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Single-photon signals at CERN LEP in supersymmetric models with a light gravitino
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We study the single-photon signals expected at CERN LEP in models with a very light gravitino
(mg=10"3eV). The dominant process is neutralino-gravitino product®fe(” — yG) with subsequent neu-
tralino decay viay— yG, giving a y+ E,iss Signal. We first calculate the cross section at arbitrary center-of-
mass energies and provide new analytic expressions for the differential cross section valid for general neu-
tralino compositions. We then consider the constraints on the gravitino mass from LEP 1 and LEP 161
single-photon searches, and possible such searches at the Fermilab Tevatron. We show that it is possible to
evade the stringent LEP 1 limits and still obtain an observable rate at LEP 2, in particular, in the region of
parameter space that may explain the C®&yy+ Er njss €vent. As diphoton events from neutralino pair
production would not be kinematically accessible in this scenario, the observation of whichever photonic signal
will discriminate among the various light-gravitino scenarios in the literature. We also perform a Monte Carlo
simulation of the expected energy and angular distributions of the emitted photon, and of the missing invariant
mass expected in the events. Finally we specialize the results to the case of a recently proposed one-parameter
no-scale supergravity mod¢50556-282(197)01809-2

PACS numbdss): 14.80.Ly, 12.60.Jv, 13.40.Hq

[. INTRODUCTION We should emphasize that even though we are encour-
aged by the natural interpretation of the CDF event within
Supersymmetric models with a light gravitin(:bI have cer;ain Iigh_t—graviti.no ;cenqrios, we believe that such sce-
been considered for some tirig—5], but interest on them Narios are interesting in their own right and should be fully
has recently surgef®—8] because of their ability to explain explore(_i Irrespective of the status of the CDF event. This is
naturally the puzzlinge* e~ yy-+ Eq e event observed by the motivation for this analysis. One may parametrize mod-

the Collider Detector at FermilalcDF) Collaboration 9]. If ils(mW'}?/l \)/g,r\% II%Citth ?,rr]avnt'r?gsga%inghi]arseslaggggaand
the gravitino is the lightest supersymmetric partidl&p), 120 PU R 12

. . . : p~2 a model-dependent constant. Specific forms of such
the next-to-lightest supersymmetric partibhL SP, typically 1,54 relation have been obtained in the literature in the con-

the lightest neutralinox), as we will assume hef&ecomes oyt of no-scale supergravif2,8]. Light gravitinos are also
unstable and eventually decays into a photon plus a graV't'”expected in gauge-mediated models of low-energy super-
(x— yG) [2]. This decay becomes of experimental interestsymmetry[6,14], where the gravitino mass is related to the
when it happens quickly enough for the photon to be obscale of supersymmetry breaking viag~6x10"° eV
served in the detector. Because the interaction of the gray- g,5/500 GeVY. However, the presently known models
itino with matter is inversely proportional to the gravitino in this category appear unable to accomodate gravitino
mass, the neutralino lifetime will be short enough for a suf-masses light enough to yield observable single-photon sig-
ficiently light gravitino:mg=250 eV[7]. On the other hand, nals. Our analysis of direct experimental limits on the grav-
the gravitino may not be too light, as otherwise it would beitino mass also complements analyses of indirect constraints
copiously produced leading to distinctive signals at colliderson mg from, e.g., cosmologicdl11] and astrophysical con-
that have not been observgsl5] or cosmological11l] and  siderationd12].
astrophysica[12] embarrassmentsng>10"° eV. Searches Experimental searches for supersymmetry are consider-
at the CERNe*e™ collider LEP 1 strengthen this limit to ably more sensitive in this type of neutralino-unstable super-
mg=10 % eV in large regions of parameter space, whensymmetric model. First of all, the lightest easily observable
m, <M [13]. supersymmetric channel is no longer a pair of charginos

(xTx7), but instead a pair ofthe usually lighter neutrali-

nos (xx), or if the gravitino is light enough

*Permanent address: Shell E&P Technology Company, 3737 Bekmgz=<10> eV) the neutralino-gravitino channelyG).

laire Boulevard, Houston, TX 77025. These new channels allow a deeper exploration into param-
'We assume thaR parity is conserved, as otherwise the decayeter space. Furthermore, because of the photonic signature in
p—GK* may occur at an unsuppressed rie]. all supersymmetric processes, it becomes possible to over-
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come the loss of experimental sensitivity that occurs when

—_——
the daughter leptons become too s@s in chargino pair ° ! x
production whenm, +—m, <10 GeV or m,=>m;>m = } .
—3GeV), and therefore absolute lower bounds on sparticle |

masses become experimentally attainable in this class of AN —— -

models. Indeed, diphoton searches at LEP 1@6%.,
Js=161 GeV)[15] have been recently showii6] to ex-
clude a significant fraction of the parameter space that is FIG. 1. Feynman diagrams for neutralino-gravitino production
preferred by the supersymmetric interpretations of the CDFAt LEP:(@ s-channely andZ exchange antb) t-channel selectron
event within light gravitino model&Ongoing runs at LEP 2 €xchange®g ). Additional u-channel diagram not shown.

should be able to probe even deeper into the remaining pre- ] . . ]
ferred region of parameter space. give new analytic expressions for the corresponding differ-

Our purpose here is to consider in detail a complementar§ntial cross sectiotBec. 1). Next we reassess the constraints
signal in light-gravitino models, namely the associated pro©n the gravitino mass in view of the full LEP 1 data set and
duction of gravitinos with neutralindswhich may be ob- imposing the preliminary limits obtained recently from runs
servable in collider experiments fong=<10"3 eV. The re- at LEP 161 (/s=161 GeV), for general neutralino compo-
Su|ting Sing|e_phot0n Signa' has been recent|y shown to béltlonS(SeC. I“) We also comment on the pOtentIal of analo-
observable at LEP 2 in certain range of gravitino masses, bious searches at the Tevatron. We then perform a Monte
only when the diphoton signal from neutralino pair prodUC_Carlo simulation of the production and decay processes lead-
tion is itself not kinematically accessibj&3]. Therefore, ex- g to the single-photon signal and obtain energy)(and
perimental observation of whichever photonic signal will @hgular (co8,) distributions for representative points in pa-
provide very useful information in sorting out the various rameter spacéSec. IV), and also discuss the missing invari-
light-gravitino scenarios in the literature. The gravitino massant mass distribution expected in the events. We show that
plays a central role in gravitino-production processes, whosene may evade the LEP 1 limits and still obtain observable
rate is inversely proportional to the gravitino mass squaredingle-photon signals at LEP 2, although only when the
(1mZ). In contrast, the precise value of the gravitino masgliPhoton signal from neutralino pair production is kinemati-

. X . s cally inaccessible. Finally we specialize our results to the
plays a minor role in the production of the traditional super- ase of our proposed one-parameter no-scale supergravity
symmetric particles, as it determines only the decay length o odel[8,19] (Sec. \}. Our conclusions are summarized in
the neutralino. The neutralino-gravitino process of interest ag ' T

LEP is ec. VI
- g m Il. THE e*e™—xG PROCESS
g(e" e = xG— y+Enisd* —5, With g=\/1——,
mg S The Feynman diagrams for neutralino-gravitino associ-

(1) ated production at LEP are shown in Fig. 1, and include
] ) ] .. s-channely andZ exchange, ant+ andu-channel selectron
which prpwdes an experlmgntal han_d!e on the graV|t|n0(éR’L) exchange. At the peak one expects thechannel
mass. This process was considered originally by Fe8jein 7 exchange diagram to dominate, and one may simply cal-
the restricted case of a very light photinolike neutralindo culate the amplitude foZ—>Xa decay[5]. This result is

8 . .
noted that theg _threshold behavior in qu) resul_ts from .accurate as long as the neutralino has a non-negligible
subtle cancellations among all contributing amplitudes. Di-

i Lo : . -ino component. However, for photinolike neutralinos the
mensional analysis indicates that this cross section excee Sher diagrams become important. This is also the case for

electroweak ~strength  whenM3/(M %Im(%;) =aweak O  any neutralino composition for center-of-mass energies away
ME= ayaM3/Mp~10"* eV. In the context of LEP 1, this from the Z peak (/s>M,). To deal with all cases at once,
process was reexamined in the restricted case of a neutralinge perform the complete calculation of all diagrams contrib-
with a non-negligibleZ-ino component, where the resonant yting toe*e™— yG. We first present the general form of the
Z-exchange diagram dominatgs]. differential cross section and later specialize the result for the
In this_paper we first calculate the cross section for theparticular case of a photinolike neutralino in order to ex-
e“e”— xG process at arbitrary center-of-mass energies angound on certain theoretical issues and generalizations of our
results.
In calculating interactions of gravitinos with matter one
2We should point out that alternative supersymmetric interpretacan proceed in one of two ways. One may calculate with the
tions of the CDF event have been proposed, involving a one-looffiull couplings in the supergravity Lagrangian, in which case
radiative decay of the next-to-lightest neutralifib7] or a light  the vertices of interest are given by, 11]
axino[18]. Analyses of the impact of LEP searches on the allowed
parameter spaces of these models have not yet appeared. - = MY , e 1
3Gravitino pair production g"e”"—GG) exceeds neutralino- eeg; G, > WPR,Lp’év Yo ¥G Mppy[ YprYolVur (2
gravitino production ¢*e”— xG) only for gravitino masses that
have already been excluded experimentalyz&10 ¢ eV). The
single-photon signal is further suppressed by a factar 6bm the ~ Where the(spin Goldstino component of thegravitino
radiated photon. field is G = d,4/mg, andM =2.4x 10'® GeV is the appro-
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priately scaled Planck mass. Alternatively one may calculate

g )2 (Ci+cl) 2s(s—md)(t2+u?)

using a set of much-simplified effective Goldstino couplings F =(N’ ,
[3] g p pling zz 12C039W 2 (S—M§)2+(FZMZ)2
(11)
m2—m? m-
~ e e ~ vy _ 2 _ 2
e o« ——Pg,, o6 —— , P , (—t)(2st9) , (—1)(2st9)
SR ome B T omme T R (N X — (NpeX) o, (12)
3) s(t— m—éR) s(t— m»éL)
The full and effective couplings give the same results for the , (—u)(2sWP) , (—u)(2s1P)
cross sections of processes where the typical bad high-energy F,,= (N1, Xg) >——(NyeX) >,
behavior of the gravitational amplitudes is cancelled com- s(u—mg) s(u—mg )
pletely by the diagrams involving only gravitinos and regular 13

supersymmetric particles. This is the case for the

e"e” — xG process in hand, where we have verifigd the . (N’ X g ) (—t)(2st?)(s—M3)

pure photino limi} that both ways of doing the calculation "zt— — | M12*RR —M2\2 29/t 2
give identical results. For a derivation and explanation of the CoFw/[(s=M2)*+(IM2)°](t Me)
meaning of the effective couplings see Rgffl]. The sim-

plification of using the effective couplings is not beneficial in +
other processes, such as gravitino pair production, where dia-
grams including graviton exchanges must also be included to

(—1)(2s8)(s—M32)
N1,CL X J ) z

coSw/[(s—M2)2+(I'zM2)?](t—mZ )’

cancel the bad high-energy behavior of the amplitudes (14)
[3,11]. Also, it is not clear whether this simplification may be ) )
used in the case of broken gauge symmetries, and therefore (. 9 (—u)(2su)(s—M32)
we have used the full couplings in the case of neutraling Zu~ — 10r Rcoshy [(s—M2)2+(FZMZ)2](u—m3 )
composit ions other than pure photino, where shghannel ‘ °R
Z-exchange amplitude must be taken into account. , 9 (—u)(25P)(s— M%)
+ NlZCLXL CO$ 2.2 2 2 !
A. General case w/[(s=M32)“+(I';My) ](U—msL)
The differential cross section for a general neutralino (15

composition is given by

! ! g
do _(S_m)z() F(s,t,u) FyZ:_2<N11leem)

= 4)
dco®®  327S° g(Mmz)2’ (
(Mmg) (CrtcL) 25(s—m?)(t12+u?)(s—M3) 6
where as usual we define 2 s[(s—M2%)2+(I';M)?] (16
t=—3(s—m3)(1-cos), (® In these expressions we have used the followérgs -x
(Xr) ande-e-Z (cr,) couplings[20]:
u=—3(s—m)(1+cos). (6)
, | gSIM Oy
The functionF(s,t,u) receives contributions from each am- Xr=Npe=Njg—/—7F—, (17
: ) . coYy
plitude squared and various interference tertasme of
which vanish. In an obvious notation, we find g
— _N.e—N’ 1_ g
F=F, +Fy+FutFoptF o+ F o+ FytFputF oz, Xu= =Ny Nipeo (3 —sir fw), (18
(7
where Cr=SiN 6y, (19
2s(s—m2)(t?+u?) cL=—3+sinfoy, (20)
Fyy:(Nile)z SZ ’ (8)
whereN1, andNj, denote the photino argérino components
o 2 o 2 of the neutralino, respectively. Indeed, the lightest neutralino
o, St m—t(=t) LMy —t)(—t) may be written in two equivalent way&0]:
Fu=(Xp) 2—2———+ (X2 —2———, (9)
(t_m’éR) (t_mEL) = 'S 0 0
X=N137+NZ+NygHy+NygH3, (21
u?(m2—u)(—u) u?(m2—u)(—u) ~ ~ ~ ~
Fu=(Xp)?—— 55—+ (X)) —————— x=N11B+NyaWa+NygH]+NiHp (22
(u—mER) (u—mEL)

(10 related by
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N,=Ny,c089,,+ N1sinbyy, combined with the §— m)z() term from the phase space inte-
gration [see Eq.(4)] yields a cross section proportional to
NZ,= — Ny;Sin6yy+ N1,c0Hyy - 23  B°with g=\1-mis.

The above results were originally obtained by Fajait
_ based on a calculation of the cross section using the effective
B. Pure photino case couplings[Eq. (3)], and have been obtained here for the first
This special case is useful in order to expose variougime using the full coupling$Eq. (2)]. Such an equivalent
subtleties in the calculation that become less appai@nt expression for the cross section makes more evident some
though they are still presenin the case of a general neu- further properties of the results, and we thus give it explicitly
tralino composition. The*e —>7G case is also important here too. The expression fer using the effective couplings
because the result can be readily taken over to the case becomes
gluino-gravitino production in quark-antiquark annihilation
at hadron collidersdg—gG).
In this special case the couplings of the neutralipbo-

- 2s(s—m?) +4uts/m?
Fli= mf '~ X

X S

tino: Nj;=1, Nj,=0) to matter are very simple: ) )
Xgr=e=—X_, Fzz=Fz=Fz,=F,;=0, and (my—=t)(=1) + (my—u)(—u)
_ - (t—mZ )2 (u—m? )2
F—F7=e*(FJ+F+F)), (24) R R
—2st —2sU)
where +m)2(m%R ( ) N (

s(t— m%R) s(u— m%R)
2s(s—m?)(t?+u?)

F7= > . (25 (M-H(=) (m-w(-w
S t-md ) (u-mg)?
- tY(m2-t)(—t) u*(mi—u)(—u)
FY= X X _ _
©t-mg )P " (u-mg )? +m§m?é{( 25? ( 25[;') . (29
L s(t—mgL) s(u—mgL)

t?(—2st)  u?(—2su)
+ ’
s(t— m%R) s(u— m?éR)

(26) Despite the seemingly different appearanceEZﬁ andF?,
it can be verifiedat least numericallythat they give identi-
cal results. UsingF it is immediately apparent that the

- t2(m)2(—t)(—t) uz(mf(—u)(—u) cross section vanishes in the unbroken supersymmetry limit
Fl= (—m2 )2 + (U—m2 )2 (i.e.,m, ,mg ro—0),asit should[Note also that for a mass-
e e less photmo(a case of interest in the early literaturihe
t2(—2st)  u%(—2su) s- channel_ diagram does not pon_trlbl]té'he el threshold
5 . (27 behavior is not so apparent this time. One can first note that
s(t—mg ) s(u—mg ) near threshold=J; becomes independent af;,  and de-

pends only orm . A little algebra then shows that indeed,
With this relatively simple expression we can verify cer- ja5¢ threshoIdFeﬁoc(s m )3 and thus the samg® thresh-

tain expected behaviors of the cross section. First, in thgy pehavior results, although this time as a result of a can-
limit of unbroken supersymmetrymxam =0, Mg . cellation ‘among all of the contributing amplitudes.

—Mg=0, s+t+u=m:—0, one can readily verify fromthe  TheFZ, form is also useful in exhibiting the dependence
above equations thﬂ7—>0. The vanishing of the cross sec- of the cross section on the selectron masses. As is evident
tion in this limit is expected as the spineomponent of the from Eq. (28), the cross section increases with increasing
gravitino (the Goldsting becomes an unphysical particle selectron masses, eventually saturating for very large values
when supersymmetry is unbroken, as it is no longer absorbegf mg. Thus, the decoupling theorem still holdse., large
by the gravitino to become massive. values of the sparticle masses have no effeaithough its

A related manifestation of this phenomenon can be exspecific implementation here is rather peculiar.
posed by Studylng the threshold behavior of the cross sec- Before moving on to numerical evaluations of the cross
tion. The spin; (Goldsting component of the gravitino is sections, let us note that the above expressions for the pho-
essentially obtained by taking the derivative of the full grav-tino cross sectior(using either the full or effective cou-
itino field, thus making the Goldstino couplings proportional plings) can be adapted very easily to describe gluino-
to the Goldstino momentunk(’). At thresholdk“—0 and  gravitino production in quark-antiquark collisions at the
there is an additional suppression of the cross section besidggvatron or CERN Large Hadron Collider(LHC)
the klnematlcal one. Threshold corresponds to the Ilmlt(qugG) In this case the process is mediated by
s—m? and therefore from Egs(5), (6) t,u go to zero s channel gluon exchange atdthannelq, g exchange. One
as (s—m ) In the above expression f&?, one can see that needs to replace the'eg | -x (Xr,) couplmgs in Eqs(17),
near threshold each term is proportional so-(m;, 23 which  (18) by those appropriate fa- Jr L-X, ONE needs to replace
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+ - ~ gauginolike neutralinos is motivated by the explanation of
ce’e—yxG _>Y+Emiss) [pb] Vs = Mz the CDF event, which would become rather unnatural for
Higgsino-like neutralinos with a very small gaugino admix-
ture. (Otherwise possible Higgsino admixtures weaken the
single-photon signal studied herén the photino case the
Z-exchange amplitude is absemM;=1=N;,=0) and one
must also specify the selectron masses which mediate the
t- andu-channel diagrams; we have taken the representative
values mg_=mg =75, 150 GeV. Increasing the selectron
masses further leads to only a small increase in the cross
section, e.g., am, =0 one ﬁndSO";AZ: 1.48, 2.09, 2.36 pb
for mg=150, 300, 1000 GeV, signalling the reaching of the
decoupling limit for large selectron masses discussed in Sec.
IIB.

In Fig. 2 we also showdotted line Lopez-Nanopoulos-
Zichichi (LNZ)] the results for a well-motivated one-

103

Z-ino

102

0 20 40 80 80 parameter no-scale supergravity moj@IlL9], which realizes
m., (GeV) the light gravitino scenario that we study here. In this model
X the neutralino is mostly gaugino, but has a small Higgsino

_ o ) component at low values ah, , which disappears with in-
FIG. 2. Single-photon cross sectiofia pb) from neutralino-  creasing neutralino masses; the neutralino approaches a pure
gravitino production at LEP 1 versus the neutralino masg)(for - B.ing at high neutralino masses. The selectron masses also

mg=10"° eV and various neutralino compositions. The “phqtino” vary (increasg continuously with the neutralino mass and
curves depend on the selectron mé&s, 150. The cross sections are not degeneratge., ms ~1.5mz ~2m.)
- Mg ~1.5mg, )

scale likea=m=°. The dashed line represents the estimated LEP 1 I . .
.G : This figure makes apparent the constraint on the gravitino
upper limit. Also shown is the result for a one-parameter no-scale . . ;
. mass that arises from LEP 1 searches: in some regions of
supergravity mode(LNZ). U 3 .
parameter space one must requireg=10""eV if

the e-e-y coupling[€? in Eq. (24)] by the strong coupling m, <M. To make this result more evident, in Fig. 3 we

(gﬁ), and one needs to insert the appropriate color factor. O?“Splay the lower bound on the gravitino mass versus the

. ; . . neutralino mass that results from the imposition of our esti-
course the integration over parton distribution functions also

Mz
needs to be implementeg realistic calculation would also Mated upper bound~, *<0.1 pb. (The curves that extend
include the gluon-fusion channel, which becomes quite relpeyondm, =M; result from constraints from LEP 2 data and
evant at LHC energies. are discussed belowiNote the dependence on the selectron

mass in the pure photino case.
Ill. EXPERIMENTAL CONSTRAINTS
B. LEP 161
_ . Recent runs of LEP at higher center-of-mass energies
The single-photon signal(+ EmisJ has been searched have so far yielded no excess of single photons over standard
for at LEP 1 by various LEP Collaboratiofi1]. We esti-  model expectations. The latest searchesy/st 161 GeV
mate an upper bound of 0.1 pb on this cross section. Thifayve produced upper limits on the single-photon cross sec-
estimate is an amalgamation of individual experimental lim-jop, o< 1pb [22]. We have evaluated the single-photon
. . . . o —1 Y "
its with partial LEP 1 luminositiest 100 pb ) and angular  ¢ross sections for the neutralino compositions used in Fig. 2
acceptance restrictiongcsf,|<0.7). Note that the single- ¢ s—161 GeV. This time all cases depend on the choice of
photon  background at theZ peak (mostly from selectron masses. The numerical results are shown in Fig. 4,
e’e —wpy) Is quite significant, as otherwise one would yjth the experimental upper bound denoted by the dashed
naively expect upper bounds of ordei£3/0.03 pb. To be  jine Note that this line extends only fan,>M, as for
conservative, in what follows we apply the 0.1 pb upper limity, ., the much stronger limits discussed in the previous
to our uncut theoretical cross sections. __section apply. Moreover, fang=10"° eV (as used in Fig.
A numerical evaluation of the single-photon cross SeCtIOI’14) LEP 1 limits requirem, =M. As the figure makes evi-
L X~ .

at LEP 1 versus the neutralino mass fog=10°eV is  gant form <M, the sensitivity to single-photon signals at
shown in Fig. 2, for different choices of neutralino compo-| gp 5 s n)z()t competitive with that at LEP 1.
sition (* Z-ino:" Nip~1, “B-ino:” Ny;=1, and “photino:” As discussed above, the cross sections in Fig. 4 increase
N3;=1), and where we have assumed the typical resulfyith increasing selectron massessturating at values some-
B(x—yG)=1.* We should remark that our emphasis onwhat larger than the ones showmnd conversely decrease
with decreasing selectron masses. The choice of selectron
masses also affects the near-threshold behavior of the cross
“Note that this implies a nonvanishingossibly small photino  section, with light selectron masses “delaying” the onset of
component of the neutralino, as would be required in tHeirfo” the B8 threshold dependendsee Fig. 4 Note also that the
case discussed above. photino,B-ino, andZ-ino cross sections become comparable

A. LEP 1
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Lower limit on mg (eV)

1074 10—4

s

105

1076 10~6
150

-3
104 - 3
4 f =
E 10-5 E- LEP 161 3
10—6 N 10—6 N W l L1 I ]
0 50 100 150 0 50 100 150

m,, (GeV
Y ( ) mx (GeV)

FIG. 3. Lower bounds on the gravitino ma@s eV) as a function of the neutralino mass() that result from single-photon searches
(y+Enis9 at LEP 1 and LEP 161. In the “photino” case at LEP 1 and the “photinoZ-iho,” and “B-ino” cases at LEP 161, the
selectron mass influences the results. We have chogeri75, 150, 300 GeV, denoted by solid, dashed, and dotted lines, respectively. Also
shown are the bounds in a one-parameter no-scale supergravity thddel

above theZ pole, when theZ-exchange diagram becomes C. Single photons versus diphotons

comparable to the other diagrams. In the case of the one- It has been made apparent in Fig. 3 thatrfogz<M, the
parameter mO(_jQLNZ) a peculiar bump appears. This bump ravitino mass is constrained tog>10 ° eV. If this was
is understood in terms of the selectron masses that vary COlkdeed an absolute requirement on the gravitino naes

tinously with the neutralino mass: at low valuesrof the 5 5| \a)yes ofm,) then the cross section for neutralino-
seleptron_masses are light and the cr.oss section approac'b%%vitino production at LEP 2 would be highly suppressed:
the light fixed-selectron mass curvg®); at larger values _of Fig. 4 shows thate®’<1pb for mz=10"5eV and o
m, the selectron masses are large and the cross section ap=_» Yo . Y
proaches (and exceeds the heavy fixed-selectron mass *Mg - IN other words, if the minimum observable single-
curves(150). This example brings to light some of the subtle photon cross section at LEP 2 is-0.1pb (i.e., for
features that might arise in realistic models of low-energyC~100 pb '), then mg=3x107° eV appears to be the
supersymmetry. limit of the sensitivity of LEP 2.
In spite of their apparent weakeness, LEP 161 limits on On the other hand, the processe™ — xx— ¥ ¥+ Epissis

the single-photon cross section are useful in constraining theensitive tomX<%\/§ and is independent of the gravitino
gravitino mass in a neutralino-mass range inaccessible awass. In light of the single-photon constraints on the grav-
LEP 1. Indeed, decreasing the gravitino mass in Fig. 4 by #ino mass obtained above, the diphoton process may be ob-
factor of 3 will make the cross sections some ten-timeservable at LEP 2 (i.e., mX<%\/§sMZ) only if
larger. The resulting lower bounds on the gravitino massng>10° eV and therefore single photons will not be si-
from LEP 161 searches are shown in Fig. 3. This figuremultaneously observable at LEP 2. Conversely, single pho-
shows that, as expected, LEP 1 limits dominate fortons may be observable at LEP 2 onlynif>M_, in which
m, <M. However, because of th&® threshold behavior at case diphotons may not be observed simultanedasiyhey

s=M,, LEP 161 limits “take over” for neutralino masses require /s>2M,~190 GeV). This dichotomy between
slightly belowM 5, and in the “photino” case, considerably single-photon and diphoton signals at LEP was first pre-
belowM . sented in Ref[13].
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+ - ~ tional light and strongly interacting particle$ @nd P), an
a0 cee—>yG-oy+ Emiss) [pb] assumption that depends on the detailed nature of the mecha-
CETTTTTTTTTITTTT T nism that leads to a very light gravitino.

F—&ino(150) Vs = 161 GeV

25 E. New channels

Another set of channels of interest at the Tevatron consist
of the associated production of gravitinos with neutralinos or
charginos

2.0
[ photino (150)

1.5 . — = ~
Z-ino (75) pp—xG,x*G, (29

||||||||||||||I||n

1.0

which have the advantage ovep—gG of much less phase
space suppression. The most basic channefids- xG,
which leads to ay+ E1 nssSignal. The cross section for this
process can be readily obtained from the expressions given
in Sec. Il by replacing the initial state electron-positron pairs
by quark-antiquark pairs, the exchanged selectrons by
m,, (GeV) squarks, and by integrating the resulting expression over par-
X ton distribution functions. We have estimated this cross sec-
tion and find that it may be quite significant: up to
85, 25, 15 pb form, =50, 75, 100 GeV andng= 10 % eV,
d in favorable regions of parameter space. In the best case
curves have a fixed value for the selectron nma&s 150, whereas ~ SCe€nario of a Tevatron upper limit of 0.1 ., 10 events

. _ _1 ~
the dotted curve corresponds to a one-parameter no-scale sup#f- £=100 pb *), one may conclude thahg=(3, 1.6, 1.2)

gravity model where the selectron masses vary continuously with< 1074. eV for m, =50, 75, 100 GeV. Taken at face value,
the neutralino mass. The cross sections scale diken=2. The these limits are quite competitive with those obtained in Ref.
: <

preliminary LEP 161 upper limit is indicated. [23]. At the moment there are no single-photon limits avail-
able from CDF nor DO.
To improve the visibility of the signal, one may want to
consider theqg— x“G channel which, depending on the
The above lower limits omg are rather significant and chargino decay channel, may lead 46"+ y+ Et yiss OF
improve considerably on previous limits from collider ex- 2j+ y+ Et ;s Signals. The leptonic signal appears particu-
perimentg3-5,21 and astrophysical consideratiofi], as larly promising. For all these processes there are some im-
long asm, <M . There has also been a recent reassessmepbrtant instrumental backgrounds that need to be overcome.
[23] of the hadron collider limits obtained via associatedFor instancepp—W— ev,, where the electron is misidenti-
gluino-gravitino production gp—gG), and via indirect fied as a photorti.e., because of limitations in tracking effi-
gluino pair production §p—gg) where in addition to the ciency), leading to a very large “single-photon” signal
usual supersymmetry QCD diagrams the gravitino is exoB(W— eve)~2.4x 10°pb[24], which may be reduced sig-
changed in the andu channels. The multijet signature of nificantly by optimizing the tracking efficiency and making
these processes has been contrasted with experimental limggitable kinematical cuts. The other channels mentioned
from the most recent Tevatron run to show that if gluino pairabove face similar, although perhaps less severe, instrumen-
production is accessible at the Tevatror(ie.,, tal backgrounds e.g.,. WW—e+" y” +E1 nisd-
mg=200 GeV) then a lower limit omg>3x10"2 eV re-
sults_. This I|m|t_and our limits in Fig. 3 may be compa_red by IV. THE SINGLE-PHOTON SIGNAL
relating the gluino and neutralino masses, as occurs in super-
gravity models with universal gaugino masses at the unifica- The total cross section for neutralino-gravitino production
tion scalemg~3m, +~6m, . Thereforemz=200 GeV(as has been displayed in Fig. 4 for a specific center-of-mass
required for the bound in Ref23] to apply corresponds to  energy (/s=161 GeV) and for some illustrative choices of
m, <35 GeV. Consulting Fig. 3, we see that the Tevatronparameter values. The analytic expressions given in Sec.
limits are stronger in this neutralino mass range. Howeverll A. allow one to calculate these cross sections for arbitrary
the LEP 1(161) limit extends up tan,=M(2My), which  values of the parameters. In this section we would like to
corresponds tang=550 (960) GeV, which is far from the explore some characteristics of the actual signal, i.e., the en-
direct reach of the Tevatron. ergy and angular distributions of the observable photon and
By considering the further processep—gS,gP, where  the missing invariant mass distribution in the events.
S and P are very light scalar and pseudoscalar particles as- We should note that there is a different kind of single-
sociated with the gravitino, the lower bound on the gravitinophoton signal that arises for gravitino masse$00 eV in
mass becomes much less dependent on the gluino mass ameutralino pair production. Because the neutralinos are fairly
can be taken to bng>3x 10" eV [23]. This lower bound long lived in this case, only one neutralino may decay to a
is comparable with those obtained above by considering LEPhoton inside the detectpr]. This kind of heavier-gravitino
1 data. However, this result assumes the existence of addsingle-photon signal may be distinguished from our present

0.5

E photino (75)

|||||||||

N A A B T
0 25 50 76 100 125 150

FIG. 4. Single-photon cross sectiofis pb) from neutralino-
gravitino production at LEP 161 versus the neutralino masg) (
for mg=10"% eV and various neutralino compositions. The soli

D. Other limits



5820 JORGE L. LOPEZ, D. V. NANOPOULQOS, AND A. ZICHICHI 55

clete =y Goy+ E ) [PD] <& 1.0 I?x.=?o? .Gelv '.‘/.§=.1?0|G?V. .(J.B-Tn?). TS
26 — — ; —— — 2 E_ E
B-ino (150)! | I ] g 08 E =
) ) Vs = 190 GeV - T o086 fF —
o0 ] S 04 et =
’ ] § 02 E | | | S
: - 0.0 i S | L1 1 1 1 1 Ll 1 1 1 1 1 | B
] -1 -0.5 0 0.5 cosé 1
15 = m,=125 GeV, V3=190 GeV  (B-ino) "
: %ﬂ 1.0 1 T L) 1 I ] 1 T T ' ¥ ] ) T I T ¥ 1 T
] g 08 E
1.0 — o E
J ? 0.6 E_F- - =,
i 9 0.4 ;—/ """"""
1 ® 0.2 -
~ = E
0.5 - 3
] c 0.0 il S | 1 1 I 1 1 i 1 | 1 1 ] 1 I ] 1 i
. -1 -0.5 0 0.5 cosd
- ] =150 GeV, V= -
Y S M o g e 0 GV (n)
0 50 100 150 % 3 [ [ N
m,, (GeV) g 08E T~ E
X T 06E... .~ ~ L.
| . | B 04 T S
FIG. 5. Single-photon cross sectiofis pb) from neutralino- { 02 B~ N <
gravitino production at LEP 190 versus the neutralino masg) ( = 0.0 2NN B IR PN
for mg=10"% eV and various neutralino compositions. The solid -1 -0.5 0 0.5 cosd. 1
X

curves have a fixed value for the selectron m@ss 150, whereas
the dotted curve corresponds to a one-parameter no-scale super-

gravity model where the selectron masses vary continously with the F!G. 6. Normalized angular distribution of neutralinos of
trali Th ti le dikem="> B-ino composition in neutralino-gravitino production at LEP 190
neutralino mass. The cross sections scale dikenz”.

for m,=100, 125, 150 GeV anaz= 75 (solid), 150 (dasheg} 300

dots GeV.
light-gravitino signal by the presence of a visible displaced( ot Ge

vertex where the neutralino decayed. m,>M; (to avoid the stringent LEP 1 lower limits on

_ mg), we concentrate on the following three neutralino mass
A. Monte Carlo technique choices:m, =100, 125, 150 GeV. To gain some insight into

Our simulation proceeds in a standard way, making use dihe final distributions, we start by displaying the normalized
a “homemade” Monte Carlo event generator. We start in the€utralino angular distributions (&)(do/dcoss,) as a func-
rest frame of the decaying neutralino, where we generatfon of cod, for mg=75, 150, 300 GeV, anB-ino (Fig. 6),

y+G events that are isotropic in this reference frame.Z:in° (Fig. 7), and photindFig. 8) neutralino compositions.
) : - e total cross sections for each of the curves can be read o
Energy-momentum conservation requig$=|p’,|=3m The total t f h of th b d off
B 1P 1= 21

. Fig. 5 and for convenience have been tabulated in Table I.
which leaves two components of the photon momentum s can be seen from Figs. 6, 7, and 8, the angular distribu-

be generated at randofie., p’). We then boost the photon tjon varies quite a bit with neutralino mass, although mostly
momentum back to the laboratory frame using the neutralingor light selectron masses. Note that the angular distributions
four-momentum E,,p,), whose components are con- always remain finite, and generally show a preference for the

strained by the kinematics of the" e™ — yG process: central region.
E :£5 n m_)z( |5 E \/_g _ m)z( (30) B. Energy and angular distributions
Yo2o2yst TN 20 2 The observable photonic energy and angular distributions

can be quite unwieldly once we allow for the many choices

Here we have two components of the neutralino momentunof parameters that we have considered above. An examina-
unconstrained (c@4,¢,). For fixed values of these angles tion of all parameter combinations shows that both energy
we obtainE,, and cog, distributions, which are purely kine- and angular distributions are largely insensitive to the neu-
matical effects. The observable distributions are obtained byralino composition, being much more sensitive to the mass
varying (co%,,¢,) and weighing these kinematical distribu- parametersi.e., m, ,mz). This result is perhaps not surpris-
tions with the corresponding dynamical ¢}(do/dcosd,)  ing as the observable distributions of relativistic particles are
factors calculable from the expressions given in Sec. Il.  dominated by kinematical effects which depend crucially on

In what follows we focus on the case of LEP 190 the mass parameters. Thus, for brevity we show only the
(y/s=190 GeV). First we display in Fig. 5 the total cross result in theB-ino case which, in any event, is representative
sections for single-photon production at this center-of-massf typical supergravity models. The enerdy,) and angular
energy. These should give an idea of the reach in neutralinfcos,) distributions form, =100, 125, 150 GeV are shown
masses that may be accessible at LEP 190. As we expeitt Fig. 9 and Fig. 10, respectively, for
neutralino-gravitino production to be allowed only for mz=75, 150, 300 GeV. These distributions are obtained by
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m,=100 GeV, V3=190 GeV (Z-ino) 5 m,=100 GeV, Vs=190 GeV  (photino)
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FIG. 7. Normalized angular distribution of neutralinos of  FIG. 8. Normalized angular distribution of neutralinos of pho-
Z-ino composition in neutralino-gravitino production at LEP 190 tino composition in neutralino-gravitino production at LEP 190 for

for m,=100, 125, 150 GeV aniz=75 (solid), 150 (dashey} 300 M, =100, 125,150 GeV  and mg=75 (solid), 150 (dashed),
(dotg GeV. 300 (dots) GeV.

generating a total of 100 K events, which are then binned ir@s faithfully reproduced in the simulatior{®\Near threshold

2 GeV E, bins (Fig. 9 and 0.1 co8, bins (Fig. 10. For (m,~ y/s) the photon carries away half of the center-of-mass

S|mpI|C|ty, the histograms have been scaled by a factor oenergy] These distributions show that any given single-

0.01, thus roughly corresponding 1 K generated events. ~ photon candidate energ§() implies an upper bound on the
The energy distributiongFig. 9 show a significantn, possible neutralino masses consistent with the candidate

andmg dependence. As the neutralino mass grows, it tend§Vent

to produce harder photons. In fact, it is not hard to show that

in the decayy— yG, with a neutralino energy and momen- o Tee
tum as in Eq.(30), the photon energy is restricted to the M= 2\/§E7' (32
interval

5 The photonic angular distributiorifig. 10 are peaked in

&<E <\/_g (31) the forward and backward directions, even more so as the

neutralino becomes heavier. The selectron mass has an inter-
esting effect. In the case oh,=100 GeV, from Fig. 6 we

see that for heavy selectron masses the neutralino angular

TABLE |. Total cross sections corresponding to the differential Vd|str|but|on is fairly flat, and therefore the photonic distribu-
;I‘)srsozz‘::é’;isoizoi‘gn Ilon Figs. 6,7,8 at LEP 190. All masses in GeVijo s should reflect only kinematical effects, as they(ide,

Po. peaked in the forward and backward directipriSor light

selectron masses, the neutralino avoids the forward and

Composition My Me=75 me=150 ms=300 backward directions, and the kinematical effect on the pho-
B-ino 100 0.34 0.54 1.61 tons is diminished.
125 0.32 0.19 0.60
150 0.20 0.04 0.11 C. Missing mass distribution
Z-ino 100 0.19 0.49 1.12 The dominant background to the neutralino-gravitino sig-
125 0.10 0.17 0.42 nal is a single radiative return to tie e*e” — yZ— yvv,
150 0.06 0.03 0.08 where the photon is radiated off the initial state and Zhe
Photino 100 0.37 0.52 1.64 boson tends to be on shell. The most distinctive signature for
125 0.37 0.18 061 this background process appears in the missing invariant
150 0.23 0.04 0.12 mMass M iss= \/Emz — pzmiss distribution, which is strongly

peaked aM ic~M;.
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FIG. 9. Photonic energy distributions in neutralin@-ino-)gravitino production at LEP 190 fan, =100, 125, 150 GeV anthg=75
(solid), 150 (dashegl and 300(doty GeV. (Correspondsa 1 K events binned in 2 Ge¥y bins)

The missing mass distribution for the signal can be easily
determined, as in this case the missing energy and missing

momentum are given by

Emiss= \/g_ Eyl Pmiss™ | - 57| = Ew

M miss= VVS(y/s—2E,). (34)

The allowed range dff ;s is obtained by inserting the range
(33) of photonic energies in Eq31); we obtain

and therefore 0<M pigs< VS— M. (35
mx=100 GeV mx=125 GeV mx=150 GeV
60 LILELIL) I LELBE LI I rvri LU I- 60 -| LI I LN SR} | Traa I LU I- 60 _l LILILI LI I LR DL LILILI l_
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FIG. 10. Photonic angular distributions in neutralindd-ifo-)gravitino production at LEP 190 fom, =100, 125, 150 GeV and

mz=75 (solid), 150 (dasheg, and 300(dotg GeV. (Correspondsa 1 K events binned in 0.1 césbins)
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Histograms showing missing mass distributions fall in the 0.60
range specified by Eq35) and otherwise favor the upper
end of theM ,ssrange(corresponding to the lower end of the
photonic energy rangeFor brevity, we display these distri-
butions only in the one-parameter model example discussedg
in Sec. V below. &
We note in passing that the complementary diphoton-g
events from neutralino pair production have a dominant
background ¢*e”— yyZ—yyvv) that also peaks for
M nise= M7 [7]. In this case the missing mass in the diphoton
signal varies from zero up to a maximum value of
i(\s+ \/s—4mX2), in contrast with the result for the single-
photon signal in Eq(35). The M, distributions of the [
single-photon and diphoton signals differ not only in range, oo Lo o Lo v L0 1
but also in shape. )

(1/0) do/

0.45 — —

cosex
V. ONE-PARAMETER MODEL EXAMPLE

It should have become clear from the discussion in Sec. FIG. 11. Normalized angular distribution of neutralinos in
IV, that the signals to be searched for experimentally careutralino-gravitino production at LEP 190 fon, =60, 80, 100,
have a wide range of characteristics because of the variatiod€0, 140 GeV in ane-parameter no-scale supergravity model.
in the underlying parameters describing the neutralino-

gravitino process. In reality, the model of supersymmetryiines in those figures, which correspondrtg =300 GeV).

that describes nature will have all its mass parameters correryjs js to be expected as in the one-parameter model one has
lated in some way, and the actual observations may be g indicating increasingly heavier selec-

A ) z ~1.5mz ~2m
bewildering composite of the many curves shown above. T roers R
exemplify this situation, in this section we specialize our Fo.IIowing the method outlined in Sec. IV, in Figs. 12 and
results to the case of the one-parameter no-scale supergravify o ;

: . X we display the photonic energy and angular distributions
model th_at has_ been mentioned at various places in the P'& LEP 1p90y for Ft)hree represgr{tative n%utralino masses
ceding discussion.

The motivation, construction, and experimental conse—(m)(= 100, 120'. 1.40 GeV). The energy d!stributions.show
uences of this rr'10del have béen expounded on in det the same restrictive photon energy behavior as predicted by
glsewherc{lQ 8. Perhaps here it would l:F))e fit 1o iust i g. (31). The angular distributions are also peaked in the
L PS o Just mention ¢, vard and backward directions.
that from the point of view of unified supergravity models Finally we consider the missing mass distributions, which
with universal soft-supersymmetry breaking parameters aére obtained from Eq34), and are shown in Fig 14’ We
the unification scale, consistency conditions within the - s

model require that almost all of these parameters va(nish note the range oM miss: &S prescribed by E¢35), and the
X . : tendency to favor missing mass values toward the upper end
my=Ao=By=0), leaving the universal gaugino mass

(my,) as the seed of supersymmetry breaking. This choicgf the allowed interval. For the neutralino mass choices

essentially determines the spectrum of sparticle masses and
the various mass relations that have been commentedon F~ ~ [ "~ " " """ "1
above. This model also requires that the gravitino be the | s =190 GeV 140
lightest supersymmetric particle, thus leading to the photonic 3¢
decay signature for sufficiently light gravitinos.
We have already shown the single-photon cross sections |
for the LNZ model at LEP 1, LEP 161, and LEP 190 as the -
dashed lines in Figs. 2, 4, 5, respectively. The cross sections2e [—
for \/s>M show a peculiar bump that, as discussed in Sec. |
[l B, can be traced back to the fact that the selectron masses
vary with the neutralino mass. 3
As a first step towards obtaining the angular and energy 10—
photonic distributions, in Fig. 11 we show the normalized
neutralino angular distributions (d)(do/dcos,) for
Js=190 GeV and m, =60, 80, 100, 120, 140 GeV. The
total cross sections in each of these cases are ¢,
0=1.2,1.3,1.0,0.6, 0.2 pb. Note how relatively flat the an-
gular distributions are: no more than a 10% variation. This is E,(GeV)
to be contrasted with the wide range of variability observed
in the generic cases shown in Figs. 6, 7, and 8. In fact, the FIG. 12. Photonic energy distributions at LEP 190 in a one-
results in the one-parameter model resemble those in the gparameter no-scale supergravity model fan, =100, 120,
neric models when the selectron mass is ldige, the dotted 140 GeV.(Correspondsa 1 K events binned in 2 Ge¥y bins)

X’
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FIG. 13. Photonic angular distributions at LEP 190 in a one- o . o .
parameter no-scale supergravity model fan,=100, 120, FIG. 14. Missing invariant mass Q|strlbutlons at LEP 190 in a
140 GeV one-parameter no-scale supergravity model fog=100, 120,

140 GeV.(Correspondsat 1 K events binned in 2 GeM ,issbins)

shown, the missing mass shows a distinct preference to
larger thanM . (This is in contrast with théVl ;s distribu-
tion in diphoton events, which is more evenly distribujed.

b€ btleties involved in the calculation and some of the pecu-
liar parameter dependences of the cross section. We have
used our expressions to obtain new lower bounds from LEP
1 data on the gravitino mass fon, <M;. Weaker limits

VI. CONCLUSIONS from LEP 2 are obtained at higher neutralino masses. Our

. , study includes a Monte Carlo simulation of the single-photon

In this paper we have attempted to study in some detailjona) \which should be helpful in the experimental analyses
the physics O.f supersymmetric models with a gravitino l'gh.tthat are just now getting underway. We have also specialized
enough that |t_c3:an be produce_d directly at _colllde_r EXPeIlthe results to our one-parameter no-scale supergravity model,
ments:mg=10"" eV accompanied by neutralinos with non- b ore the signals can be analyzed much more simply be-

negligible gaugino admixture. Our discussion has centeredy e of the tight correlations between the model parameters.
mainly around LEP, from where the strongest constraints can

be obtained at the moment. We have nonetheless outlined the

corresponding program to be followed at the Tevatron,

where instrumental backgrounds make identification of the J.L. would like to thank G. Eppley, T. Gherghetta, and T.

single-photon signal a more challenging task. Moroi for useful discussions. The work of J.L. has been sup-
We have provided new and explicitly analytical expres-ported in part by U.S. DOE Grant No. DE-FG05-93-ER-

sions for neutralino-gravitino differential cross sections at40717 and that of D.V.N. by U.S. DOE Grant No. DE-FG05-

e*e” colliders and have discussed some of the theoreticad1-ER-40633.
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