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We provide a detailed investigation of single-photon production processesin collisions with missing
momenta carried by neutrinos or neutralinos. The transition amplitudes for both processes can be organized
into a generic simplified, factorized form; each neutvat A vector current of missing energy carriers is
factorized out and all the characteristics of the reaction are solely included in the electron vector current.
Firstly, we apply the generic form to give a unified description of single-photon production with a Dirac-type
or Majorana-type neutrino pair and to confirm their identical characteristics as suggested by the so-called
practical Dirac-Majorana confusion theorem. Secondly, we show that the generic amplitude form is maintained
with the anomalou®- and C-invariantWWy couplings in the neutrino-associated process and it enables us to
easily understand the large contributions of the anomaléMgy couplings at higher energies and, in particu-
lar, at points away from th&-resonance peak. Finally, the neutralino-associated process, which receives
modifications in both the left-handed and right-handed electron currents due to the exchanges of the left-
handed and right-handed selectrons, can be differentiated from the neutrino-associated ones through the left-
right asymmetries and/or the circular polarization of the outgoing ph¢80556-282(99)07113-1

PACS numbgs): 12.15-y, 12.60.Jv, 14.70.Fm

I. INTRODUCTION collisions might originate from other mechanisisignaling
new physics beyond the SM. For example, such final states
S ) ) can be produced in the minimal supersymmetric SM
All the large luminosity and high-energy experiments up(Mssw), one of the most promising frameworks for the new
to now have confirmed the validity of the standard m0d6|theory_ The missing energy in these events is caused by the
(SM) to an unexpectedly high levgl]. In spite of its ex-  weakly interacting or invisible particles such as lightest neu-
traordinary success, the SM has a lot of conceptual problenisalinos, gravitinog7] and/or sneutrinos. In all such cases the
such as the gauge hierarchy problem, so that it is believed t8M neutrino-associated single-photon events are irreducible
be valid only at the electroweak scale and to be extended d&ackground. Therefore, in order to reach a definite conclu-
higher energies. The first would-be evidence beyond the Sivsion of new physics, comprehensive calculations and reliable
although it has to be independently confirmed by other exestimations of all possible single-photon processes are requi-
periments, has come from the neutrino sector as the zenitf#/te- ) - o
angle-dependent neutrino flux has been observed in the N the present work, we provide a unified description of
Super-Kamiokande experimef&]. On the other hand, high- thf following three cases for single-photon events:
energy collider experiments such as the CERN~ collider € © —yvv in the SM Inc_!udlgg the case when the neutri-
LEP2, Large Hadron CollidefLHC), and a high-energy "OS areé of Majorana typéii) e"e” — yvv with the P—+an_d
e*e” linear collider should accelerate a broad investigationc'pleffg\{mg generalWWy F:ouplmg, ar_ld (iii) eve )
of new physics beyond the SM in the near future. — ¥X1X1 in the MSSM assuming that the lightest neutralino
The processe’e” —y+X with a distinctive “photon- 1S the Ilght_est supersymmetric partic(eSP). Several _dla- _
plus-missing-energy” signal can serve as one of the mosgrams are involved in all the processes und_er con5|der§t|on
efficient processes for the exploration of new physics. In the?® that the complete calculations look quite demanding.
process the missing energy can be carried by the SM neutr|—_|owever, as will be shown in the following, the transition

nos or weakly interacting or invisible ne{g)particles. In the ampllt.ude. of every_glngle-phpton process is organized into a
generic simple, unified form; each neutral vector current of

i;?srgier:,vo:ekneo: thia?rli\g;j tge rslglﬁlr?r;zzott_:;g pbgoecnese;sx V\Ilgirt'egh?missing energy carriers is factorized out and all the dynami-

9 9y oy X . P Ral characteristics for the process are solely included in the
count the number of light neutrino species at the DESYeIectron vector current
e"e” collider PETRA, SLAC, and LEP[3,4] since, at low '
energies, the contribution from thechannel W-exchange
diagrams becomes negligible. However, tiié¢exchange
congtributions become irﬁpgrtant at high energies so tf?at the Recent developmen(S] in superstring theory have led to a radi-
neutrino-associated single-photon process allows for measu?:dl rethinking of the possibilities for new particles and dynamics

. L . arising from extra compactified spatial dimensions. Among the new
ing the WWy coupling independently of the/WZcoupling particle states, the so-called Kaluza-Klein massive gravitbhsan

. ) - P
unlike the most Q'SCUSS@e —WIwW-. be the invisible particles carrying the missing energy in the single-
The events with a photon plus missing energyeine” photon events.
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FIG. 1. Feynman diagrams contributing to the neutrino-

associated single-photon processe™— vy in the SM. yH(é*Kk+2p,-e*)
2p;-K {LiP_L+RyPg}

The rest of the present work is organized as follows. In . o\

Sec. I, we exemplify the amplitude reduction procedure for (£"K—2py-e*)y L.P 4+ R.Pol+ ALy P
; , . . {L2PL+RoPRI+A "y, PL

the neutrino-associated single-photon process in the SM and 2p,-k
apply it to give a unified description of a single-photon pro-
dugtlon w_|t.h a Dirac-type or Majorana-type neutrino pair, +AE"y,Prlus(py). 3)
which facilitate confirming the indistinguishability between

the observations of both processes as suggested by the so-

called practical Dirac-Majorana confusion theoref@].  Here,P, g=(17 ys5)/2, the parametey, xx denotes the nor-
Then, we show that the generic amplitude form is maintainednalized coupling strength of th&XX vertex (e.g., 9z,
even after including®- and C-preserving anomaloug/Wy =1) ande* the polarization vector of the outgoing photon.
couplings in the neutrino-associated process and the simplfince theWev vertex is of the left-handed type in the SM,
fied form clearly exhibits large contributions of the anoma-only the left-handed form factors are affected by the
lous WWy couplings at higher energies and, in particular, atW-exchange diagrams but the right-handed ones are exclu-
the points away from th& resonance peak. In Sec. Ill we sively determined by th&ee vertex:

consider the neutralino-associated single-photon process in

the MSSM. This process involves modifications in both the  L;=¢ +[2p;- (k+ ki)+m\2,\,]fw, Ri=eg[i=1,2],
left-handed and right-handed electron currents due to the

Ieft—handeq and rig_h_t—handed selectron gxchanggs. Neverthe- Al =2g""(Ky—py)- % Ty, AL'=0, ()
less, the simple unified form of the amplitude, which appears

in the neutrino-associated single-photon process, can be al%\ﬂﬂereq andeg are the SM left- and right-handed couplings

applied to the process with two identical neutralinos of Ma—for the Zeevertex andf,, is the momentum-dependent form

jorana type as final missing-energy states. Section IV is def'actor'

voted to assessing the usefulness of the left-right asymmetry
and the circular polarization of the outgoing photon in dis-

tinguishing the neutralino-associated process from the €§=- E +Sir? 6y, €er=Sir Oy,
neutrino-associated one. Finally, we reserve Sec. V for the 2
summary and conclusions.
2k1 . k2_ m2
fW: - CO§ GW 2 z 2. (5)
II. NEUTRINO-ASSOCIATED SINGLE-PHOTON (2p1-kq+ mW)(2p2~ k,+ mW)

PROCESSES

with the electroweak mixing anglé,,. Note that the neu-
) ) _ ) _ trino vector current of th&/-A form is factored out and the

In this subsection, we describe how to obtain a simplgynole dynamical information of the process is included only
unified amplitude for the processes with a distinctive photonin the electron vector current. The contributions from the
plus-missing-energy through the following specific examplew.mediated processes to the form factors vanish at the

A. Amplitude reduction

[9]: Z-resonance pole. The last two termdg;” and AL, in Eq.
_ — (3) play a role in conserving (1)gy gauge invariance and
e (py)+e"(p2) = y(K) + (k) +v(ky). @) they are proportional to the fact(ﬁE{;’\c.
The expression in Ed3) is of a very generic form so that
The neutrino-associated single-photon procéss in- it can be applied to the amplitude for any process producing

volves five Feynman diagrams in the SM; thiemediated a single photon and a fermion pair @ e~ collisions. This
and twoZ-mediated ones as shown in Fig. 1. The applicatiorproperty will be explicitly demonstrated with three ex-
of the Fierz rearrangement formulas amples;(i) the production of a photon and a Majorana neu-
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10 : . : trinos [13]. Compared to Dirac particles, Majorana particles

—gggge& can exhibit two important characteristic features: lepton-
e e

number violation and different Feynman rules for interaction
vertices involving the Majorana particles. In the reaction
e"e —yvy for a Majorana neutrino pair, there exists a
u-channel lepton-number-violating diagram corresponding to
each t-channel lepton-number-preserving diagram. Due to
the fact that there is no vector current for Majorana fermions,
the neutral vector current must be of the type*P_
—y*Pgr), while the charged vector current remains intact.
Nevertheless, we will show that, if the neutrinos are not de-
tected andalmos) massless, the experimental signatures at
high-energy colliders are identical for both Dirac and Majo-
ana neutrinos. This is an additional demonstration of the
DMC theorem.

For Majorana neutrinos, the amplitude of eaebhannel

diagram is related to that of correspondinghannel one by

dG/dxy [pb]

FIG. 2. The differential cross section of the neutrino-associate

procese*e” — 'yv;With respect to the energy fraction of the out-
going photonx, with the photon angular cutcos#|<0.98. The
solid line is for ys=200 GeV and the dotted line fok/s

=500 GeV. My(Kq,kp)=—M(Kz,Ky), (6)

trino pair, (ii) the case with the anomalo8Wy couplings,  where the minus sign stems from the interchange of two

and(iii) the production of a photon and a lightest neutralinojgentical fermions. On the other hand, the neutral vector cur-

pair. rent of Majorana neutrinos in th&-mediated diagrams can
In order to check tﬂe Va“dlty of the Slmpllfled form for be expressed in terms of two Dirac-type amp"tudes by

the procesee” — yvv, we perform a Monte Carlo phase-

space integration bgases[10] with the expression in Eq. Up (k) (Y*PL— Y*Pr)vm(Ks) =up(ky) ¥*Prom(Ks)
(3). Since there exists a collinear sigularity due to the ne-

glected electron mass as well as an infrared singularity for a _UM(kZ)'yMPLUM(kl)a
soft photon energy in every process under consideration, in (7

our numerical analysis we set the photon scattering angle to _ -

be |cos#|<0.98, and the photon energy fractian with re-  where we have used Majorana conditions

spect to the electron beam energy[ = +/s/2] to be larger _ _

than 0.05. Figure 2 shows the dependence of the differential Um(K1) ¥*(1% ys)vm(kz) =Uum(kz) y*(1F ys)vm(ky).
cross section on the photon energy fractignwith the pho- ®)
ton angular cut. Numerically, we find that the differential
cross section is completely consistent with that in Ré&1].

As can be easily checked from the simplified form of the

As a result, the production amplitude for Majorana neutrinos
is expressed by

amplitude, the peaks in the differential cross sectloridx, My =Mp(ky ko) — Mp(Ky,Kyq). (9)
are attributed to the-channelz-mediated diagrams near the
photon energy fractiow,,= 1—m§/s. Note that the second term in the right-hand side of @yis
the negative of the first term witkfy and k5 exchanged.
B. Dirac versus Majorana Therefore, the transition amplitude is expressed in terms of

In the SM, only the neutrinos among fundamental fermi-tWO amplltgdes which are of the generic form in Eg).
We first note that the interference term

ons may possess no global discrete quantum numbers SUChg/fD(kl Ky)* Mp(Ky,k;) in the evaluation of M |2 be-

the_lepton nu_mbers, openlng_the p035|b|I|t_y that neutrinos arcomes, with the help of expressid8) and the Majorana
their own anti-particles, that is to say, Majorana particles. In

the light of this aspect, whether light neutrinos are Dirac Orcondltlon ®),
Majorana particles has been one of the main issues in neu- MoKy, Ko)* Mp(Ky,ky)

trino physics. The answer is truly meaningful only when any
difference is experimentally observed. In the wide range of

neutrino experiments at the colliders, the so-called “practical - 5;w§n v(ky) ¥*Pru(kz)u(kz) y"Pro(ky)
Dirac-Majorana confusiofPDMC) theorem” in Ref.[8]
holds true[12]. Related with the recent evidence of neutrino = 2m§ g’ €, (10

oscillation, it will be of particular interest to check the pos-
sibility of determining in the neutrino-associated single-where¢,, is a covariant tensor composed of the absolute
photon process whether the produced neutrinos are of Diragquare of the electron vector current. The final term in Eq.
or Majorana type or not. (10) is obtained by assuming a finite neutrino massand

In principle, there exist some differences at the amplituddaking the polarization sum. Clearly, when the neutrino mass
level due to different Feynman rules for both types of neuds negligible compared to the beam energy, the contribution
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from the interference term vanishes. The practical incapabil- 10° 10°
ity of explicitly identifying neutrinos at high-energy collider
experiments forces us to integrate the differential cross sec
tion over the final phase space of neutrinos. As a result, the-g 10
complete identity of the integrals of two squared amplitudes

over the symmetric phase space of the two neutrino moment 10°

T T
N3 =200 GeV s =500 GeV

10

— 13
B

005 035 x 065 095
(b)

jdcpz54(k1+k2—q>|MD<k1,kz>|2

3
- [, stk -l Mook . an " R v
10'
does not leave any difference in the observation of Dirac anc
Majorana neutrinos. 10°
In summary, any practically observable difference be-
tween Dirac and Majorana neutrinos can appear only wher ., . . .
neutrinos have a non-negligible mass. 005 035 xYo.es 0.95

(d)
C. Anomalous WWy coupling
FIG. 3. The photon energy distributiodsr/dx, of the process

andT are preserved separately, the general coupling of t g*e —yvy for thee’e” c.m. energy of 200 and 500 GeV with
P v P Y 9 upling Wehe photon angular cytos#|<0.98 for the different values of the

charged vector boson&™ with a photony is derived from anomalous parameters, and\ . In (a) and(c) the value of\ , is

Ehe] most general and (Wey gauge-invariant Lagrangian tauen to be 0 and ifb) and (d) the value ofk, taken to be 1.
14

Under the assumption that the discrete symmefie€,

After a lengthy calculation, we find that even in the exis-
tence of the anomaloud/Wy couplings the transition am-
plitude for this reaction still keeps the unified for(®) with
the following modifications in the form factors:

‘CWWy

=i (W, WHEA"—WIA WH)+i i, W W, FAY

i
+ W WEFHN, (12)
My
Li = 6|_+

)\7
1+ Ky_zm_z(pi'ki) (pi-k)

whereW#”= g¢tW» — g"WH and F#”= g*A”— d"A¥. The pa- w

rametersk, and X, (which are 1 and 0 in the SMare
related to the anomalous magnetic dipole momept and +2pi~ki+m\2,\, fw,
the electric quadrupole mome@,, of the W boson by
_e(ltk,t\,) Ri=er,
W ome N
AL"=[g"e* (Ka—Kq) +2—7 (py—ky)ke* #k”
e(Ky—)\y) mg,
Qw=——"5—. (13
My

)\7
—2— (p1—ky)e* kK"
These self-interactions of gauge bosons have been exten- My
sively investigated through various processe® %~ and
hadron colliderg§15]. Among them the hadron-free reaction
ete”— yvv is favorable in the investigation of th&/Wy
vertex since it does not include the other self-interactions of
gauge bosonfl6]. Even though the gauge group structure of
the SM specifies the self-interactions of thié Z, and y
when regarded as fundamental gauge bosons, their precig®mpared to the transition amplitude in the SM, only the
confirmation is to be experimentally established]. The  v-A part of the electron vector current is modified. This is
ALEPH collaboration has reported preliminary results for theunderstandab|e because WM&\ vertex remains the same for

fw,

AR'=0,

A
Ki=ki+Kypi_2m—zy(pi'ki)pi- (14)

W

coupling x,—1=0.05'17 (sta) and \,=—0.05"}?¢ (stap
from the data of the process’ e — yvv at \/s=161, 172,
and 183 GeV[18]. Any deviation from the SM prediction
will lead to the hint for the theory beyond the SM.

the charged electron current with tiéboson which is to be
coupled with the photon. In Fig. 3, we show the differential
cross section with respect to the photon energy fractipn
with the photon angular citos<0.98 at\s=200 GeV
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and \/§= 500 GeV for two case%three values ofc,, with e y X1 e X1

A,=0 (x,=1,—1.3, and 3.2 and three values of, with
x,=1 (A,=0,—1, and ). Note that the effects of nonstand- 7 7

ard couplings increase at higher enerdi€g], reflecting the Y ¥ 23
" . A et X et X1
fact that the anomalous terms are higher-dimensional and (4) (B)
nonrenormalizable. The figure clearly shows that it is very B v o P Y
difficult to observe the deviations due to the anomalous pa- ¢ o LS. : S G SR X1
rametersc, and\ , nearx,=1— m%/s where theZ-exchange & ! & L Ay
contributions dominate over thé/-exchange ones. There- . ' - ' e .
fore, it is crucial to apply appropriate photon energy cuts to ~ © X1 e LLL»y Xioe X1
enhance the possibility of seeing the anomalous effects. {c) (@) (e)
e” )2(1)
[lI. NEUTRALINO-ASSOCIATED SINGLE-PHOTON ey 5
PROCESS é |
et Xi
SupersymmetrySUSY) is a new symmetry which pro- ©) @) ©)
vides a well-motivated extension of the SM with an elegant
solution to the gauge hierarchy problem. Most supersymme- - hrr'“/ DL e 2 e 2
try theories assume the so-call®bparity under which the ! ! on
SM particles are even and the supersymmetric particles are én; 'Ri MWW Y
odd. The conservation &t-parity ensures the stability of the bz T . ™ . b
LSP so that it escapes from the detection. In most supersym- ] )7 ®)
metric models, the lightest neutraling is the LSP in a wide ) (&
range of parameter space. Because of the elusive property, e 2
the existence of the lightest neutralino cannot be checked on
through the simplest process e — xJx} leaving no sig- én ! 7
nals in a detector. However, the production of a lightest neu- € X

tralino pair accompanied by a single photoneihe™ colli- )
sions can give useful information on the existence of the LSP

through the photon energy and angular distributions along FIG. 4. Feynman diagrams contributing to the neutralino-
with tuning the electron beam polarization and/or measuringissociated single-photon processe™— yx%x? in the MSSM.

the outgoing photon polarization.

In this section, we concentrate on the single-photon proFeynman diagrams as depicted in Fig. 4. The selectron-
cesse"e —yxIx? in the MSSM. Because of the elec- exchange diagrams with the primed indidg&gs. 4c’)—
troweak gauge symmetry breaking, the gauginos, the supe#(h’)] are allowed due to the Majorana property of neutrali-
partners of gauge bosons, and the higgsinos, theos, of which the amplitudes are related to those of the
superpartners of the Higgs bosons, can mix to give physicatorresponding-channel ones by
mass eigenstates in the MSSM. In particular, the phojino
and the ZinaZ mix with two neutral higgsino#$ andH? to My(ky ko) =~ My(kp ky)  [x=c,d,ef,g,h], (19
form four neutralino mass eigenstaﬁq%[i =1-4]. The neu-
tralino masses and the mixing angles are determineahby
tang, two soft SUSY-breaking gaugino mass paramelié{s
and M, and the SUSY-preserving higgsino mass paramet
u. The symmetric 44 neutralino mass matrix can be di-
agonalized by a %4 unitary matrixN [20]. Despite the Mp 8= Mg p(Ky,Kz) = Mg p(Kz, K1)
involved ngutralino mixing as well as the large number qf = M, p(Kq ko) + ML o (Kq ko). (16)
Feynman diagrams, we will show that the production ampli- ' '

tude for the procese+e‘—>y}$}2 can be also organized Defining the following combination to b/, :
into the unified form in Eq(3), which enables us to investi-

gate the dependence of the energy and angular spectrum of — n MMM Mot n
the outgoing photon on the relevant SUSY parameters. MEMat Myt Mt Myt Me+ Mit Mg Mh(’ln

The reactione™e™— yxJx? in the MSSM involves 14

wherek; andk, are the four-momenta of the two lightest
neutralinos. Due to the Majorana condition in E§) the
e(ijiagramSJ(A) and (B) can be expressed by

we can show that the sum of the remaining amplitudes, de-
noted by Mg, satisfies the relation

2The conservative ranges of the parameteysand A, quoted in
Ref.[17] are considered. Mg(kq,kp)=— M, (ky,Kkq), (18
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and thus the total production amplitugde for the reaction 50 - ' 4 - ' -
e’ efﬁv}?}? is given by ﬂ?ﬁo Gev tils=23c?o GeV
40 | 500 GeV I ] 500 GeV
M=M + Mg= M (kg ko) =M (ky,ky). (19 8 l
Then, the Fierz rearrangement formulas in B2).cast the 23| i
production amplitude into the unified form in E) with !{ 27 ]
the following modifications: |20 1
1 2 2 10 | ! a3 |
92,00 = §[|N13| —[N14°1, J :
0 ‘“‘*\_. ‘ 0 \. ---------- T .
1 y 2 005 035 065 095 005 03 0.65 095
Li=e = 5[(p1—ko)"—mg 1fe X, X,

FIG. 5. The different cross section of the processe”
—yx3x3 with respect to the photon energy fractian with the
photon angular cutcos#|<0.98. The lightest neutralino mass and
its couplings are calculated witl ;=100 GeV,u=100 GeV and
the gaugino unification conditioM ;= (5/3)tarf6,M, for two
tang values; tarB=2 in the left frame and tag=30 in the right
frame. The masses for the right-handed and left-handed selectrons
are assumed to be 100 GeV.

1 s 2
LZZEL_E[(pz_kl) _mgL]fEL,

1 2 2 7.
Ri=ert 5 [(P1—ky)"—mg Ife,,

— 1 2 2 q¢e
Ro=er+ E[(pz_ ko)®—mg Ife,,
absent which is apparently present for gn2. These dif-
ferent behaviors according to t@ncan be explained by com-
paring the maximally allowed photon energ§ with the
photon energy fraction for the resonance pelélQeak. The
maximum energy fraction of the photon corresponds to the
largest momentum which is obtained when the photon is
scattered against the collinear neutralinos:

Al'=g" (K= py)-e* s, AB"=g""(k—py)-e* fg,
(20
where the form factortgL andng describing the selectron-

exchanges are given by

E _ 4 C0§ ew|g|_|2 (k1+2k2)2_m§ , 4m§(0
bmee [(pi—ke)®—mg Jl(pe—ky)?—mg ] XpP=1- —— (22
_ 4co$ Oylgrl? (k1 +kp)2—m2 Since the resonance peak occursi®< 1—mi/s, there is
= 2 2 no peak ifm;o=m,/2. With the above numerical values for
®oghme [(pko?-mE (po—kp)?-m ] P =Mz

My, My, u, we havererg=39 GeV for tanB=2 andmg(g

@) =61 GeV for tanB= 30, which correctly explains the dif-
with g =(Ny+tanéyN;)/2 andgg=tandyN,;. The fac-  ferent behaviors. Therefore, a precise confirmation of the ex-
torization of the neutral vector currents of invisible neutrali- istence of the resonance peak after subtracting the SM back-
nos occurs again at the amplitude level. Compared to thground effects can provide valuable information on the
amplitudes of the neutrino-associated processes in @4S. |ightest neutralino massro in the procese* e — yx2yd.
and(14), we observe that th¥+ A structure of the electron X
current undergoes considerable changes due to the existence
of the right-handed selectron exchanges. As a result, the use
of the right-handed electron beam may be very helpful to
reduce the SM background effects. This feature will be quan- oo crucial difference of the neutralino-associated pro-

titatively demonstrated in the next section. cess from the neutralino-associated one is the existence of
_ InFig. 5, we have demonstrated the differential cross secqe right-handed selectron exchanges, so that the ratio of the
tion with respect to the photon energy fractiep with the — ,5qction rate with the right-handed electron beam to that
photon angular cufcos6|<0.98 at \/EI_ 200 and 500 GeV  \th the left-handed one can be substantially large. Since a
for tang=2 and 30, respectively, takingy =100 GeV. hjghly polarized electron beam with its beam polarization
The lightest neutralino mass and the elements of the mixingnore than 90% is expected at futueée™ linear colliders
matrix N are computed by usingV;=100 GeV, u  [21], it will be valuable to study the left-right asymmetries in
=100 GeV, and the assumption of the gaugino mass unifiidentifying the origin of the single-photon events. Moreover,
cation condition M= (5/3)tarf6,,M,. We note that for it is expected that the circular polarization of the outgoing
tanB= 30 the resonance peak around Haeesonance pole is photon is different. In this light, we present a quantitative

IV. LEFT-RIGHT ASYMMETRIES AND PHOTON
POLARIZATION
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10— T c 10 T 1.0
05 | — 200Gev v 2 v
---------- 500 GeV © 05 |
S 00f 1 £
< =
-0.5 = 3 0.0
-1.0 - 5
-0.95 0.00 0.95 = -0.5
cos 0 £
1 0 (b) T ~ o _1 0 _1 0
P S —— ] -0.95 0.00 0.95 -0.
T 00 1 c
< tanp=2 o
=05 F — 200Gev 7 T
---------- 500 GeV N
-1.0 . =
-0.95 0.00 0.95 S
0 cos 0 2
. T [}
(© % =
0.5 [ ) 3
T 0.0 | tanp=30 ] © o L -1.0 :
< —— 200 GeV -0.95 0.00 095 '-0.95 0.00 0.95
0.5 | e 500 GeV g cos 6 cos 6
o . © @
" 20.95 0.00 0.95 : o .
cos 0 FIG. 7. The degree of photon circular polarization as a function

of the photon scattering angtefor the neutrino-associated process
FIG. 6. The left-right asymmetries as a function of the photon[(a) and(c)] and the neutralino-associated procébsand(d)]. The
scattering angl® at JS=200 and 500 GeV with the photon energy electron beam is purely left-handed(& and(b), and right-handed
cut x,=0.05. The upper frame is for the neutrino-associated proin (¢) and(d) with the photon energy cut,>0.05. The other SUSY
cess, while the middle and lower frames are for the neutralinoparameters have the same values as in Fig. 5.
associated processes for fas 2 [middle] and tans =30 [lower].
The other SUSY parameters are taken to be the same as in Fig. 5200 GeV. As discussed in the previous section, the right-
handed electron beam is very useful to identifying the
analysis for the left-right asymmetries and the photon circuneutralino-associated process, removing a large portion of

lar polarization in the single-photon proceses® —yvy  the SM background.
ande*efey}g}‘f. In Fig. 7 we show the circular polarization degrég of

- - the outgoing photon as a function of the photon scattering
In order to measure a left-right asymme#Ryy defined by angle d for the neutrino-associated procdés and (c)] and
the neutralino-associated ofé) and (d)] with the same
, (23 SUSY parameters as in Figs. 5 and 6 and the photon energy
cut x,=0.05. We set the electron beam to be purely left-
handed in(a) and(b) and right-handed ic) and(d). For the
'left-handed [right-handed electron beam.&, is negative
r{positive] in the forward direction and positii@egativg in
the backward direction, respectively. Note that the circular
rpolarization in the neutralino-associated process is more sen-
sitive to the beam energy of the right-handed electron beam
than of the left-handed electron beam. This dependence is,
however, opposite in the neutrino-associated process.

we have only to switch the longitudinal electron polarization
which should be straightforward inesf e~ linear collider. In
order to measure the circular polarization of the final photo
beam, we use a general metH@2] which can be applied to
any process producing a single photon. In the general fo
malism, the circular polarization is described by a Stokes
parameter, that is nothing but the rate asymmetry:

N, —N_
gz_m, (24) V. CONCLUSIONS
We have studied in detail the single-photon events in

whereN.. is the number of produced photons with positive high-energye*e™ collisions as attributing the missing en-
and negative helicities. ergy to neutrinos in the SM including the effects of the

Figure 6 shows the left-right asymmetridgg as a func-  anomalousVWy couplings, or to neutralinos in the MSSM,
tion of the photon scattering angéewith the photon energy which are assumed to be the LSP. We have found that the
cutx,=0.05 atys=200 and 500 GeV with the same SUSY transition amplitudes for both processes can be organized
parameters as in Fig. 5. The upper frame in the figure is folnto a generic simplified, factorized form; each neutval
the neutrino-associated process, while the middle and lowef A vector current of missing energy carriers is factorized
frames are for the neutralino-associated ones fol3ta@  out and all the characteristics for the reaction is solely in-
(middle) and tarnB=30 (lower). Clearly, the left-right asym- cluded in the electron vector current.
metries are very different in two processes; the asymmetries The amplitude reduction procedure described in Sec. Il A
for the neutralino-associated process are always larger anglows us to give a unified description of a single-photon
even positive for/s=500 GeV. Moreover, the dependence production with a Dirac-type or Majorana-type neutrino pair
of the asymmetry on taé becomes significant at/s and to easily confirm their identical characteristics in the
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observation supported by the so-called practical Diracimeasuring the circular polarization of the outgoing photon
Majorana confusion theorem. The generic amplitude form ignay be very useful in disentangling the neutralino-associated
preserved with the anomaloug/Wy couplings in the processes from the neutrino-associated ones.
neutrino-associated process and it enables us to easily under-

stand large contributions of the anomalod® and

C-invariant WWy couplings at higher energies and, in par- ACKNOWLEDGMENTS
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