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Radiative decay of the lightest neutralino in anR-parity violating supersymmetric theory
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In anR-parity violating supersymmetric scenario, the lightest neutr&%is no longer a stable particle. We
calculate the branching ratio for the decay mc;d_)ea vy which occurs at the one-loop level. Taking into
account bilinear as well as trilinear lepton number violating interactions as the souiRgmdfy violation, we
make a detailed scan of the parameter space, both with and without gaugino mass unification and including the
constraints on the neutrino sector from the recent SuperKamiokande results. This study enables one to suggest
interesting experimental signals distinguishing between the two typBspafity breaking, and also to ascer-
tain whether such radiative decays can give rise to collider signals of theyypdE from pair-produced
neutralinos|S0556-2820199)07521-9

PACS numbd(s): 12.60.Jv, 13.10:q, 14.80.Ly

[. INTRODUCTION kind of a decay can have an appreciable branching ratio in
spite of the allowed tree-level decay channels of the lightest
The decay of a heavy particle with a photon in the finalneutralino. In this paper, we have attempted such a study,
state can often lead to experimental signals for physics bdaking into accounR-parity violation through both bilinear
yond the standard model. The recent literature contains margnd trilinear terms in the superpotential.
studies, both experimental and theoretical, devoted to signals It should be mentioned theit(l)—wy has been calculated
of the typeyy+E, y+E, etc.[1,2], in the context of vari- in some earlier workg3] where either the composition of the
ous new physics scenarios. A rather large fraction of suctightest neutralino has been confined to certain limits or
studies are concerned with supersymmeBdSY) [3] theo-  some specific regions of the SUSY parameter space have
ries. For example, in models with gauge mediated supersynpeen adhered to. Our purpose, on the other hand, is to make
metry breaking GMSB) [4,5], the decay of the lightest neu- @ detailed scan _of t_he parameter space, anq the results pre-
tralino (}}2) (next-to-lightest supersymmetric particle in sented_ by us highlight those particular regions Whe_re the
) . R branching ratio can be of the largest magnitude. This, we
these modelsinto a photon and a gravitino can give rise to

Y E +E) which h bstantial t rat feel, is necessary to establish the authenticity of, for ex-
yy+E (or y+E) which can have substantial event rates, 1o “GMSB signals during collider searches. We also go

even after su_btr_acting the standard model_backgrounds. Tr}f'eyond the assumption of gaugino mass unification at the

signal yy+ E_|s in fac_t the most p_rol_)able discovery channel g1 of grand unified theorig&SUT’s) and present some

of GMSB. Side b;i side, the radiative decay of the secongegits with theS U(2) andU(1) gaugino masses treated as

lightest neutralino yg), in a scenario based d¥=1 super- independent parameters, to probe whether radiative neu-

gravity (SUGRA), into a photon and the lightest neutralino tralino decays with enhanced rates ensue upon freeing the

(X%, the lightest supersymmetric particle in this class ofSUSY standard model from a GUT embedding. And last, we

model$ can sometimes give rise to similar final states intake into account the fact th&-parity violating SUSY is

colliders from a pair oﬂz’s or from a}g}g pair. It requires belng_ invoked in recent times to exp_laln the generation of

. L - . . neutrino masse§9] in consonance with the SuperKamio-

a careful investigation to distinguish the latter type of S'gnalskande data on atmospheric neutrifs]. Thus a section of

from the former to establish the reality of GMSB in relation . ) L

to the SUGRA-type mode of supersymmetry breakialy our results pertains to that pa_lrt|cular region of the parameter
In view of this, it is important to know whether there can space where the indicated hierarchy of neutrino masses, to-

be other new physics options which allow radiative decay Opether with large angle mixing between the second and the

a heavier particle into a photon and another invisible particlethIrOI generations, is reproduced.

leading to signals of the same kind as those discussed abov,[%,e ngs?éifprzrnzxg&kmc:??ﬁ;iﬁ{lO\\'/Vis(;'l;?inser%ol(lj’evlvﬁsi%sic;'be
and, in some cases, faking the GMSB signals which are be- partty 9

ing looked for so carefully. It will be obvious that the closest our calculations. In Sec. lll, some details of the loop calcu-

. ) . ; lation are presented. Section IV contains our numerical re-
kinematical resemblance to the GMSB signal is borne when P! . . :
ults for various scenarios as well as for different choices of

the invisible particle is a near-massless neutral fermion, fo he parameters. We summarize and conclude in Sec. V. De-
which the immediate candidate is a neutrino. Now, radiativeé P : "

decay of a heavier neutral fermion into a neutrino becomes e}iled forms of the loop integrals are outlined in the Appen-
distinct possiblity inR-parity violating SUSY[7] where the

lightest neutralino can decay in this vein at the one-loop

level. This motivates one to undertake an exhaustive study of Il. BASIC FRAMEWORK

the radiative deca}‘few in anR-parity violating scenario, The fact that all the particles in the standard model carry-
to see whether in some region of the parameter space thiag baryon 8) and lepton [) number are fermions, with

0556-2821/99/6(11)/11501211)/$15.00 60 115012-1 ©1999 The American Physical Society



BISWARUP MUKHOPADHYAYA AND SOUROV ROY PHYSICAL REVIEW D60 115012

fixed gauge multiplet stuctures, implies tland/orL can- L o hiqu o o
not be violated by one unit. Thus one cannot write down W= p'HiH,+h3l 3HIES+ —J,QiHiDjC+ hi; QiHo U
renormalizable terms in the Lagrangian which violBter L M
or both. This is no longer true in the case of supersymmetric d | |
theories where the particle spectrum is now doubled and _ hije ~, e hijes ~ o0 Nijpe ~ o

. —QL3;Dy— —L;L3Ef+ —L;HiE; (6)
baryon number and lepton number are assigned to the super- w' ] ' ) / !
multiplets. One can now have scalar particles contaiBiog
L, and it is possible to have terms wiftl. or AB=1. How-  which means that the- and\’-type terms are generated in
ever, the scenario has to be made consistent with the noigeneral and in the last two terms 1,2.
observation of proton decay which requires the simultaneous But more importantly, it should be noted that the scalar
violation of B and L. This is ensured in an over-restrictive potential has terms of the following forms in the original
manner in the minimal supersymmetric standard modebasis:
(MSSM), by imposing a discrete multiplicative symmetry _ _ _
called R parity defined aiR=(—1)""28"2S which equals Vo= M53L§+ mMiHZ+ By uH H,+ Boel gHo+ megl gH,y
+1 for standard model particles andl for the superpart-
ners. An immediate consequenceRparity conservation is tee (7)

that the lightest supersymmetric parti¢leSP) is stable. _ )
The conservation oR parity, however, is not prompted where we have written down thie term and soft breaking

by any strong theoretical reason, and theories wikeiie terms relevant for our purpose here. It is evident that such
violated through nonconservation efther B or L are per- terms will generate, in g_eneral, a vacuum expectatlon value
fectly consistent with stability of the proton. Such scenariosVEV) Vs for the sneutrino. The basis rotation regenerates

can be studied by genaralizing the MSSM superpotential t§Uch terms, and therefore the sneutrino VEV is in general
the following form: non-vanishing as the special consequence of biliRgaarity

violation whenever soft SUSY breaking is thefe,16].
W=W)y,ssnt+ Wk (1) Thus there are two ways of parametrizing a bilinear
R-parity violating scenario(i) with the e term present in the
with superpotential together with a VEV of the sneutrino ding
o A o R with the e term rotated away from the superpotential but the
Winssw= wH1Ho+hi LiH L ES+hi QiH, DS +hif QiH,0¢ VEV of the sneutrino(in the rotated basjisembodying the
(20 L-violating effects that the former would imply in, say, the
neutralino and chargino mass matrices. Of course, the param-
etere takes refuge in this case in the scalar potential together
with the soft breaking paramet®,. B, can be eliminated
3 by using the conditions for electroweak symmetry breaking,
if e andv; are used as independent variables. Our calcula-
In this paper we shall assume that Bwiolating piece\”  tions here are done in a basis where betndvs (VEV of
is not there. Also, we discuss theviolating terms in two  the sneutrinpare present. . _
separate categories for the convenience of analysis, consid- NOW, the presence o& and v; will induce a kind of
ering, in turn,Wg with either the bilinear ¢L;H,) [11-13 mixing in the fermionic as well as in the scalar sector of the

or the trilinear ¢ and\’) [14] terms existing in the super- theory, which is typical of bilineaR-parity violation. In the
potential at a time. fermionic sector neutralinos will mix with the tau neutrino

Case(1): Wg= 63|:3|:|2 and the charginos with the tau lepton. Consequently, the neu-

We simplify the analysis here by assuming a bilineartrallno mass matrix takes the following form:
R-parity violating term involving only the third leptonic gen-

and

Wé:)\ljkl:ll:jéﬁ—i_ )\I,Jkl:léjf)ﬁ—i_ )\:;kolcf)ff)ﬁ‘i‘ 6i|:iﬂ2 .

!

eration. All the important features of such a scenario can be 0 —u v _9v _ €
seen within simplified framework. V2 V2
At first sight it appears that the term can be rotated v/ v
away from the superpotential by properly redefining the — i 0 _9v gV 0
andH, fields, so that V2o 2
. ) gv gv’ gvs
~, mHitesls Moo= = == M 0 -2
Hi=—F——=- 4 X1
1 ] 4 J2 2 2
Ve A N VA I
E’—_63H1+ML3 (5) \/E \/5 \/E
3_— .
Vit e P
—e 0 -2 22
Now as a result of this rotation the superpotential takes the V2 \/E
form (8)
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where the successive rows and columns correspond te./g?+g’2. Evidently, this will result in the generation of
(H,,Hy,—iW;,—iB,v,). Here (Majorana masses for the third generation neutrino at the
tree level through a seesaw type mechani&i.
In such a situation, the (83) chargino mass matrix is

m2 V2 1/2
v(v')=42 :ZZ——S) sinB(cosp).
g° 2 M —-gv, O
- _| —gv M fv
M and M’ are theSU(2) andU(1) gaugino mass param- My== ! ° ©
— —Qgvs € _fV]_

eters respectivelyu the Higgsino mass parameter, agd

wherev;=(H;), v,=(H,), v3=(v,), tanB=v,/v; andf=hl=m_/v;, M being theSU(2) gaugino mass parameter.

Here we have assigned—NV‘,ﬁ[,?L‘) along the rows and{i\TVﬂﬁé’,?{) along the columns.
Similarly, in the scalar sector neutral and charged scalar mass matrices are enlarged as a result of the mixing between
charged sleptons and charged Higgs bosons and sneutrino with the neutral Higgs bosons. In the neutral scalar sector the scala

mass-squared matrix in the bagRe(H,),Re(H,),Re(,)} takes the form

M2+ 2MC+4NVZ  —4NViVo+ By AAVVgt e

—4A\v,V,+ B m2—2NC+4Nv2  —4Nvav,+B
|v|§= 1V2 1M 2 2 3V2 2€ _ (10)

2
INViVaF e —ANVava+Boe MS +2MCHANVS

In a similar way, the neutral pseudoscalar mass-squared matrix becon&n3he basL{Im(Hl),Im(HZ),Im(;T)} and
takes the form

m§+2)\c —Biu ME
-B m2—2\c  —Be
2_ 1M 2 2
M= ) (11)
JLE —Bye M +2\c

In the charged scalar sector the charged scalar mass-squared matrix becofnieste basigH,,H,, 7, , 7x} and is given
by

r-ig'’c —Biu+t 3 g%V, —Bet 30%Vovs —efvy
—Byu+ 39%vyv, s+ 3g'%c+fv3 wet 2gvive— 3 f2vvy —efvy—Afvg
2_
Me=| Byt 1gPvovs met 2gPvava— 2 foviv, p+ 0%+ 39'%c ufvo+Afvy (12)
—efv, —efv,—Afvg wfv,+Afv, q— 3g'%c+fv3
|
. 2 £2,,2
with p=m;+fovy

1 =mi+ 22
r=ms+ Zgz(v§+v§+v§) 4=mr !

t=(—v§+v§+v§)
s—m2+3 2024 y2_\2
=my 49(V1 V3—V3)

c=(vi—v3+v3)
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A=(g?>+g'?)/8. Also, a scenario such as this allows one to have tau-
neutralinoW and neutrino-neutralin@- couplings. This re-
In addition to constraints coming from electroweak Sym-sults in additional decay modes of a neutralino which are
metry breaking, the requirement of electric charge conservacharacteristic of bilineaR-parity violation[18].
tion subjects the parameters in the potential to appropriate Case(2): Wg= N LiL;Eg+\j LiQ;Di

conditions in any given scenario. In such a case the requirement of gauge invariance im-
In the calculations here, we make the following choice ofPlies that\;;’s are antisymmetric in the first two indices due
independent parameters: to SU(2) invariance but\{;’'s are not subjected to such

constraints. Thus we have ® and 27 \'-type couplings
other than the MSSM parameter space. These trilinear cou-
plings can also be constrained in various ways like, for ex-
. ample, lepton universality violatigri9], neutrinoless double
We also take the remaining scalar mass parameters to be ggtg decay20], Majorana mass of the neutrif@1], flavor
follows: changing neutral current procesgeg], etc. Their implica-
tions in various high energy collider experiments such as the

2 2 2 2
{u,tanp J€,V3, M =M =m; = mg. At Ay A, By}

Mg =m;-=mg- =mg- =m; CERNe‘e~ collider LEP[23], DESY ep collider HERA
[24] or the Fermilab Tevatrof25] have also been widely
and explored. In addition, they can be responsible for neutrino
masses generated at the one-loop 1¢26l.
m2 -~ =m2 Before we end this section, it may be remarked that al-
ep 0 though constraints on th&-violating parameters are fre-

) ) ) . quently talked about, in practice these constraints will always
where tang is the ratio of two Higgs vacuum expectation paye to stipulate a given set of values of Reonserving
values,B; is the usuaB term corresponding to the term,  (\SSM) parameters.

and A’s are the trilinear soft breaking terms. We have con-

sidered degenerate squark masses at low energy, except for [ll. ONE-LOOP CALCULATIONS
top squark and bottom squark where left-right mixing has . ~
been taken into account. The one-loop calculation of the decay)(p)— v(k)

+y(k,) has been performed in the nonline@rgauge. A
I§imilar calculation for the radiative decay of heavier neutrali-
ps into lighter ones can be found in REZ7]. In this gauge,
e choice of the gauge fixing term modifies certain types of

The bilinearR-parity violating parameters andv; can be
constrained from different experimental considerations suc
as the tau mass measured within the existing errors and, mo

importantly, from the constraints on neutrino masses. Th ertices compared to, say, the 't Hooft—Feynman gauge. For
latter can be subjected to current laboratory bounds, but thgxample theW*G’qi ver,tex (where G* is the charged

restriction becomes more stringent on using the S“perKaGoIdstone bosonis abesnt in the non-lineaR gauge

miokande results on atmospheric ngutrinps. In this light, the, hareas thaV* W~ y vertex gets correspondingly modified.
values ofe.andv3 ha_we to be constrained in such a \{vay thatp|so a set of diagrams involving -y transition (with an
the sneutrino VEV is less than a few hundred keV's in theyft shell ), which potentially contributes to the process un-
basis wheree is rotated away. _ _ der investigation, gives zero contribution when one sums
The above kind of mixing in the chargino, neutralino andover all the loops.
scalar sectors results in physical states which are superposi- The diagrams which ultimately contribute in the bilinear
tions of neutral(charged leptons and neutralinoghargi-  R-parity violating scenario are the triangle diagrams shown
nos, on the one hand, and Higgs bosons and slepton@ Fig. 1. A subset of these will be present when one consid-
(sneutrinog on the other. This implies that the Yukawa and ers only trilinear lepton number violating terms in the super-
gaugino coupling terms, written in terms of the physicalpotential, the relevant diagrams beif® and (b) involving
states, will give rise tall the interactions of tha. and\’ only the down-type quark or squark or lepton or sleptons in
types. In addition, the fact that gaugino couplings play a rolghe loop. This is actually a consequence of #1¢(2) invari-
here makes it possible to free some of the terms from conance of the superpotential and can be seen explicitly if one
straints due to the gauge invariance of the superpotentiagXpands thek- and \’-type terms into their component
One such interaction term has particular importance in ouforms. The appearance of additional diagrams in the bilinear
calculation, namely one involving a top quark, a top squarkParity violating case can be attributed to mixing in the
and a state which is dominantly a neutrino. This is clearly s5¢&lar and lepton-chargino-neutralino sectors, once elec-
result of neutrino-neutralino mixing and the quark-squark"0Weak symmetry breaking takes plasee Sec. )L In fact,

neutralino interaction in the Lagrangian. For more details théS 1as already been mentioned, one of the main reasons for
reader is referred tpL8]. undertaking this study with bilined®-parity violation is the

presence of the additional diagrams involving the top quark
and theW boson, which are potential sources of enhance-
ment of the decay amplitude.

10f course, bilinear termis;H, with i = 2,3 have to be included in Since the photon is on shelJ(1)gy gauge invariance
order to explain thev,-v, oscillation. This requires a straightfor- demands that the transition amplitude be proportional to
ward extension of the formalism described above. For more detailsy*”k; €}, . Thus one expects the following form for the ma-
the reader is referred to RfL7]. trix element:
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M=ig=o, Uk ) (Po— PRk, €F U 13 Higgs and Goldstone_b_osons are also present in the sum over
93¢tk (P 7,71 PL) 0Kz, €, U(P) 13 f. We have also explicitly used the sum over the three pos-

sible chargino statesy{) in the bilinearR-parity violating

” scenario. One must be careful with the masses and couplings

the mass eigenvalues qf) and the neutrino respectively. as well as with the electric charges of the fermions in the

Thus, depending om; and 7, , the effectivey}vy interac-  00p. The integralg' are expressible in terms of the general

tion is either proportional to*k,, € or ysa#"k,, €% . The ~ €Xpressions for one-loop three-point functi¢@s], in forms

radiative decay width of? is then given by that are.presented in the Appgnd]x, where we also give the
1 expressions for the combinationsA B -AgrBr) and

whereMso is the mass ok?, and 7, and 7, are the signs of

2 me (A Bgr-AgB,) for all possible cases.
~0 9300, V130 In the case of the top squark and bottom squark we have
Fxi—vy)=—— (14 included the effect of left-right mixing. Also, the calculation
includes possible absorptive parts of the loop integrals,
where we have neglected the mass of the neutrinagdnd, ~ Which can be present in particular when the decaying neu-
Xy }ralino is heavier than theV.

containing details of the loop integrals, has the dimension o

inverse mass squared. from diagramg(g) and(h) and their partner graphs are given
In order to calculat@ye,, one has to evaluate the triangle p, gramg(g) and(h) p grap g9
graphs. For a given set of internal particles there are two
diagrams which differ from each other by the direction of 7
charge flow in the loop. In the figures we have shown only M,= —eg 7 *
. . =————U(Ky)(Pr— 7,71 PL)Ko£* U
one set of diagrams. One must be careful about the diagrams 27 g2 (ka)(Pr=7,mPLkz£7u(p)
involving the reverse flow of charge in the loop because in
those cases one encounters vertices with clashing arrows.
The integrals which appear during the loop calculations

are regularized using dimensional regularization. Since there

is no tree-level coupling of the typ}?vy the divergences
must cancel among each gauge invariant subset of diagrams.
For example, diagram@) and (h) and their partner graphs In both of the above expressions, the quantifies A,
where the direction of charge flow is reversed form a gaugd®, andBg are all assumed to be real.
invariant subset and it can be shown that the infinities cancel The loops involving the top quarkFigs. 1a and 1b)],
within this set of diagrams. Similarly, one gets a finite resultwhich are present only in the case of bilinéaparity viola-
out of the loop diagrams involving fermion and sfermion tion, always seem to have a rather important effédatch-
loops, i.e., the diagram&a), (b)} and their partner graphs. ing contributions also come over a large area of the param-
This is true, pairwise, for the loogsc),(d)} and{(e),(f)} in- eter space from loops involving thé& boson(and the tau
volving charged Higgs bosons and charginos and chargeand/or the lighter chargino, depending on the relevant mixing
Goldstone bosons and charginos. angles in the propagatofdiagrams(g) and (h)]. The very

The decay amplitude shown in E@L3) can be decom- presence of these diagrams causes the rates for radiative de-
posed in the following waywith only the appropriate con- cays to be larger in cases with bilineRrviolating effects
tributions retained, as stated earlier, with trilin€aviolating  than in those with only trilinears, except in those where there
terms: is destructive interference between the two types of graphs.

In a similar way, the contributions to the matrix element

X 2 {(ABL=ARBRI[ mM3(11 =37 -19)]

+2My (A Br—AgB)J%}. 17

M= M+ M,. (15
IV. NUMERICAL RESULTS
The matrix element due to the four diagrafag (b) and ) . o~ _
their partner graphs is given by The calculation qf the branchlng ratio foﬁ—f vy in-
volves the computation of decay widths of the lightest neu-

e, tralino in all the relevant tree-level two-and three-body decay
M= u(ky)(Pr— m,m1PL)K2£*u(p) modes. The different types of mixing that have been dis-

167 cussed in Sec. Il for bilineaR-parity violation open up the
following two-body decay modes, as and when kinematically

x> efo{(ALBR—ARBL)[mM;c{(I1—|3)] allowed:
f

+m¢(A_BL—AgBg)I%} (16)
20ur detailed scan of the parameter space, however, also reveals
whereQ; is the charge of the fermiohin units ofe(e>0), regions where lighter fermions contribute comparably because of
and C; is the color factor for the particles in the loop. One favored mixing angles, much in the same way as the charm quark
can use this result to include contributions from all possiblemakes dominant contributions to the real part of the box diagrams
fermion and scalar loops. Thus contributions from chargedor K°—K° mixing.
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FIG. 2. Branching ratio for the decefvga vy (with SK). The
remaining supersymmetric parameters are chosen .as
=200 GeV, B;=-200 GeV, mj=nm;=200 GeV, and g
=600 GeV.

For reasons explained below, significant contributions to
the radiative decay can come only when bilinéaparity
violating effects are present. There, again, the relevant pa-
rameterse and the sneutrino VEW) can be constrained un-
der two different considerations. If the neutrino-neutralino
mixing process in such a scenario is the main mechanism for
the generation ofMajorana neutrino masses for explaining
the SuperKamiokand€SK) results on atmospheric muon
neutrinos, then the parameters have to be constrained in such
a way that the quantity’ = \/Vi +va is less than about 100
keV in a basis where the parameters are rotated away
from the superpotentialThe numerical results modulo such
constraints are denoted by “with SK” in the corresponding
figure captions, and the results correspond to both the
second- and third-generation neutrinos in the final state of

FIG. 1. One-loop contributions to the decgy— vvy. In addi-  the radiative decays. On the other hand, if one ignores the
tion, for every diagram there is a counterpart with the internal fer-SK constraints, then, with just the laboratory bounds on the

mion ling(s) reversed. tau neutrino mass, the valuesefndv; (i.e. theR-violating
parameters in the third generatjacan be as large as on the
Xl" T+W—,X1H v.Z Xlﬂy h order of GeV’s. We have also presented such results, consid-
ering only the third(tau) neutrino to be there as the decay
whereh is the lightest Higgs boson. product.

In addition, there are three body tree-level decay channels Figures 2—910) show the results of a scan of the param-
with both bilinears and trilinears. While the channgl$  eter space carried out in the different scenarios mentioned
above, calculated with bilinedtrilinear) R-parity violation.

. ~ — The first thing that we note is that in all the results presented,
both caseg29], additional decays such ag—uu» and 5 specific set of masses for the squarks and sleptons is as-
X1 vvv can take place in the former, and can be importansumed. The branching ratios of the radiative decay, however,
when two-body decays are not kinematically allowed. are rather insensitive to their variation. This is because if, for

In all the numerical results presented here, we have useskample, we reduce the squark masses, the effect of a lighter
A;=A,=10 GeV. Our finding is that the branching ratio of top squark will increase the decay width for the radiative
the radiative decay is rather insensitive to the values of thesgecay, but the corresponding tree level decays will also un-
parameters. dergo a boost via diagrams mediated by squarks.

Let us first concentrate on the bilineBrparity violating Similarly, a comparison of Figs. 2—4 with 5 and 6, and
scenario. We will consider two different cases, nam@ly Figs. 7 and 8 with 9 reveals that imposing the SK constraints
when the supersymmetry breaking gaugino mass parametet® not cause any appreciable reduction to the probability of
are unified at the grand unification scale afid when obtaining branching ratios on the higher side for similar
SU(2) andU(1) gaugino mass parameters denoted\by  combinations of MSSM parameters. All that it does is to
and M respectively are treated as unrelated. scale the overall coefficients instrumental in both the loop-

—e'ujdy, x{—rdd, x}—e've are available in
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FIG. 3. Branching ratio for the deca@:’iﬂvy (with SK). The FIG. 5. Branching ratio for the decéfy‘l’ﬂ vy. The remaining
remaining supersymmetric parameters are chosen uas supersymmetric parameters are chosen pas —500 GeV, e
—200 GeV, B;=200 GeV, mj=m;=200 GeV, and ny =10 GeV,v3=1 GeV,B;=200 GeV,mj=m;=200 GeV, and
=600 GeV. m;=600 GeV.

and tree-level decays. This results in branching ratios of The numerical results show a sensitivity to the MSSM
similar magnitudes, but is manifested in larger decay lengthparameterg. and, to a somewhat lesser extent, tofailt is
for the neutralino whefR-parity violating parameters are re- also clear from the graphs that the radiative decay tends to
stricted to yieIdAm§3~afew times 10° eV?, remain suppressed for small values|pf which is treated

As has already been mentioned, the major contributions tbere as a free parameter. It gradually rises \yith and then
the radiative decay come frofa) the top-quark—top-squark almost saturates, showing a slight fall f@t| approaching 1
loop with bilinear R-pariy violation, as well as from loops TeV. The loops have the largest contributions fir|
involving the W boson and the tau or the lighter chargino. ~500 GeV. By and large, the corresponding regions of the
However, this leads in some regions of the parameter spaqgrameter space have the lightest neutralino almost entirely
to the interesting possibility of their cancelling each other.dominated by thés-ino state.
When such a cancellation is very severe for some specific When the condition of gaugino mass unification is re-
neutralino mass, the branching ratio is seen to undergo &xed, the mass parametdvrls andM ,, corresponding to the
sharp dip at that point, as seen in Figs. 3 and 8. In such casdd(1) andSU(2) gauginos can be unrelat¢d0]. Most of
the effective contributions at those points hardly contain anythe features of the unified scenario, including the possibilities
input that is special to the bilinear terms. On the other handof having branching ratios close to 10%, are seen here also.
in Fig. 2 (and patrtially in Fig. 3 one encounters a situation However, it entails the additional possibility of having a de-
where the contribution is mainly from thé/ loops but the structive interference between the top-quark- #wéhduced
latter undergoes a destructive interference among the varioulagrams in cases where the branching ratio is otherwise on
component terms, causing the overall branching ratio to falthe higher side, causing the latter to fall sharply by about 5

at a particular region. orders of magnitudes for a particular value of the neutralino
Olg—T——T——T T T T T T T T 3 Olp—Tr—T——T7T—T T T T T T T 3
3 tan 3 =10 — 7 E tan 8 =10 — 13
[ o tanff =15 ~-- 1 [ s tan@ =15 --- 1
I - tan3 =20 ---- 1 [ tan3 =20 ---- 7
0.01 tan 8 =30 - 3 0.01 tan 8 = 30 - 4
. I i & . 3
= 0.001 ~ 0.001
0.0001 3 0.0001 3
1X10_5 [ 1 1 1 | ! 1 1 ! ] L ] 1X10_5 [ 1 1 1 1 1 1 1 | 1 1
40 50 60 70 80 9% 100 110 120 130 140 150 40 50 60 70 80 9% 100 110 120 130 140 150
(GeV) (GeV)

FIG. 4. Branching ratio for the deca?y}fevy (with SK). The FIG. 6. Branching ratio for the decéfp‘l’ﬂ vy. The remaining
remaining supersymmetric parameters are chosen as supersymmetric parameters are chosen @s500 GeV, €
=500 GeV, B;=—200 GeV, my=n1;=200 GeV, and mz =10 GeV, v3=1 GeV, B;=—200 GeV, mj=n;=200 GeV,
=600 GeV. andmy=600 GeV.
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0.01 T T T T T 3 0.1 T T T T T T 3
F tang =10 — 3 F tangd =10 — 3
tang3 =15 --- 1 r tang3 =15 --- 1
tan3=20 ---- 7 tan3=20 ---- 7
tan 8 = 30 - 1 tan 8 = 30 - 1
0.001 F 0.01
= f e .
@ @
0.0001 | 0.001 E
1X10—5 1 1 1 1 1 0.0001 1 1 1 1 1 1
20 40 60 1&0 100 120 140 20 40 60 80 100 120 140 160
b b
(GeV (GeV)
FIG. 7. Branching ratio for the decayf— vy (with SK), where FIG. 9. Branching ratio for the decay’— vy, whereM; and

M; andM, are free parameters. The valuehd§ is taken to be 300 M, are free parameters. The valueMf, is taken to be 300 GeV.
GeV. The remaining supersymmetric parameters are chosen as The remaining supersymmetric parameters are chosemn=as
=200 GeV, B;=-200 GeV, mj=nm,=200 GeV, and ny —500 GeV, e=10 GeV, vz=1 GeV, B;=200 GeV, ny=nm;
=600 GeV. =200 GeV, andn;=600 GeV.

able significance wher® parity is violated only through
filinear terms.

With the maximum value of the branching ratio for the
radiative decay being between 5% and 10%, two-photon sig-
als from such decays will fake signals like those of GMSB
n only a rather small region of the parameter space. Such a
. ; thing might happen when the lighest neutralino in GMSB is

present in the theory. The values of “‘?ea”d" "type cou- 1556 to the kinematic limit of production. However, the fact
pling constants have been used consistently with the currenf, + oy the bilineaR-violating terms can boost the branch-
limits [31]. We have already seen that the two potentially;ng ratig 1o the level of close to 10% has rather interesting
most important classes of diagrams, namely, those med'atE?H\plications in terms of observing distinctive signals of the
by the top quark and thé/, are absent in such a case. There-|5ier For example, pair-produced neutralinos at LEP ener-
fpre, it is hard!gy suregsmg that the branching ratios CannOtgies (assuming an intergated luminosity of 500 P can

rise above 10°-10""" over a large part of the parameter rgive rise to about 40 events where there is a radiative decay

space. The range in which the branching ratio tends to lie i n one side, leading to signals of the typei3y. There can

.SUCh a case maiches, as one would expect, t_he one to Wh'f)@ many more such events in a high-energy electron-positron
it falls when a cancellation of the large contributions takes

| in th i with bil | the radiati collider with an integrated luminosity of about 50 th
piace In the scenario with bilinears. In any case, e radialiVgy, 5 proper event selection strategy, radiative neutralino

branching ratio turns out to be too small to be of any observzjecay can thus be an interesting signatur&arity viola-
tion with bilinear terms.

mass, with all other parameters at the same values. This
seen wherM, /M is smaller than what it would have been
with the constraint of unification, and the dip is found to
occur when the two masses are quite close to each other.
Figure 10 is a sample showing the order of magnitude o
the radiative decay with only trilinedR-violating couplings

o I I ! T T T
0.001 —
0.0001 —
1x107° _
1x10-6 _
1x1077 _ I
1x10°8 _ %
1x10-9 _ I§
b0 ’ L 1 1 1 1
20

40 60 80 100 120 140 160 0.001 L 1 1 1 1 1 1 L 1 L
My 40 50 60 70 80 90 100 110 120 130 140 150

(GeV) Mo
(GeV)

0.1

B.R.

0.01

B.R.(x10%)

FIG. 8. Branching ratio for the decé)}if—> vy (with SK), where
M, andM, are free parameters. The valueM} is taken to be 150 FIG. 10. Branching ratio for the dec&ga vy in the scenario
GeV. The remaining supersymmetric parameters are chosgn as where onlyh and\’ terms are present. The remaining supersym-
=500 GeV, B;=-200 GeV, mj=ni;=200 GeV, and ny metric parameters are chosen @as —500 GeV, ;=200 GeV,
=600 GeV. andmz=600 GeV.
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V. SUMMARY AND CONCLUSIONS Ag=—mM'Z;,U3Cum+ (Ziz— Zistan Oy (1+2Q,))U3Cam
We have performed a detailed calculation of the branch- 1
ing ratios for the radiative decay— vy for the lightest + \/5[ ZioU— —=(ZiaUp tan b+ Zi3Uys) t Com
neutralino inR-parity violating SUSY models. It is seen that V2
the branching ratio can have a maximum value of about 5%— (A6)

10% whenR-parity violation has its origin in the so-called

“bilinear” terms in the superpotential, and is insignificantly B, =—m’Z;,U,3Cyn+ (Zj3—Zjstanoy(1+2Q,))UysCspy
smaller for that induced by “trilinear” terms. This, we point

out, can be an interesting way of obtaining characteristic 2l z.,u _i
signals for the former type of scenario. Our conclusion is that j2-k1 2
the chances of such radiative decays faking the two-photon

signals for gauge-mediated SUSY breaking are small, except (A7)

where the lightest neutralino in the latter is close to the ki- |
nematic limit of production. It is also seen that the accessibleBrR™M' (ZjsVksCam™Zj2ViaCam) +2Q - tanfwZ;4VisCan

(ZjsUp tanby+Zj5U k3)} Com

region corresponding to the MSSM parameter space does not 1
change appreciably upon subjecting the theory to constraints 4 /2 Zj1Via+ —=(ZjVia tanby+Z;3Vis) | Cim
from neutrino mass patterns required by the SuperKamio- V2
kande data on atmospheric neutrinos. (A8)
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APPENDIX Z’s are the neutralino mixing elments)’s andV’s are the

chargino mixing elements an@’s are the charged scalar
Here we outline the actual forms of the various quantitiegmixing elements.

used in the loop calculations in Sec. Ill. There are special cases for the top quark and bottom
We give ex+pressior_15 for the mixing parameté(s B, ,  squark: we have considered the effect of mixing betwigen
Ar . Br for W= loops in the bilineaR-parity violating sce- and g as well as betweeb, andbg. (i) For thet-t, tri-
nario. ang|e,
1 P e
AL =7 Vg~ ZiVia (A1) AL =(Z; +2QZ4tanby)(—sinb,) + —mWsin,B m,Z 11 COSH;
V2 (A10)
1 A M (—sin6) — 2Q, tanfyZ14cos0
= —sing,) — an cos
BL=-—=Z1Vie—Z;3Via (A2) R mysin B 11! t t W& 14 t
V2 (A11)
m; .
1 1 A3) BL:m221( —sin@;) —2Q, tan f\yZ,,COSH;
Ar=——=Z;sU\ o= ZizU1+ —=2Z;sU A3 W
R \/E i2¥ k2 i3¥ k1 \/E i5~ k3 (A].Z)
Br=(Z, +2QZ4tanbyy)(—sin 6,)
1 1
Br=——=Z,U\n,—Zi3Uy+ —=Z;isU (A4) 1
R \/E j2~k2 3kl \/E j5~k3 My Z,1COS6; . (A13)

+—
myy sin 3

where we havg =2 andi=1. Similarly for charged scalar In our convention{; is the lightest physical top squark and

loops we have couplings ort, can be obtained by replacing siné,
—C€0s6; and co¥,—sin 6
A =m"(Zi5Vi3Com—Zi2Vi3Cam) +2Q  tandwZisVisCam (i) For b-b; triangle,
1 AL=(—Z_+2Qb214tan0W)(—Sin 0b)
+2{ ZiyVia + T(ZMVKZ tanw+Zi3Vs) { Cim !
? + —1 Z 0 Al4d
(A5) mWsin,me 12C0S0y ( )
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my _ The integrals corresponding to the three-point functions
AR —m SInBZlZ( Sin Hb) - 2Qb tan GWZMCOSBb are
(A15)
1 1
o) P e - k]
S
B = - Smﬁzzz( sin0,) — 2Qy, tan f\yZ,,COSH, (A24)
(A16)
Br=(—Z5 +2QuZy,tanfy)(—sin6y) C,= ! d*q A
R—{7 &2 b424 w/{ ™ b - 5
"in? [(q2+mf)(q p)?+mZI[(q—kp)?+mf]
+ ! Z 0 Al7 (A25)
mysing 4226050 (A17)
1 4.9
with C.,=— | d*q = :
i) (@ mE) (g - p) A+ mEIl(g— ko) 2+ mi]
Z1 =Z15—Zystanby, (A18) (A26)
75 =Zys—Zoatanby (A19) They are expressed in terms of various form factors as fol-
lows:
In our con.\/entlorlb1 is the Ilghte§t physical bot'Fom §quark C,=—P,Ci+ky,Crs (A27)
and couplings ob, can be obtained by replacingsin 6,
—Cos#, and cos,—sin g, Coit ki ki C Ki 4D K: YCost S C
(iii) Degenerate sfermion loops: For up-type squarks we Cur=PuPyCortKuuke, Coo™ (PukaPrke) Cas %\2284)
can use the same expression as that for the top squark loop
without the mixing angle corresponding tp-tg mixing.  and
Similarly for down-type squark or charged sleptons, one can
use the expressions corresponding to the bottom squark loop Ki=Pu—Kay (A29)
modulo the mixing factor. Also the charges and the color L
factors should be properly included. ["=C1,—Cyy (A30)
In the case ofi-type couplings the expressions become
(for the down-type squarks 12=C, (A31)
AL=0(r") (A20) 13=144]"4 (A32)
AR: )\(O) (A21) |4: C23_ sz (A33)
andl’*# can be obtained frortf* by mg— m; interchange. For
BLl=r cosﬂ 212~ 2QaZ141aN 6w (A22) more details on the three-point form factors, see R2d].

J? is analogous td? but the denominator in EqA24)
will be changed to

(02+m2){(q—ky)?+m}{(q—p)2+m?}.

Br= mzlz'i‘ 2QgZystanby—24 (A23)
where appropriate generational indices should be considered
for the N- and\’-type couplings. The integrals which appear in the calculations.of, are

In the case of charged sleptons one should use the apprientical in form to those mentioned above but one should
priate masses and charge. One must remember that in theplacemg with my, and m; with M. Heremg andm; are
case of the trilineaR-parity violating scenario we have di- the masses of the scalar and the fermion appearing in the
agonalized a X 4 neutralino mass matrix. loop respectively andil, is the mass of the chargino.

[1] See, for example, CDF Collaboration, F. Adieal,, Phys. Rev. [2] K. Grassie and P. N. Pandita, Phys. Rev3@ 22 (1984; D.

Lett. 81, 1791(1998; Phys. Rev. D59, 092002(1999; DO Stump, M. Wiest, and C.-P. Yuaibid. 54, 1936 (1996); S.
Collaboration, S. Abachket al, Phys. Rev. Lett.78 2070 Dimopoulos, M. Dine, S. Raby, and S. Thomas, Phys. Rev.
(1997; DO Collaboration, B. Abbottet al,, ibid. 80, 442 Lett. 76, 3494 (1996; S. Dimopoulos, S. Thomas, and J. D.
(1998; L3 Collaboration, M. Acciarret al, Phys. Lett. B444, Wells, Phys. Rev. 54, 3283(1996; S. Ambrosanio, G. L.
503 (1998; OPAL Collaboration, G. Abbiendet al,, Eur. Kane, G. D. Kribs, S. P. Martin, and S. Mrenna, Phys. Rev.
Phys. J. C8, 23(1999. Lett. 76, 3498(1996; Phys. Rev. 64, 5395(1996; A. Gho-

115012-10



RADIATIVE DECAY OF THE LIGHTEST NEUTRALINO . .. PHYSICAL REVIEW D60 115012

sal, A. Kundu, and B. Mukhopadhyayijd. 56, 504 (1997); hep-ph/9901260; F. de Campesal, hep-ph/9903425.
A. Datta, A. Datta, and S. Raychaudhuri, Eur. Phys. 1, 875  [14] K. Enqvist, A. Masiero, and A. Riotto, Nucl. PhyB373 95
(1998. (1992; F. M. Borzumati, Y. Grossman, E. Nardi, and Y. Nir,
[3] For reviews, see, e.g., H. E. Haber and G. L. Kane, Phys. Rep.  Phys. Lett. B384, 123(1996; G. Bhattacharyya, ifProceed-
117, 75 (1985; Perspectives on Supersymmetegited by G. ings of SUSY ’'96edited by R. N. Mohapatra and A, Ras
Kane (World Scientific, Singapore, 1998 1. Simonsen, [Nucl. Phys. B(Proc. Supp). 52, 83 (1997]; H. Dreiner,
hep-ph/9506369. hep-ph/9707435.
[4] M. Dine, W. Fischler, and M. Srednicki, Nucl. Pny8189,  [15] |1y | ee, Phys. Lett138B, 121(1984; Nucl. Phys B246, 120
575 (1981; S. Dimopoulos and S. Rabybid. B192, 353 (1984; F. de Campos, M. A. GaratJaren, A. S. Joshipura, J.

(1981; G. Dvali and M. Shifman, Phys. Lett. B99 60
(1997; L. Randall, Nucl. PhysB495, 37 (1997.

[5] E. Poppitz and S. Trivedi, Phys. Rev. 35, 5508(1997; T.
Han and R. Hempfling, Phys. Lett. 815 161 (1997; E. J.
Chun, ibid. 454, 304 (1999; K. Choi, K. Hwang, H. B. Kim,
and T. Lee, hep-ph/9902291; M. Frank, H. Hamidian, and K.
Puolamaki, Phys. Lett. B56, 179(1999.

Rosiek, and J. W. F. Vallabid. B451, 3 (1995.
[16] J. W. F. Valle, hep-ph/9808292.
[17] B. Mukhopadhyaya, S. Roy, and F. Vissani, Phys. Let#48
191 (1998.
[18] S. Roy and B. Mukhopadhyaya, Phys. Revbh®) 7020(1997).
[19] V. Barger, G. F. Giudice, and T. Han, Phys. Rev4@ 2987

[6] B. Mukhopadhyaya and S. Roy, Phys. Revs D) 6793(1998. (1989; J. E. Kim, P. Ko, and D.-G. Leeébid. 56, 100(1997);
[7] C. S. Aulakh and R. N. Mohapatra, Phys. Letl9B 136 G. Bhattacharyya and D. Choudhury, Mod. Phys. LettlG\
(1982; F. Zwirner, ibid. 1328, 103 (1983; L. J. Hall and M. 1699 (1995. _
Suzuki, Nucl. PhysB231, 419 (1984; G. Ross and J. W. F. [20] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kov-
Valle, Phys. Lett151B 375(1985; S. Dawson, Nucl. Phys. alenko, Phys. Rev. Let?5, 17 (1995; K. S. Babu and R. N.
B261, 297 (1985. Mohapatrajbid. 75, 2276(1995.

[8] L. J. Hall and M. Suzuki, Nucl. Phys3231, 419(1984; S.  [21] S. Dawson8].
Dawson, ibid. B261, 297 (1983; R. Hempfling, [22] K. Agashe and M. Graesser, Phys. Re\64)4445(1996; M.

hep-ph/9702412. Chemtob and G. Moreaibid. 59, 116012(1999.

[9] E. J. Chun, S. K. Kang, C. W. Kim, and U. W. Lee, Nucl. [23] S. Dimopoulos and L. J. Hall, Phys. Lett. 87, 210(1987;
Phys. B544, 89 (1999; V. Bednyakov, A. Faessler, and S. R. M. Godbole, P. Roy, and X. Tata, Nucl. Phy401, 67
Kovalenko, Phys. Lett. B42 203(1998; A. S. Joshipura and (1993; J. Kalinowski, R. Rakl, H. Spiesberger, and P. M.
S. K. Vempati, Phys. Rev. B0, 095009(1999; O. Kong, Zerwas, Phys. Lett. B06 314 (1997.

Mod. Phys. Lett. A14, 903 (1999; D. E. Kaplan and A. E. [24] D. Choudhury and S. Raychaudhuri, Phys. Lett4®&l, 54

Nelson, hep-ph/9901254. (1997; G. Altarelli, J. Ellis, G. F. Giudice, S. Lola, and M. L.
[10] Superkamiokande Collaboration, Y. Fukuelaal, Phys. Rev. Mangano, Nucl. PhysB506, 3 (1997).

Lett. 81, 1562(1998; 82, 2644 (1999; T. Kajita, talk deliv- [25] H. Dreiner and G. G. Ross, Nucl. Phyg365, 597 (1991); S.

ered at Neutrino '98, Takayama, Japan, 1998. Dimopoulos, R. Esmailzadeh, L. J. Hall, J. Merlo, and G. D.
[11] A. Joshipura and M. Nowakowski, Phys. Rev. 1, 2421 Starkman, Phys. Rev. B1, 2099(1990.

(1995; 51, 5271(1995; F. Vissani and A. Yu. Smirnov, Nucl. [26] L. J. Hall and M. Suzuk[8]; M. Drees, S. Pakvasa, X. Tata,

Phys.B460, 37 (1996; M. Nowakowski and A. Pilaftsisipid. and T. ter Veldhuis, Phys. Rev. B7, 5335 (1999; R.

B461, 19 (1996; R. Hempfling, ibid. B478 3 (1996; T. Adhikari and G. Omanovicipid. 59, 073003(1999; S. Rak-

Banks, Y. Grossman, E. Nardi, and Y. Nir, Phys. Revb®) shit, G. Bhattarchyya, and A. Raychaudhuiid. 59, 091701

5319 (1996; B. de Carlos and P. L. Whitdabid. 54, 3424 (1999.

(1996; H. P. Nilles and N. Polonsky, Nucl. PhyB484, 33 [27] H. E. Haber and D. Wyler, Nucl. PhyB323 267 (1989.

(1997. [28] G. 't Hooft and M. Veltman, Nucl. Phy8153 365(1979; G.

[12] B. de Carlos and P. L. White, Phys. Rev.55, 4222(1997); Passarino and M. Veltmaihid. B160, 151(1979. The calcu-

E. Nardi, ibid. 55, 5772(1997; A. Akeroyd, M. A. Diaz, J. lations have been done using the algorithm developed in B.
Ferrandis, M. A. Gare-Jaréo, and J. W. F. Valle, Mukhopadhyaya and A. Raychaudhuri, Phys. Rev39) 280
hep-ph/9707395; A. Faessler, S. Kovalenko, andifk8vic, (1989.

Phys. Rev. D58, 055004(1998; M. A. Diaz, J. Ferrandis, J. [29] See, for example, R. Hempflif@]; E. A. Baltz and P. Gon-

C. Roma, and J. W. F. Valle, Phys. Lett. B53 263(1999. dolo, Phys. Rev. 57, 2969(1998.

[13] Tai-fu Feng, hep-ph/9808379; M. A."&u, E. Torrente-Lujan, [30] For similar studies in the MSSM, see, for example, S. Ambro-
and J. W. F. Valle, Nucl. Phy8551, 78 (1999; J. Ferrandis, sanio and B. Mele, Phys. Rev. %5, 1399(1997); 56, 31571E)
Phys. Rev. D60, 095012(1999; M. Bisset, O. C. W. Kong, C. (1997.

Macesanu, and L. H. Orr, hep-ph/9811498; M. Hirsch and J[31] See, for example, R. Barbiet al, hep-ph/9810232 and refer-
W. F. Valle, hep-ph/9812463; C-H. Chang and T-F. Feng, ences therein.

115012-11



