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Can precision measurements of slepton masses probe right handed neutrinos?
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In a supersymmetric model, the presence of a right handed neutrino with a large Yukawa cépplmgd
affect slepton masses via its contribution to the renormalization group evolution between the grand unification
and weak scales. Assuming a hierarchichal pattern of neutrino masses, these effects are large for only the third
generation of sleptons. We construct mass combinations to isolate the effégtfrmim mass corrections
already expected from tau Yukawa couplings. We then analyze the size of these effects, assuming that the
Super-Kamiokande data constrain 0.033=ev, <0.1 eV and that neutrino masses arise via a seesaw
mechanism. We also explore whether these effects might be detectable in experiments & feitulimear
colliders. We find thatrrVT needs to be measured with a precision of about 2—-3% to measure the effect of
if the neutrino and top Yukawa couplings unify at the grand unification scale. In a simple case study, we find
a precision of only 6-10% might be attainable after several years of operation. If the neutrino Yukawa
coupling is larger, or in more complicated models of neutrino masses, a determinaﬁ@raoﬁh masses
might provide a signal of a Yukawa interaction of neutrinos.
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[. INTRODUCTION AND MOTIVATION is expected to be~-Mgyt, or evenMpanck if the right
handed neutrindRHN) is a singlet of the unifying gauge
Supersymmetry(SUSY) [1] is a leading candidate for group. The neutrino also acquires a Dirac mags propor-
physics beyond the standard mod8M). The minimal su- tional to the neutrino Yukawa couplirfg , from electroweak
persymmetric standard modé@MSSM) posits a spin zero symmetry breaking. The physical neutrino mass, which is
partner for each SM matter field, and spin half partners foobtained by diagonalizing the neutrino mass matrix, is then
the gauge and Higgs fields. While all the dimensionless cou== m2D/|v|N, and can be very small sincay, is comparable to
plings of the MSSM are completely determined in terms ofor smaller than the electroweak scale.
known SM couplings, the intractably large number of dimen-  Without further assumptions, the neutrino Yukawa cou-
sionful soft SUSY breaking parameters is usually reduced byling is arbitrary. However, in models where top and neu-
supplementing the MSSM by simple boundary conditions fortrino Yukawa couplings unify at some high scavee expect
their renormalization group(RG) evolution [2]. These f,~f,, so that the physical neutrino mass 4smt2/|\/|N_
boundary conditions are chosen so that flavor changing neyrenormalization effectss] modify this by a factoO(1), but
tral currents(which are generically large in a theory with g not change the order of magnitude of the predicted neu-
many scalars are suppressed to acceptable levels. Therino mass. These effects are accounted for in our analysis.
boundary con.ditions are determine_d by assumptions about The introduction of the RHN[6] and its associated
the new physicgconcerning mediation of SU.SY breaking Yukawa coupling would change the predictions Terand
at a scale between 10° TeV andM pj,nck. Various models  ~ i o i .
[minimal supergravity (MSUGRA), low energy gauge- YL Masses via new contrlbutlons to their RG evolution, but
mediated SUSY breaking, anomaly-mediated SUSY breakwould not(at one loop affect Iz or other sparticle masses.
ing, gaugino-mediated SUSY breakingach leading to a Moreover, if we assume that neutrino masses are hierarchical
characteristic pattern of MSSM soft breaking parameters(as they must be in the ground unified the¢@UT) model
have been proposed and analyzed. with the simplest see-saw mechanjsithe Am? measured
Within the MSSM framework, neutrinos are massless andy the Super-Kamiokande collaboration is essentiaifyf,

have no Yukawa couplings. Evidence from the Superwith the masses of other neutrinos being negligible in com-

Kamiokande experimeriB] strongly suggests that there are parison. In the rest of this analysis we will therefore assume
neutrino oscillations and, almost certainly, a neutrino mass.

The favored interpretation of these dataig— v, oscilla-

tions, with Am?~3x10"3 eV? and near-maximal mixing. I . .
9 Lyukawa unification would occur i8O(10) models since all the

The seesaw mechanis] provides an elegant way of giv- matter fields including the RHN belong to a single representation.

ing small m to neutrinos: for h massive neutrin L . )
g small masses fo heutrinos. for eac assive neultrino, Oqﬁthe minimalSO(10) model where all the fermions get their mass

needs to introduce a SM gauge singlet chiral superfd  from one Higgs multiplet, all Yukawa couplings are unified. In
whose fermion component is the left handed anti-neutrino. Anere complicated models where the masses of up and down type
mass term in the superpotential leads to a Majorana Mass fermions arise from different Higgs fields, we have unification of
for the singlet neutrino as well as a lepton-number violatingtop and neutrino Yukawa couplings, and separately unification of
mass for its scalar partner. This mass may be very large angbttom and tau Yukawa couplings.
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that, like quark and lepton Yukawa couplings, the neutrinoyhereN® is the superfield whose fermionic component is the
Yukawa coupling of just the third ge~neratioD is relevant. left handed anti-neutrino and scalar componen?f{{s The
Since this new coupling can affect just and v, masses, goft SUSY breaking terms now include

precision measurements of these masses in future experi-

ments ate™ e~ linear colliders(relative tors and first gen- £=£MSSM—m% |vgl?

eration slepton masseshould yield information about,, . :

An examination of how large these effects might be, and an ~imi~t 1 ~

evaluation of the whether they might be detectable in the +HAfE L HpRT 5B MyrgtHCl (2
future, forms the subject of this study.

The conceptually simple picture is spoiled by two impor- The parameters,, B, and nm;,, are assumed to be compa-
tant effects that are already present in the MSSM. First, theaple to the weak scale, even though the right handed neu-
usual tau Yukawa interactions already split stau masses froing and its superpartner have a mass closk! fpwhich is
those of other sleptons, and the effects of these depend on th§,ch larger.
unknown parameter tgh vyhosg value is difficult to pin The complete set of 1-loop RG equatioiRGES for the
down except under _speC|aI circumstandesy. when the pMSSM extended by a RHN may be found in REd], while
masses of several Higgs bosons can be mgas{ﬂjhdSec- the 2-loop ones are presented in REEO]. In Ref. [9],
ond, the same Yukawa interactions also cagse 7g mix-  sample sparticle mass spectra are shown with and without
ing, so thatm; andnr;_ are not the physical masses of the the effect of a neutrino Yukawa coupling. The 1-loop RGEs
staus. for slepton and left handed sneutrino masses contain contri-

In the next section, we identify slepton mass combinabutions from gauge interactions and from Yukawa interac-
tions that are sensitive tmT Yukawa Coup”ngs but not to the tions. The former is generation independent while the latter
usual tau Yukawa interactions, and compare expectations fd¢ significant for just the third generation. Furthermore, this
these within a reference moddSUGRA) and the same Yukawa contribution contains an additional term from the
model extended by a RHN. In Sec. Ill, we perform a caseheutrino Yukawa coupling if the model contains a RHN. We
study to estimate the precision with which these variable$egin by defining the quantities

might be measured at linear colliders in order to assess 2 2
whether such measurements might be feasible. We conclude Ar= My~ M
in Sec. IV with a summary of our results and some general

remarks about how our conclusions depend on the underly- ALzmg —-m? ,

ing model for neutrino masses.

where them; denote the soft-SUSY breaking mass param-

eters. Aside fronD-terms, these are essentially the sparticle

masses for the first two generations. This is not the case for

the third generation because of effects of Yukawa interac-
Although we will limit ourselves to analyzing the effects tions. Including effects from the RHN, the 1-I0bRGEs for

of adding a RHN to the MSUGRA framework, the ideas arethese quantities are given 9]

applicable to any model with a well-defined prediction for

Il. ISOLATING THE EFFECTS OF THE NEUTRINO
YUKAWA COUPLING

slepton masses such as gauge-mediated or anomaly-mediated %: (22X.) )
SUSY breaking models. Of course, the extent to which the dt 1672 " 7
ideas can actually be implemented in experiments depends
on how well these masses can be measured, and is thus sen- AL 2y L2y @
sitive to details of the model. at 1652 XA TX),

The superpotential for the MSSM with a singlet neutrino 5 5 ) ) 5
superfieldN® (for just a single generations given by where t=InQ, X.=m: +m; +my +A7 and X,=nt

+ m%R+ mﬁu+A§. Of course, below the scaM, the theory

PO S R e reduces to the MSSM, and the last term in E4).is absent.
f=Tussmt freL HN"+ 5 MyN"N (D This then implies that in a theory with a RHN,

[

d 4
Gi(2AL- AR = 10X, 5)
2While this paper was under preparation,_we bec_ame aware th%r Maour=Q=M),.

the same idea had already been suggested if Reflhis study did
not include intra-generational mixing which spoils the simple pic-
ture (see beloy, and also neglected Yukawa couplings in the
charged lepton as well as down type quark sectoe latter are
eliminated from our considerationg=inally, our examination goes
beyond Ref[7] in that we also examine whether these effects might 3We present the 1-loop RGEs to explain our strategy. In our nu-
actually be measurable in future experiments. merical analysis, however, 2-loop RGEs are used.

Equation(5) is the starting point for our analysis. Within
MSUGRA, 2A| —Ag=0 since the masses are degenerate at
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6 8 1o 12 14 16 course, there is no RHN in MSUGRA; in the plot in frame
0005 ' ‘ ' ' ‘ T (a), each parameter set is randomly assigned a valiépf
F (a) mSUGRA 1 . . . L . . . .
0 [ rwmrmesysmeesm e resulting in theM y independent distribution of points in this

-0.005 |- c ] case. The important thing to note is th#iz is negative and
001 [ a typically smaller in magnitude than 0.01 in frant@, and
0015 L ] e§sentially always smaller than 0.02. In qontrast, in models
00 L L : . - with a RHN, 8§, g~0.1-0.6, except wheM  is very close to

005 R T N T R A A Mgyt in which case there is no range for RG evolution to

occur. This is in keeping with expectations from a single step
integration of Eq.(5) which gives

Mgur
My

(2A = AR)m

N W fﬁXVIn

assuming all SUSY breaking parameters with dimensions of
mass are comparable.

log(M,(GeV))

A. Effects of stau mixing

FIG. 1. The distribution o5, g, defined in the text, for a_set of While the idea described above is conceptually simple,
randomly generateta) MSUGRA models, andb) models with a  the problem as we have already noted is that SM Yukawa
right handed neutrino, versus thg massMy . In case(@ My is  jnteractions cause intra-generational mixing and preclude di-
randomly assigned. We assume that the top and neutrino Yukawgct determination ofi= andnr- . and hence 0B, r. Mo-

T R’ '

li ify at the GUT scale. . . : .
couplings unify at the scale tivated by the fact that the lightdiheaviej tau slepton is

the GUT scale and this quantity does not evolve at 1-loop. IAnainly 7g (7.) we construct new variables,
contrast, for a model with a large RHN Yukawa coupling,

2 2
this quantity could evolve significantly betweéhg,t and A1=m‘eR—”tl,
My . The value of A — Ay at the weak scale is, of course,

its value atQ=My, since it does not evolve f@@<My . A2=m~§ —mé ,
This is illustrated in Fig. 1, where we show - 2
A,=m? —m?

ZAL_AR v Ve VT'

SLR=""3 2 2 2, (6) o . . .
(fTFeLJr me tm; + TTFTR)/4 that can, in principle, be directly measured in experiments at

future linear colliders. Since, — vk mixing is negligible A,
which is just the dimensionless rendition oAg—Ag ob-  defined above is equal tb, , and we have only introduced it
tained by dividing by the mean squared mass of the relevarfor notational reasons. Unlike the case of soft masses where
four quantities, in(a) the MSUGRA model, andb) the  SU(2) symmetry impliednt; =nt;-, we now have three
model with a RHN. In frame(@) we show & g for 2400 |ggically independent “flavor differences” that can be
randomly generated MSUGRA models for the parameteformed [see Eq.(8) below]. Notice that the hypercharge
ranges, D-term contribution to the masses always cancels as it is

generation-independent. We can now form dimensionless

10 GeV=m,o=<1500 GeV, 10 Ge¥m,;<500 GeV,  igarencess,,, 6,,, and 8y, analogous tod,  defined
above:
—1.8mg=Ap=<1.8mg, u=+,—,

2A,— A,

(M +mE A 4+ )4
€L T2 €Rr 1

while in frame(b) we generate models that contain an addi- S12

tional RHN. For definiteness, we assume that the additional

soft SUSY breaking parameters are unified at the GUT scale,

and further, thaf ,(Mgyt1)=fi(Mgyt). Then, the only free 2A ,— A4

parameter is the superpotential még for the singlet neu- 01y

trino, which we var§ between 10 GeV and Mgy =2

X 10'® GeV. For every set of model parameters, and for both

models, we computé, g and plot it againsM in Fig. 1. Of P — , A22+AV;A1 , —
Y (Mg e +mg g+ )/6

)

(M +me +me +mé /4’
Ve DT eR Tl

4If we assume a simple seesaw mechanism for neutrino masse&hich, we emphasize, might be directly measurable. In the
My is constrained by Super-Kamiokande data. We will return tolimit that stau mixing is negligible, the analysis should es-
this issue later. sentially reduce to that which was previously considered.
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tive because mixing always decreasesreasesthe lowest
(highes} eigenvalue. We thus expect that— 7 mixing ef-
fects reduce;,, 8,, and d,,, in Fig. 2 relative tos, g in Fig.
1, and further, that this reduction is in the ratio 3:1:2. Since

| £, Mgyr) = £Mgyr) I

mSUGRA mSUGRA + v,
5 0 15 5 10 15

T T T T
_0'22 these quantities are all negative within the MSUGRA frame-
S o5l work, 01, in the_ second row qf Fig. 2 provides the cleanest
075 Lol separation. This then requires precise measurements of
[ Mg, M, m; andny , the prospects for which we will
0 [ v discuss in the next section. It is worth mentioning that stau
. 025 mixing effects discussed above are absent in the quantity
w05 3A,—A;—A, but its determination requires knowledge of
-0.75 | Mg, and n;, as well.
0 Up to now, we have ignored the Super-Kamiokande mea-
025 | surement 10% eV?’<Am?<10 2 eV? which, assuming an
005 05 L inter-generational hierarchy of neutrino masses, implies
0I5 e | | 0.033 evem, <0.1 eV. 9)
5 10 15 5 10 15

log(M,(GeV)) Within the simplest seesaw model the neutrino mass is given
by m;=(f,v,)%/My, Wherev, is the vacuum expectation
FIG. 2. The distribution of the quantities,, (first row), 8;,  value of the fieldh, responsible for the masses of up-type
(second rowand dy,,, defined in Sec. Il of the text, for the same fermions in the MSSM. This in turn implies thag andM

set of models as in Fig. 1 versiéy . The first column shows the gre strongly correlated. In fact, if ,(Mgy7)=f(Mgur)
results for MSUGRA models, and the second one shows the corrgnanm Nth/MN so that values ol <10 GeV are ex-
v ' -~

sponding results for models withig,. We assume that the top and

neutrino Yukawa couplings unify at the GUT scale. cluded by the Super-Kamiokande data. Then, from Fig. 2, we

see that;, has to be determined to within 0.05-0.1 in order
The issue then is to examine how much stau mixing chan ets(? distinguish the RHN model from MSUGRA.
the variabless.» & and &... from their values(clo%e to 9€S we can, however, repeat the previous analysis ignoring
Zer0 in MSUGllslﬂ) i#the ab}szénce of mixin the GUT constraint on Yukawa couplings and treatipgnd
) 9- ... . My as parameters of the RHN model, but instead constrain
Toward this end, we show each of these quantities in Fig . .
these to yieldm, in the range(9). As before, we generate

2 for the MSUGRA model in the first column, and for the random parameter sets for both these models, and then com-
MSUGRA model extended by a RHN in the second column. P : . '
pute 8,,, 81, and &;,, introduced earlier. The results are

The plot is made in the same way as Fig. 1. The fOIIOWingshown in Fig. 3. Except for the more limited range M

features are worthy of note. shown here, the three figures in the first column are essen-
The spread of the points in the MSUGRA model is con-. ' ce g )
yally the same as in Fig. 2, as should be the case since

S|dgrably larger than in Fig. 1 Fu.rthermore, as can mOSchanging the assumptions about the RHN sector do not affect
easily be seen from the out-liers, it is largest #p and

. . the MSUGRA study. The results in the second column are,
smallest foré;,, and is always negative. o ; ) X
. T however, qualitatively different: the largest difference be-
In contrast to the corresponding situation in Fig. 1, we se

g . %ween the models now occurs whéfy is close toM gy
that mixing allows some of thés (espeC|a_lIIy612) to become This is not difficult to understand. Since we are holding
negative, and the very clean separation between the tWPz

models that we had in the previous figure no longer obtains.V“VIN (roughly constantf, is Iarges<t Whec)1ri\/IN s large,
From the point of view of distinguishing the framework with 2"d decreases roughly aiy. If My=0O(1 9 GeV, the

a RHN from the MSUGRA framework, it is clear that, is neutrino Yukawa coupling becomes too small to have a vis-
the most effective variable. ' Y ible effect on the sparticle masses. However, for larger val-

To understand why this is the case, we first write ues ofMy, &g fIN(Mgur/My)=MyIn(Mgyr/My) grows
very rapidly’ as long asMl is not too close tM g. Stau
20— Ay =2A, —Ap+2(mE —mZ )—(m? —m? ) mixing then reduces thés shown in Fig. 3 exactly as dis-
T Ty R 7!

cussed for the last figure. Once agaif, offers the best
) ) separation between MSUGRA and models with a RHN, and
28,7 A1 =2A —Ag— (M~ ), (8 if My is within a factor~100 of Mg distinction between

Dot A, = Ag=2A — Mg (M —m? )—(m? —m?),
- z R ! 50f course, ifMy=M g all the &s will vanish (except for mix-

ing effectg because there is no RG evolution. The dots in Fig. 3
terminate well before this because Mg, increases, the value 6f,
mass squared eigenvalues must be the trace of the stau ma&gsomes so large that it blows up befdvi; 1. In this case, the
squared matri) and further, that each of these terms is negamodel is not shown.

and then note thatréL—rrézzrrél—rréR (since the sum of
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0.033 eV <m,<0.1eV S TS 012515 13 14 15 .
mSUGRA mSUGRA + v, (@) mSUGRA  31(c) mSUGRA +vpd 1.
13 14 15 13 1415 ;
15

1 {£0.033 <m,, < 0.1eV]
T T T T T T T T T T T 1 .'.'7:

;\""I""\""\""I"':,I" T
1.2 b (b) mSUGRA + v, 4} (d) mSUGRA + vy ]
E £, (Mgup=fMgyr) ;_fv(MGUT)=ft(MGUT)_; 0.6
T Jp0033<m,<0.1eV] g4

8v
Ing
~

4 0.5 02 E 2
] 0F
. -0(5) -0.2 F . 1r TR ]
. T g = -0. - T T T P E | I N RN B
AT | 04 5 75 1012515 138 14 142 144 0.2
13 14 15 13 14 15 log(M,(GeV))

log(M(GeV))
FIG. 4. The distribution 0®,, versus the right handed neutrino
FIG. 3. The same as Fig. 2 except that instead of assuming thahassM for the (&) MSUGRA model,(b) the RHN model with
the Yukawa couplings unify at the GUT scale, we require that theunification of top and neutrino Yukawa couplings) the RHN
mass of the tau neutrino is between the Super-Kamiokande range afodel with thev. mass in the Super-Kamiokande range, &fdhe
0.033 eV and 0.1 eV. RHN model with f1=fVT at the GUT scale and the Super-
Kamiokande constraint om, . Notice the difference in the hori-
the models may be possible if sparticle masses can be mezental scales for the two columns.
sured with sufficient precision. ] ]
We find it exciting that, respecting the mass constraintMSUGRA region would be absent for the variable\ 3

models with values ol close toM g7 (which theoretical — 21~ 42. Thus, the dimensionless version of this,
prejudice might suggest are the most likebre the ones 3A —A—A
most likely to yield to experimental scrutiny. It is thus inter- 5= v 71 72 ,
esting to ask whether a subset of these models also satisfies ' (ngJr mgL-i- m% + m~f1+ m_gr2+ nm;2)/6

e T

the Yukawa unification condition, and if so, examine

whether this “favored class” of models can be distinguishedin principle offers the hope of an even cleaner separation
from MSUGRA. This is illustrated in Fig. 4 where we show petween the two classes of models. This is illustrated in Fig.
o1, for (8 MSUGRA, (b) MSUGRA + RHN with 5 where we plots;,, for (2) MSUGRA, and(b) MSUGRA
f,(Mgyr) =fi(Mgur), () MSUGRA + RHN with the neu- 4+ RHN model with bothf ,(Mgy7)=f(Mgyy) and the
trino mass constraint, andd) MSUGRA + RHN with  peytrino mass constraif®). We see a dramatic reduction in
f.(Mgur)=fi(Mgur) and the neutrino mass constraint. The the spread for MSUGRA models in franfe) which then
first three frames are the same as in previous figures and afgsembles the first frame of Fig. 1, confirming that the spread
only included for convenience. We see from frafdgthatit  in the other figures indeed originates from the mixing. Frame
is indeed possible to find models where the neutrino and toph) shows that none of the RHN models that we generated
Yukawa couplings uniffan SO(10)-like conditiorj and the  gjves 57, <0, so that the separation is theoretically very
tau neutrino mass is in the right range. Furthermore, the bulkjcan. Of course, this measurement also requires a determi-

of these models have large yalﬁeﬁ 61, SO that it is pos-  nation of m. and my in addition to the other sparticle
sible that linear collider experiments may offer a novel check 2 -
. . . -~ masses.
of the simplest see-saw mechanism, if the relevant sparticle
masses can be measured precisely enough.
Before closing this section, we briefly remind the reader

that we had noted that stau mixing effects which are respon-

sible for the few points in Fig. @) overlapping with the We have seen that a determinationdyf, or, even better
81,,, Offers an opportunity for detecting Yukawa interac-
tions of neutrinos, and further, for andependentonfirma-

8we should mention that we made a dedicated run where wé&ion of the simple see-saw mechanism for neutrino masses.

generated models with sleptons lighter than 500 GeV. The resultf the simplest case where the neutrino and top Yukawa

were qualitatively similar to those in frante except that the region  couplings unify at the GUT scale these quantities, which are

of highest density was shifted down slightly. In particular none ofzero in MSUGRA, are expected to be0.05-0.2, depend-

the models in this new run yielded, ,>0.2. ing on the RHN model parameters.

Ill. PROSPECTS FOR THIRD GENERATION SLEPTON
MASS MEASUREMENTS
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TABLE I. Sparticle masses for the MSUGRA case study of Sec.

0%8; F T SUGRA Ill. Squarks are not accessible for the entire range of energies that

) ok ] ,(a) o . we consider, except for stopy;, =274.7 GeV so that its pair pro-
0.005 B e St duction would be accessible fafs=550 GeV. Second generation
2001 [ slepton masses are the same as those of the first generation.
0015 [ ) _ : )

002 L particle m (GeV) particle m (GeV) particle m (GeV)

,5-0‘025 o ‘ . . , , , N 167.8 Z, 59.9 h 105.0
0.5 prr r 194.2 7, 108.2 H 312.6
04 | (b) mSUGRA + v 5 1783 3 2555 A 310.4
£, Mgy = £ Moy ve c b ' . |
02 ’ : . 7,2 195.4 \7\/1 105.6 EL 397.5
o1k >, 178.1 W, 283.4 9 427.8
0F
e oo ]

38 130 14 141 142 143 144 145 , , _ ,
log(M(GeV)) estimated that by including decays #0anda;, they might
N be able to improve this by a factor of 2.
We are not aware of any studies that examine prospects

for measuringm;2 or nv; . A systematic evaluation of this
T

would require a dedicated study in itself, and is beyond the
scope of this paper. However, in order to get some feel for
Assuming that sparticles directly decay to the IightestWhether the measurements outlined in the last section are

SUSY particle(LSP) which was taken to be the lightest neu- feasible, we attempted to make a rough estimate of how well

L= ) nT, migh m red for a “typical” M RA
tralino Z,, it has been showfi1] that masses of the first two r”] 9 _t_bt:e q easy ed~ ? ?htyp ca . SUG I caze
generations of charged sleptons and charginos can be me§nere visible decays—W;| of the sneutrino are allowed.

sured at the 1-1.5% level if these sparticles are within théNe dg notb complflte dSM physics baglg;r.our(d\:]ich areb
kinematic reach o&*e™ linear colliders. An integrated lu- argued to be smalland ignore any QCD jets that may be

minosity of about 50 fb! is sufficient to attain this preci- misidentified as hadronically Qecaying taus. We perform
sion. Longitudinal polarization of the™ beam, which is cru- only one case study and ignore bremsthrah-Iung and
cial both to reduce SM backgrounds as well as to Separa@eamsstrahlung. We also assume thml and Mz, will be
various SUSY processes from one another, is expected in aifell measured by the time there is a large enough data
the current machine designs. Subsequently, it was showsAmple to make it possible to consider measurements; of
[12] that this precision was not degraded even if sparticle®r n;,, and ignore any error in these masses. Our purpose in
decay via the complicated cascadés] expected in most  showing these simplistic results is two-fold. First, as we said,
SUSY models. Indeed cascade decays are an asset in th@ wanted to get a feel for whether measurements, pfor
they make it possible to determine, for instaneg, with a 51 are even feasible. Second, we found that naive exten-

similar precision wheﬁ{/e—>\7v1e is kinematically allowed sions of methods previously uséti?] for measurements of

[12]. These findings have since been confirmed by more remasses of heavier sleptons of the first two generations do not

alistic studieq14,15. Thus, whether or no#,, or §;,, can  seem to work in this case. We felt it would be worthwhile to

be conclusively determined to be non-zero depends mainloint this out and suggest a possible alternative.

on the precision with which the masses of third generation The parameter point that we choose corresponds to an

charged sleptons and sneutrinos can be measured. A qualif{SUGRA model with

tive assessment of this forms the subject of this section.
Nojiri et al. [16] performed a detailed study of how well

nT;, can be measured at a linear collider, assuming that

FIG. 5. The distribution 0fs},, defined in the text versusly
for the (@) MSUGRA model, andb) the RHN model withf ;= fu, at

the GUT scale and the Super-Kamiokande constrainnpn

my=150 GeV, my,=170 GeV, Ay=0,

—>7-21. Just as for the first two generatioh$l1,12, their
basic strategy for determininngl is to study the energy

distribution of (hadronically decaying daughterss. This e yegyiting spectrum is illustrated in Table 1. We see that
study is complicated by the fact thais unstable and part of at as=500 GeVe'e collider, all charged sleptons and
Its elnerﬁy |s|c§1rr||ed ﬂff by tge undetehcted neutnt?o: Az %neutrinos, as well as charginos and neutralinos together with
res‘f t the r_e atl\iey sharp en -points that were obtained Iy 1 ¢ the charged Higgs bosons are kinematically accessible
earlier studies obr and ur masses are washed out. Never-yja 2.2 processes.

theless, assuming an integrated luminosity of 100 *ftthey The production cross sections for the most important
are able to obtain ad precision of~2% onnr,_ . In their  SUSY processes obtained usirgpJET [17] are shown in
study, they confined themselves to the deeaypv, and Fig. 6 as a function of the electron beam polarization para-

tanB=5,u>0.
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l\I '5(;06'8‘,' U A. 7, mass measurement
L Vs= ]

my =150 GeV, m,,, = 170 GeV
Ay=0, tanf=5, p>0

G (fb)

In order to obtain a measurementrof_ it is clear from

Fig. 6 that it would be best to ug® (e") as close to-1 as
possible. Then potential SUSY contamination to the

+ £+ final staté from W, W, andZ,Z, production, as well as
from SM W*W~ production, is minimized, resulting in a

relatively clean sample of,7;, events. We useP, (e”)
=—0.9 corresponding to a 95% polarized beam. To selec-
tively enhance the signal over SM backgrounds, we impose
similar cuts used in earlier studigs1,12 of the 115 signal.
The difference is that instead of the dimuon final state from
Krigr Production, we now have a di-tau final state in the
“two narrow jets” channel. We require, (i) EJ*®
<200 GeV, (ii) E}¥?=15 GeV, (iii) 20 GeV<E(visible)
<400 GeV, (iv) |cos#,|<0.9, (v) —Q,c0s6,<0.75, (Vi)
0acop<=30°, and(vii) E;=25 GeV. We veto events with

| additional jets. HereEY'"® and E4'? refer to the energy and
L T T S SRS ST SN S S S SN T S S S transverse momentum of the hadronically decaying tau jet;
1 05 0 05 N i.e. the visible portion of the decay products of the tau. Cut
P (e) (v) greatly reduces backgrounds frami* W~ and alsoerW

groduction. Unlike in the earlier study of smuon production,
Where an additional cym,,—M;|>10 GeV was imposed
to eliminate backgrounds froZ, vvZ ande® e Z produc-

FIG. 6. Cross sections for various SUSY production processe
at ane*e” collider with 's=500 GeV versus the electron beam

polarization parametelP (e™) for the case study in Sec. Ill. The . h . d he di
solid lines show cross sections for sleptons, the dashed lines fcﬂon’ we have not imposed a mass cut on t e_ I-tau system.
charginos and neutralinos and the dotted lines for Higgs boson pro- We have checked thatZ andWW events yield a back-

duction mechanisms. The cross sectionsifbrandzH production ~ 9round of 0.3 fb and 0.1 fb, respectiveffo be compared

are below the 1 fb level. with the signal of~8 fb) and ignoredvvZ andee Z
backgrounds. Other SM physics sourcesraft £+ events
include Z*—77 production, and e‘e”—Z(—wv)

meter P, =f —fg, wheref_ (fg) is the fraction of left . ) production. The former, whiclifor hadroni-
handedright handeglelectrons in the beam. The first item of cally decaying taushas a total cross section 6200 fb

note is that cross sections for third generation sfermions arg)efore any cutsis reduced to a negligible level after our
small, and moreover, their signals are likely to suffer fromcyts[especially(vi) and(vii)]. Our simulation of this yields a
contamination from production of other sparticles. Here, wegrgss secticho<4x 103 fb. Although we have not simu-
begin by considering the measurementwf. Our purpose |ated the latter, we have run all SUSY and Higgsluding

is not to improve upon the results of the detailed study ofZh) contributions for the case at hand through our cuts. We
Nojiri et al.[16], but to see how our simplified analysis com- find that 7, 7, production contributes 90% of the signal, and
pares with their results in order to be able to assess ousf the remaining 10%, only about 15% comes frafh
results for the corresponding study for. production’ Since the lightest Higgs boson of the MSSM is

We uselsAJET v7.51 for our SUSY event simulation. We SM-like, we infer that theZhsy background is small. Pre-
A X A¢$=0.05x0.05. Energy resolution for electrons, had- dedicated cuts, e.g. om,, which has to be smaller than
rons and muons is taken to h&E=.022F + (.01E)?, mz,—mgz, for di-taus fromZ, decays. In the following dis-
AE=16E+(.03E)? and Apr=5Xx10*p?, respectively. cussion of the precision with whiair; can be measured, we
Jets are found using fixed cones of sRe A 7%+ A ¢? ignore all SUSY and SM backgrounds.
=0.6 using thaesAJET routine GETJET (modified for cluster-
ing on energy rather than transverse engr@justers with
E>5 GeV and ”(ng <2.5.are Iabe'led as jets. Muons and A 7 final state always refers to the visible debris from a hadroni-
electrons are classified as isolated if they h&ve5 GeV, ¢4y decayingr.
|7(1)|<2.5, and the visible activity within a cone @& 8While this background may well be considerably larger than

=0.5 about the lepton direction is less than4x1073 b after radiation is included, we expect that it is still
maxE/10,1 GeV). Jets witle=10 GeV and one or three negligible.

charged trackgwith py(track)=0.5 GeV] in a 10° cone  °About 60% of the SUSY and Higgs background comes from
about the jet axis, but no other tracks in a larger 30° coneghargino and neutralino productigof this about 2/3 is fron¥,Z,

are classified ass if the mass of the tracks is smaller than production, and a quarter from sneutrino and stau production, with
m. and the total charge of the tracks4sl. Zh making up the remainder.
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e T T >TT+E, set for an integrated luminosity of 100 th (the points with
error barg. Assuming thatmy_is well determinedvia a fit to

a)

[
w
=)

s =500 GeV
ILdt=100 o the much larger sample eker andW,; W, pair eventd11))

we can now fit theEY' distribution from the “data” to the
“theory” in terms of a single paramete; . The resulting

x? distribution is shown in Fig. (b). The triangles denote the
actual value ofi? that we obtained for each theory point that
we compared with. The solid curve is the best fit parabola to
P SR SR S IR IR IR all these triangles. The scatter indicates the error on the
B om 0 ns 10 17;3vi5 (2(0;0 V) theory which, as we described, was also obtained via a
v e Monte Carlo calculation. From the figure, we obtain the fit-
b) ted value of the stau mass to be 168246 GeV (1r). In
view of the scatter of our “theory,” we will be more con-
A A servative and work with the 90% C.L. error af3.5 GeV.
\ / Our results, are not incompatible with those of Nogtial.

The slightly smaller error that we get may be attributed to the
fact that we have assumed that the lightest supersymmetric
particle (LSP) mass is knowtf so that we could perform a
single parameter fit, and possibly also because anlyp
162 164 166 % 1 172 174 decays were used in their analysis.

m; (GeV)

E

S e

dN/dE_ (t’s per bin)
8

2

x 34
32

30

90% C.L.

26

24

22

B. v, mass measurement
FIG. 7. (a) The distribution of the visible energy from the had- ) )
ronic decays of taus produced \6de™—7,7,— 77+ E; events at The analysis of Ref[lZ] suggests that it should be pos-
a 500 GeV collider for the case study of Sec. Ill. The solid histo-Slble to measure, - in the same way that the electron
gram denotes the theoretical expectation after cuts, while the poin@heutrino mass was measured. The strategy for this measure-
are the synthetic data for an integrated luminosity of 100'fb ment was to focus on the Sample of very clean events

Note that each event contributes two visible tauslbin the values  from the process,ete” — Ve+ Ve— eW1+ eW1—> e,uyZl

of x? obtained by a comparison of synthetic data for several value_i_eoIqu where one of the charginos decays hadronically
of nt;_ with the theory histogram irfa) above are shown by the
1 and the other leptonically. In this analysis, the electron beam

triangles. The line is the best-fit parabola through the triangles. Th%v s taken to be left handed. There was very little SM back-
case study point is shown denoted as input, and the dashed an :

dotted lines denote thesland 90% confidence levels for stau mass ,?Wound rormStJSrYﬁfc;matIanﬁ“?n Ito ::“?1 evr?nrt Sar;ip,l[ﬁ’ba{i]dna
measurement. The integrated luminosity is taken to be 100. fo .0 paramete O. e fa .e.ec 0 . energy distributio
yielded ;. andmg\,l with a precision of just over 1% (d).
The same strategy suggests that we should focus on

77ljj + E1 events fromv, v, production, wheré=e, x, and
study the(visible) 7 energy distribution in this data sample
U(but, of course, change the beam polarization to be right
handed to reduce backgrounddVe attempted to do so
again assuming the chargino mass will be well meagured
ut were unable to obtain significant discrimination between

data sets with different,. masses. We found several factors
which cause a dlfference from the study in Rdf2].

(1) First, o(vere) is much larger thanr(v,v.): for our

se study we see from Fig. 6 that this factor is larger than

To determinerrr,l, we study the visible energy spectrum

of the 7 jets whose distribution is shown in Fig(&gJ for the
MSUGRA case under study. If the entire energy of the ta
(produced via the two body decay of a scalewuld be mea-
sured, we would expect this spectrum to be flat with shar
end points in a perfect detector—the decay kinematics the
determines the end points in terms ml and mz, along
with the beam energy. The energy spectrum in Fig) i far
from flat because of the energy lost to neutrinos. Slnce
higher energy taus, on an average, lose greater energy to
neutrinos, the upper end point is greatly smeared. The loss &t
energy to neutrinos also means that there will be S|gna?'
events below the lower end point. Thus the kinematic end (2) While the branching ratio forr—IW; and W,
points do not play a role in a measurement of sparticle—|vZ, are similar(in fact the latter favors our case as we
masses. Nevertheless the Shape and normalization & the can use bot}e andlu decays 01\N1) we now have to requ”'e
distribution is sensitive ton; .

To ascertain how welﬂn;l can be determined, we gener-

ated “theory” data samplegeach with about 80 times as  1%Thjs may not seem a good assumption because the error on the
many stau pairs as expected for the signal case for an intgtau mass is not much smaller than the expected erreridt on
grated luminosity of 100 fb') for several values 0?'1 mass M(LSP). We will see shortly that a much larger integrated luminos-
to determine the theoreticﬁ”ris distribution after the cuts ity is needed for any measurement of the mass of In this era,

(the solid histogram We also generated a synthetic “data” both the LSP and, masses will be much better determined.
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that both taus decay hadronicallg reduction to 4/9), and ete > SUSY >trljj+ E,
further, that both the tau jets pass the identification criteria to ¢ 110

The first two items greatly reduce the number of signal 75
events increasing the statistical error. The last item cause 5
contamination of the sample. The energy loss due to the 25 > ~
escaping neutrinos discussed in it€®) causes the energy OE, e e R B
distributions with differenth; to resemble one another be- 150 160 170 180 190 200 210

yondE_.=10 GeV more closely than they would if the full m;, (GeV)

teanueregnyercgoyul:du tgeomiz\?v%rreg\'/;:: v?/ﬁg]r: ;ﬁ;ﬁ;;gegggtbzmgg I_:_IG. 8. (a) The cross section after cuts described in the text for
- 7 ] ) ] ) 2 jj +Et events from all SUSY processésowever, see the text
v, andW; increases; i.e. for heavier sneutrinos, assuming afpr a discussion of how SUSY backgrounds are computedthe
we do that the chargino mass is fixed. But the sneutrin@ase study poinfdashedland two other points with a lighteésolid)
production cross section reduces for larger sneutrino masand heaviefdotted tau sneutrino versus the" e~ center of mass
As a result, these two effects compensate, reducing the dignergy. The error bars reflect the statistical errors for an integrated
crimination between different sneutrino mass cdsed/e  luminosity of 200 fy. (b) The values ofA x? versusn;. for the
also examined other decay chaimsth just one identifiedr) energy scan from 425 GeV to 600 GeV, assuming an integrated
but found that these generally suffered from large contamituminosity of 100 fb! (circles and 200 fo! (triangle3. The
nation from other SUSY sources. We conclude that this strateurves are a fit through these points. Also shown are the 90% C.L.
egy is not suitable for such a measurement even with awith which n; might be measurable. Here we have taken the test
integrated luminostiy of 500—-1000 . case to be the “data” and only shown the changen

The energy dependence of the cross section provides an
alternative way to measure the sneutrino mass. Since WRISUGRA parameters fixed to their case study vaities-
have not taken bremsstrahlung or beamsstrahlung into agmardless ofi; .
count, we are careful not to go very close to the kinematic .

threshold where the cross section would be most strongly, o owher important contributors to this topology, is shown in
affected by soft photon emission. Away from the threshold,-l-able Il for the energy range in Fig. 8. We see that the
we expect that beamsstrahlung effects may reduce the cross

section by~109%, but presumably without greatly altering contrioution fromr,7, production is always much smaller
its energy depem’jence than that from charginos and neutralinos. For this case, the

The total cross section forrljj +E; events from all SUSY backgrounds are smaller than or comparable to the

SUSY sources is shown in Fig(a for the signal point with ~ Signal for Vs=550 GeV, but for larger values ofs the
m, =178.1 GeV, as well as for two other values of the heavy chargino and neutralino contributions overwhelm the

sneutrino mass. Here, we have required that eagdt has

EV'*=10 GeV. We also requir&=25 GeV. SM physics

backgrounds are expected to be small. The error bars Corre_lzThis isa con_servative attitu_de, beca_use if we compgte the SUSY
spond to an integrated luminosity of 200 fbfor each en- t?ackground(r_nalnly from heayler charglno and neutralino produc-
ergy. For the contamination from SUSY events, we havé'on at the highest energiessing the different MSUGRA param-

added contributions from other SUSY sources but Witheters for each sneutrino mass case, 8¢SY background cross
sectionschange enough to allow a discrimination between the sce-

narios. This occurs because of the change in chargino and neu-
tralino masses, but these will be well determined by the time tau
110f course, at the high energy end the spectra are sensitive to ttemeutrino mass determination might become possible. Our assump-
sheutrino mass, but there we do not have sufficient event rate ttion is, perhaps, ultra-conservative in that effects from a change in
significantly contribute tgy? in an analysis similar to the one for the sneutrino mass, which also change the branching fractions of
n, determination discussed above. charginos and neutralinos, are ignored.

- o 2 £ JLdr=2001b" 3
be identified as taus. S 1:‘; T T

(3) Not all the energy of the tau is visible. In particular, E 0 L — 1652Gev ey
since the visible energy of the tau is reduced due to the S o 1781GeV
escaping neutrinos, we found that the energy spectrum i< & = =~ 1882 GeV
frequently pushed well below our tau identification threshold E ig 3 o (e
of 10 GeV. A

(4) For a left handed electron beam(v.re) is much ig;I:;Imlww.\w..l.\.\\.\I.\.I...\.HI...\.
larger than other SUSY cross sections, so that the even 420 440 460 480 500 520 540 560 580 600
sample is very much dominated by the sneutrino signal. This Vs (GeV)
is not quite the case fc;rr pair production; we see from Fig. “‘XI:Z £ Scanned energies: 425-600 GeV /v
6 that heavier chargino and neutralino production as well as < 1 [ tegrated luminosity: i
‘7,7, production may make significant contributions to this 125 £ ... ;ﬁﬁ.l
event topology. TR

90%C.L.

The cross section for sneutrino events, along with that for
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TABLE II. Cross sections in fb for theljj signal fromv, v,
production for the case study of Sec. Ill, as a function of the center
of mass energy/s after the cuts described in the text. Also shown
are the corresponding cross sections fregr, production, and
from chargino and neutralino production. As discussed in the text,
the cross sections in the last two columns have been used as tr
background forll sneutrino masses in Fig. 8.

Number of events

175 &

PHYSICAL REVIEW D 63 055011

+ - - - . o
ee—->vv o>T1tljj+E,

\7( mass: a)
— 162.0 GeV

- 178.1 GeV
188.2 GeV

Vs (GeV)  o(3,7,) (th)  a(7m) ()  o(WW,,Z,Z)) (fb)
. L L1 L1 L1 L v by by by 1
425 0.083 0.008 0.053 420 440 460 480 500 520 540 560 \5}80 600
450 0.116 0.015 0.071 s (GeV)
475 0.140 0.019 0.078 O o o
500 0.139 0.028 0.079 <15 E Scanned energies: .
525 0.149 0.029 0.078 15 £ — 425550 Gev
550 0.149 0.036 0.127 T
575 0.145 0.032 0.219 L E R
600 0.134 0.037 0.270 CEAN s
EONGR 90% C.L
2.5 E ~ iC L. '@
sneutrino signal. The sharp increase in the cross section fror 150 % 170 180 90 0 210
charginos and neutralinos that is seen {&=550 GeV is m; (GeV)

due to the opening up of heavy neutralino and chargino pair

production thresholds. FIG. 9. The same as Fig. 8 except that the SUSY backgrounds
To get an idea of how well cross sections can distinguistare ignored and the integrated luminosity is fixed to be 100 fb

different sneutrino masses, we perform a Monte Carlo comAlso in frame(b) we show the results for two sets of energy scans:

putation of the cross section for several values of sneutrinfom 425 GeV to 550 GeV in steps of 25 Géwfiangles and from

mass for energies ranging between 425 GeV and 600 GeV 5 GeV to 600 GeV(circles.

steps of 25 GeV. We generate about BUSY events which . ) o ]

is about 30 times the number of signal events expected for afféasurement is possible, but to clarify just how challenging

integrated luminosity of 200 fo'. For each value ofm;_ such a measurement might be.

. 2 The analysis above assumes that it would not be possible
that we consider, we then compulec“ between the energy , , ~
dependence of the cross section for the case study point af@ SOrt out chargino and neutralino events fremevents.

the corresponding quantity for some otﬁermass. our re- §ince the heavier chargirfﬁ/z and the heavier neutralinos
sults are shown in Fig.(B) for a statistical error bar corre- Z3, dominantly decay to realV, Z or h and light charginos
sponding to an integrated luminosity of 100~ foper point  and neutralinos, it might be conceivable that by the time such
(circles and 200 fo! per point(triangles. Also shown is large data samples become available, experimentalists might
the line corresponding ta x?=2.7 (the 90% C.L. in the have learnt to recognizg¢he bulk of W, andZ,, in the same
Gaussian limit The solid(dashed curves are a fit through way that they recognizb-jets andr-leptons today. Alterna-

the circles (triangleg. Using these fits, we see that the tively, although the case study point allows for heavy
sheutrino mass is obtained a3;~=178fi§ GeV (- chargino and neutralino production, it could be that for an-
—178"19 GeV) for an integrated luminosity of 100 f&  Other point, SUSY contamination from these sources is kine-
(200 fo 1) at the 90% C.LX3 We recognize that even with maycally supppressed. In either case, the chargino and neu-
an integrated luminosity of 100 T8 per point, it would take tralino sample would then not contaminate the sneutrino
several years of running to obtain the 800" fiof integrated ~ S@mple. To see how much this would improve the sneutrino
luminosity that would be needed, assuming current projecass measurement, we have redone the analysis in Fig. 8,
tions for the anticipated luminosity of such a machine. It isPUt aSSLimed that there is no background in thejj

worth keeping in mind that new developmertésg. vertex channet _Our results are shown in F|g._9 where_we have
detection, neural net algorithms, or something Jehal, taken the integrated luminosity to be 100~ foper point. As
quite possibly, result in a significantly higher efficiency for before, the uzpper.frame shows the cross section and the
tau identification than assumed in our analysis. In this casdoWer oneAx<, defined the same way as in Fig. 8. We see
the integrated luminosity required will be correspondinglyfrom frame (&) that measurements at the lower energy can
reduced. Our purpose, however, is not to imply fhamass readily distinguish very heavy sneutrinos, as their production

13The Ax? distribution is not exactly symmetric, so that one YThis is of course overly optimistic becau:}@zz events would
should not view the 90% C.L. literally, but regard the result as aPe kinematically similar to sneutrino events. Al, andW, have
qualitative indicator of the precision of the measurement. a branching fraction of~3% to decay intov,.
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is kinematically suppressed. But these measurements do nobupling. While the latter is theoretically cleaner in that
give as sharp a distinction for sneutrinos lighter than the testhodels with and without a RHN are better separated, its
case’” For this case then, measurements at the high energyetermination requires a measurementrgf in addition to
end improve the discrimination. This is manifested in Fig~ ~ e .
9(b) where we showA x? for a scan of 425-550 GeV for "1’ Y~ and other slepton masses. Since we have just ex-
which the signal exceeds the SUSY backgrodmzngles, pI_auned the difficulties associated with th|s_me_asurer_nent, we
and also after including the highest two energy pointsW'” focus on the prospects for the determination of jdst
(circle keeping in mind that the sneutrino sample is thenin the remainder of this paper. Within the simplest see-saw
highly contaminated. Indeed, we see that the two curve§iodel with unified top and-. Yukawa couplings aM gy,
match at the high mass end, but including the 575 and 606ig. 4d shows that a large fraction of RHN models have
GeV bins significantly improves the discrimination for lower 61,=0.1. The question then is whether experiments at linear
values ofnr;. We see that if SUSY backgrounds can becolliders will have the sensitivity to distinguisfy ,=0 from
controlled, a sneutrino mass measurement of comparabl& ,=0.1.
precision as in Fig. 8 might be possible with half the inte- It is straightforward to checR that if the error in measur-
grated luminosity. ing first generation masses is negligible and mass differences
We conclude that a precise determinatiomuf poses a between the various sleptons are small, the erro8;inis

formidable challenge. Naively following the ideas in Ref. given by

[12] that worked so well for a measurementm;ﬁe simply Am. \2 [Anre \2
does not work. It appears possible that the energy depen- (AS,,)°=16 i i (10)
dence of the cross section fotljj + E¢ events might allow v, Mz

a mass measurement at the 8—10 % level, but such measure- . . .
ments would take several years with current projections foﬁven neglecting the error in the measuremenmplf, It ap-

the integrated luminosity. With a data sample of 1600 fb pears thathT needs to be determined at about the 2.5% level
distributed over 8 energy points a 6—7 % measurement apn order to obtain the required precision @h,. Unfortu-
pears possible. Alternatively, if we can distinguish chargino/hately, in view of the analysis in the previous section this
neutralino from sneutrino initiated events without substantialoes not seem to be possible, at least using the techniques
loss of signal, a similar precision might be possible with justconsidered in this study. Even if we change the 90% C.L.
half this luminosity. We should remember that we are con-error bar to the “X” error bar (Ay=1) the error onn;,_

servatively quoting 90% C.L. and nowlerrors, partly be- seems to be about 4%. It thus appears to us that the effects of
cause of the simplified way that we have done our calculathe tau neutrino Yukawa coupling on sparticle masses seems
tion. ) to be beyond the projected sensitivity of linear collider ex-
We have not attempted to do an analysis of a measurgseriments, at least within the framework of the simplest
ment ofrn;2 which decays viar,— 7Z; (10%), 7Z, (37%) GUT model with unification of neutrino and top Yukawa

and vW, (53%). The dominant decays lead T, W, + E; couplings. However, if we allow the neutrino Yukawa cou-
events which have a large contamination fréth\W, pro- pling at the GUT scale to be somewhat larger taribut

. ; . . still require f, not to blow up beforeMgy1) then linear
duction. This could be reduced by using a right handed e'.ecéollider experiments could be sensitive to the presence of the
tron beam, but even for 95% polarization, the cross sectio

. . . HOR LN as can be seen from Fig(h3.
from direct chargino production exceeds that for chargino In obtaining this conclusion, we assumed that the only

production via heavy stau paierrBduEtiOD a factor of~a£)out 3Information we would have is on the masses of various slep-
Moreover, other SUSY sourceg{Z,, W, W, and everv,v,  tons. It could, however, be that a measurement oftamay
production could contaminate the signal especially from 5159 pe possibl§11,8). In this case, we would not need to
hadronic decays of daughter charginos. erile it is possiblgompine the masses to eliminate the (Badependent ef-
that a clever use of the other decays modes,ofnay well  fects of the usual tau Yukawa coupling so that, in principle,
allow a measurement of its mass, we believe that this poseg girect measurement of stau and masses would contain
an even greater challenge than the measurement of the information aboutf,. We checked that in all the models we

mass. generated that satisfied the Super-Kamiokande neutrino mass
constraintand had f,=f, at the unification scale, i.e. the
IV. CAN SLEPTON MASSES PROBE RIGHT HANDED models in framgd) of Fig. 4, m;,_ and n;, differ from their
NEUTRINO COUPLINGS? MSUGRA values by less than 7%ypically 3—5% while

We saw in Sec. Il that the variablds, and s}, offer the M, almost always differs by less than 3#ncer; ~7q, we

best hope for measuring effects of the sneutrino Yukawaxpect it to be less affected dy). We thus conclude that
even in this case, it would be very difficult to discern the

5We could go to yet lower energy, but we constrained ourselves
to stay away from the threshold. Of course, if backgrounds can be '®The variance of a functiofi(x;,x,, . .. X,) of the uncorrelated
really eliminated, or reliably subtracted, an energy scan close to thquantitiesx; is = (Jf/dx;)?(Ax;)?, where the derivative is evaluated
sneutrino threshold might yield the maximum precision. at the mean value of,, and (Ax;)? is the variance ok; .
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effect of the neutrino Yukawa coupling, except maybe for ations of masses, which are expected to be zero in the
small sub-set of model parameters. MSUGRA model but deviate from this in the RHN frame-
This pessimistic outlook hinges upon the assumption ofvork. Our results are shown in Fig. 2 as a function of the
the simplest see-saw model. It is, however, worth keeping ifRHN mass scaléMy, assuming that the top and neutrino
mind that there are other models for neutrino masses thafukawa couplings unify at the GUT scale. The Super-
have been suggested. For instance, in a mitglwith an ~ Kamiokande atmospheric neutrino data, interpreted as neu-
additionalSO(10) singlet with mas/ in the superpoten- trino oscillations, however, implies thmyT is between 0.033
tial, and a GUT Higgs sector comprising of jus dimen- and 0.1 eV. In this caskly cannot be too far fronM .
sional representations, the light neutrino mass would take th&€he best discrimination is obtained via the variabfgs and
form m,=MgmZ/MZ, so that neutrino masses are still hier- 812, - Figure 4d) and Fig. §b) show that experiments should
archichal but depending o s, My would be considerably _be sensitive to the d_|fferenc_e b_et\_/veen 0 and about 0.06-0.1
smaller than in the case of the usual see¥ain.the extreme N order to conclusively discriminate RHN models from
case[20] whereMs~1 TeV, the RHN could be as light as MSUGRA. Toward this end, we did a simplified analysis of
10° GeV. In this case, we see from Fig(chthat &;,,=0.2 the precision with which th|+rd ‘generation sparticle masses
—0.5 which is in the range that experiments at linear coIIid-'ﬁlnlght be measureq at futuee g colliders. WE"e we con-
ers should be sensitive to. firmed the conclusions of previous analyses thatould be

We also looked at the analysi@1] of neutrino masses measyred with a precisio_n of 2%, we found that with the
within the framework of a localized gravity model with non- €chniques that we examinex, could at best be measured
factorizable geometry, where it was shown that neutringVith a precision of~6-8%, even with optimistic projec-
masses were given by, ~M X (v/M)"i* 12 Here, the com-  tions for the luminosity and what might be achievable in the

' future. This then led us to conclude that such mass measure-
B : ments would not be able to discriminate models with a RHN
andr; a real numbee1/2. Forr; =3/2, this reduces to the g0, \iSUGRA within this simple framework. We saw how-
fa_mlllar see-saw-_llke_ form_ula. One might, f"‘t first glance’ever, that if we give up the unification of top and neutrino
think that by adjustingr; it would be possible to allow yykawa couplings, or allow a more complicated framework
smaller values oM which could then be probed via slepton (ihe type 11l seesapsuch a discrimination might be possible.
masses..Th|s is not the case bec_:ause in this fram_ework lepton we conclude that precision measurements of charged
number is conserved, and neutrinos only get a Dirac mass. l§lepton and sneutrino masses can provide information about
other words, the induced neutrino Yukawa coupling is tiny,RHN masses and couplings. For instance, a non-vanishing
essentially because of the small overlap between the activgalue of 5,, (or 8;,,) would provide strong confirmation of
left handed neutringwhich is confined to the bran@nd the  |arge Yukawa interactions of neutrinos, and hence an under-
sterile neutrino in the bulk. We thus expect slepton masses tiging GUT scale seesaw type mechanism. This would then
be unchanged from their MSUGRA values in such a sceeliminate whole classes of alternatives includitigneutrino
nario. masses have Majorana type contributions ofily,neutrino

In summary, we examined the effects of neutrino Yukawamasses are purely Dirac with Yukawa couplings strongly
couplings on the masses of sleptons and sneutrinos presentgdappressed for symmetf22] or geometrid 21] reasons, or
supersymmetric models. For most of the analysis, we addii) there might be a TeV scafeseesaw, again with very
sumed the simplest seesaw model for neutrino masses, aftippresseteffective Yukawa interactions of neutring22]:
also worked within the SUSY GUT framework which im- in all these cases, we would expect tida}= 615,~0.
plies a hierarchy of neutrino masses. Assuming that third While much attention has been focussed on measurements
generation neutrinos are the heaviest, we then expect tf charginos, neutralinos, and first generation sparticle
largest effect amongst third generation sleptons. To separaf8@Sses, there have been few studies for the third generation
the effect of the MSSM tau Yukawa coupling from the new ©f Sférmions. On the other hand, it is just these masses
neutrino Yukawa coupling, we constructed several combinainy sleptons qnd sneutrinos, b.Ut also squ_}amblch are

frequently sensitive to new physics at the high sdakepe-
cially physics associated with family structur@his study
exemplifies the need to develop new techniques to measure
1"This mechanism has been dubbed the type Ill seesaw, with ththird generation sparticle properties more precisely.
usual seesaw mechanism being the type | seesaw. In this context,
we remark that for the type Il seesgd9] we have the usual 2 ACKNOWLEDGMENTS
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nos of massn whenms mﬁ'C/M n - The splitting between neutrinos

is still aboutm?/M so thatAm? measured in neutrino oscillation

experiments is now-2mnf/My, which requires even largev Bwithin this framework, right handed neutrinos and sneutrinos
than the usual seesaw to satisfy the Super-Kamiokande measurgre at the TeV scale. The presence of a weak Sgalean result in
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surable effects in the slepton sector. colliders, or via its cosmological implicatioi22].

pactification scaleM ~Mpanck, U IS the electroweak VEV

055011-12



CAN PRECISION MEASUREMENTS OF SLEPTON . .. PHYSICAL REVIEW &3 055011

[1] For recent reviews, see, e.g., S. Martin, Rerspectives on  [7] T. Moroi, Phys. Lett. B321, 56 (1994).
Supersymmetryedited by G. KanegWorld Scientific, Sin- [8] V. Barger, T. Han, and J. Jiang, Phys. Rev.(td be pub-
gapore, 1998 hep-ph/9709356; M. Drees, hep-ph/9611409; J. lished, hep-ph/0006223.
Bagger, hep-ph/9604232; X. TataProceedings of the [9] We use the renormalization group equations as given in H.

IX J. Swieca Summer Scheokdited by J. Barata, A. Baer, M. Daz, P. Quintana, and X. Tata, J. High Energy Phys.
Malbousson, and S. Novae@Vorld Scientific, Singapore, 04, 016 (2000; see also Hisanet al. [6].
1998, hep-ph/9706307; S. Dawson, Proceedings TASI 97, ed[10] S. Martin and M. Vaughn, Phys. Rev. BO, 2282 (1994;
ited by J. Bagger(World Scientific, Singapore, 1999 explicit 2-loop renormalization group equations for the MSSM
hep-ph/9712464. ' ’ plus a RHN are given in H. Baat al. (in preparatioi

[2] K. Inoue, A. Kakuto, H. Komatsu, and H. Takeshita, Prog. [11] T. Tsukamotoet al, Phys. Rev. D1, 3153(1995.
Theor. Phys68, 927 (1982; 71, 413 (1984 [12] H. Baer, R. Munroe, and X. Tata, Phys. Rev.33, 6735

' ' L : . (1996.
(3] Zt ;Ul?g%azsaggzgﬁbggv' Lett82, 2644(1999; S. Fukuda [13] H. Baer, A. Bartl, D. Karatas, W. Majerotto, and X. Tata, Int.

J. Mod. Phys. Ad, 4111(1989.
[14] M. Danielsonet al, in New Directions for High Energy Phys-
ics, Snowmass 96 Summer Study, edited by D. Cassel, L.

[4] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity
Proceedings of the Workshop, New York, 1979, edited by D.
Freedman and P. Van Nieuwenhuizen, Stony Brook, NY, 1979 Trindle Gennari, and R. H SiemaiBLAC, Stanford, 1997

(North-Holland, Amsterdam T. Yanagida, inProceedings of [15] S. Kuhlmanet al, NLC Zero Design Report, SLAC Report
the Workshop on Unified Theory and Baryon Number in the 485 (1994.

Universe Tsukuba, Japan, 1979, edited by O. Sawuda and A[16] M. Nojiri, K. Fuijii, and T. Tsukamoto, Phys. Rev. B4, 6756

SugamotdKEK Report No. 79-18, Tsukuba, 1979R.N. Mo- (1996.

hapatra and G. Senjanovic, Phys. Rev. Lé#.912(1980. [17]F. Paige, S. Protopopescu, H. Baer, and X. Tata,
[5] See, e.g., M.K. Parida and N. Nimai Singh, Phys. Re\o® hep-ph/0001086.

032002(1999. [18] R.N. Mohaptra and J.W.F. Valle, Phys. Rev. 33, 1642

[6] For the impact of the RHN on other aspects of SUSY phenom- (1986.
enology, see J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, and[19] For a review, see R.N. Mohapatra, hep-ph/9910365.
T. Yanagida, Phys. Lett. B57, 579 (1995; J. Hisano, T. [20] This extreme case for the neutrino mass matrix is also realized
Moroi, K. Tobe, and M. Yamaguchi, Phys. Rev.33, 2442 in the flippedSU(5) model as discussed by M. Drees and X.
(1996; J. Hisano and D. Nomurabid. 59, 116005(1999; T. Tata, Phys. Lett. 206, 259 (1988.
Moroi, J. High Energy Phys03, 019 (2000; K. Babu, B. [21] Y. Grossman and M. Neubert, Phys. Lett4B4, 361 (2000.
Dutta, and R.N. Mohaptra, Phys. Rev. L&, 5064 (2000); [22] N. Arkani-Hamed, L. Hall, H. Murayama, D. Smith, and N.
Phys. Lett. B458 93 (1999. Weiner, hep-ph/0006312.

055011-13



