA design should achieve precisions less than 109

) g 4o .
worse than the muon collider. A high energye™ collider like as considered here. Thus for 100% polarizedand,. -

in a very large hadron collideVLHC) tunnel would have a beams the mass determination would improve by a factor of
beam spread o06=0.26 GeV[19] and would obtain re- . . ! Imp y
2 assuming the same integrated luminosity.

sults with a precision comparable to those considered here. We have assumed in this study that the chargino cross
The mass of the chargino can also be measured by finding_ .~ " : L
the endpoint in the spectrutor by fitting to the full spec- f%ifrt:otﬂelst-f:ﬁ?ﬁ:|czlilg lr(c";]r(])wwfrr](,)rilogrts;rgtr:'grig:)e oﬁ‘oﬂgﬂg\lﬁrz‘
trum) of the chargino decay produdi®,15,20—22. The end- . 9 )
S : . ' . mass, which may require that one-loop corrections be taken
point is determined strictly by the kinematics of the decayimo account. One can relax this assumption and allow the

~t ~O — . . ays .
x~—x ff’, soitis sensitive to both the chargino and neu-cyoss section normalization to be another free parameter.
tralino masses. However the expected precision of the englhen gt least three measurements for the cross section would
point method with 50 fb" of integrated luminosity is 1% or  he required to extract the two masses:(,nt,) and the

L . ity
larger[15], larger than the precision obtained from measur-cross section normalization. This would test the theoretical
ing the threshold cross section. For the threshold measuregegiction for radiative corrections from which the mass
ment, the cross section for chargino pair production is '”d,e'scale of squarks might be inferrétil]. On the other hand, if
pendent of the final state decays, and only the branching,e sneutrino is discovered independently and its mass rea-
fractions and detector efficiencies for the various final 5tate§onably well measured, one could carry out the two-point

impa(_:t this measurement._This approa_ch is complementa%easuremem, as presented this Rapid Communication, to de-
to using kinematic end-points of chargino decays to deterzorminem-- and the cross section normalization.
mine the chargino mass. Our considerations are based on a X

large u-value,| u|>7M,, as usually found in MSUGRA and
gauge-mediated symmetry breaking models. In this case the IV. CONCLUSIONS

Xng cross section Is negI|g|bI+e compared to mﬁxl Cross We studied the pair production of a gaugino-like chargino
section form;=300 GeV.y; is Higgsino-like and the gt 3 muon collider. A measurement of the lighter chargino
cross sections become sensitive to the valuéwdf Sec- mass to better than 50—-300 MeV is possible for -
ondly, x3x3 production may have a comparable cross section=100-200 GeV by measuring the pair production cross
to x" x~ and the final-state kinematics need to be taken intaection near the threshold at a muon collider with 50 b
account to separate thg x; andxSx5 contributions. luminosity. We demonstrated that for gaugino-like charginos
We have assumed here that the chargino is lighter than thiais is superior to the kinematical end-point method and to
muon sneutrino, as is normally the case in MSUGRA modelsesults obtainable with the same integrated luminosity at
[12,13. If that is not so, the chargino has a new decay modeother colliders. Only modest beam energy resolutiéh (
}iﬂﬁ;, The signal efficiency of the cuts against back-~0.1%) is needed for the threshold measurements. The
ground would need to be reconsidered if this mode is kinemuon sneutrino mass can also be simultaneously measured

matically allowed. to a few GeV if it is not too heavy.
It is expected that the both beams of a muon collider can
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