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Light-gravitino production at hadron colliders
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We consider the production of gravitino§&) in association with glginosa) or squarks ) at hadron
colliders, including the three main subprocessgg—gG, and qg—qG, and gg—gG. These channels
become enhanced to the point of being observable for sufficiently light gravitino masges10 * eV), as
motivated by some supersymmetric explanations of the Collider Detector at Femwaiap+ E1 s €vent.

The characteristic signal of such events would be monojets, as opposed to dijets obtained in the more tradi-
tional supersymmetric procegp—gg. Searches for such events at the Fermilab Tevatron can impose lower
limits on the gravitino mass. In the appendixes, we provide a complete set of Feynman rules for the gravitino
interactions used in our calculatiof80556-282(198)02101-3

PACS numbsgps): 12.60.Jv, 04.65:¢e, 14.80.Ly

[. INTRODUCTION on monojet and multijet final states at the Tevatron are ob-
tained in Ref[10]. Limits also exist from astrophysical and
Supersymmetric models where the gravitir%)(is the cosmological consideratiorid1]. These limits are further
lightest supersymmetric particle have been considered in th€Vvised in Ref[12,13. More stringent constraints from tize
literature for some tim§1—3]. More recently they have en- decay width have also been obtained in Re8]. , ,
joyed a resurgence motivated by new models of dynamical  1h€ purpose of this paper is to examine the manifestation
supersymmetry breakinfd] and by possible explanations ©f lght gravitinos in the context of hadron collidérgwo
[5,6] of the puzzling Collider Detector at Fermilai€DF) gravm_no—mass-depen_der]t processes involving the strong in-
eeyy+Er miss€vent[7]. Most of the recent effort has been teractions come to mind:
devoted to studying the new signals for supersymmetry via
electroweak-interaction processes, that accompany such sce-
narios by virtue of the newly alloweq— yG decay(i.e.,
diphoton signals frome*e™ — yx and analogous signals in
pp production of a variety of supersymmetric chanh@fs-

pp—9g, (1)
Pp—G,GG. )

o . o . . The first processg{p— gg)proceeds via the usual supersym-
6], or via d|:ecf gravitino productiofi.e., S|nge photon sig- metric QCD diagrams, but receives in addition contributions
nals frome”e”—xG [8,9] or pp—xG,x~G [9). Much  fom new gravitation-induced diagrams involving exchange
less emphasis has been placed on strong-interaction prgs gravitinos in thet andu channelg[10]. For sufficiently
cesses at hadron collidefs, 10| light gravitino masses nig=10"3eV), the gravitation-

An important part of this phenomenological effort should jq,ceq contributions dominate the supersymmetric QCD
be directed at obtaining direct experimental information on

o ~ b ) ) ones, otherwise the reverse is true. This process is also kine-
the gravmljo mass. However, this mformathn will n(_)t come matically constrained at the Tevatronite;=<250 GeV. The
from the kinematical effects of such a very light particle, but

instead from the dynamical effect that each interaction verte>]f’ecOnd proc_essp(o—>gG,qG) only receives contributions
) . » g . .__~from gravitation-induced diagrams and is therefore only rel-
involving gravitinos is inversely proportional to the gravitino

o . evant for sufficiently light gravitino masses. However, its
mass. Lower bounds on the gravitino mass from Slnglekinematical reach at the Tevatron is much greateg fms
photon searches at LEP already exist, but are limited by ki- greateg (Mg

nematics at the CERN* e~ coliider LEP 1[8,9] and by =200 GeV). In Ref.[10], only the procespp—gG via

dynamics at LEP 29]. Limits on the gravitino mass based gluon fusion was studied. Here we consider f@ final
state as well, and also include thg andqg channels. We

find that for sufficiently light gravitinos rig=<3

*Electronic address: jaewan@diana.tdl.harc.edu
TPresent address: Shell E&P Technology Company, Bellaire
Technology Center, P. O. Box 481, Houston, TX 77001-0481. Elec- For definiteness, in what follows we will concentrate on the Fer-

tronic address: jorge@shellus.com milab Tevatron pp) collider, although the discussion applies with
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FIG. 1. Feynman diagrams for subprocegs—gG. p; andp, FIG. 2. Feynman diagrams for subprocegs—qG. p; andp,

are incoming momenta ang and p,, are outgoing momenta. Ar- &€ incoming momenta ang; andp, are outgoing momenta. Ar-
rows on scalars indicate direction of momentum and flow of particle}[lows on scalars indicate direction of momentum and flow of particle
flavor. avor.

x10°°) eV, the second process has a larger cross sectiomumerical results. In the appendixes we provide a derivation
even within the kinematical reach of the first procesg;(  of the interaction Lagrangian involving gravitinos, stating
=250 GeV). Some of our results disagree with those of Refclearly the conventions we use. We include the Feynman

[10]. rules relevant to our calculation and also provide compari-
It is also important to consider the gluino decay modessons with others using different conventions.
For sufficiently light gravitinos(mg= 10 % eV [14]) these In what follows we have not included processes involving

are dominated by —gG; otherwise they proceed in com- the scalar partners of the goldstit®andP). Such processes
plicated ways of whichj—qqy is an example. We then can also give rise to monojet signals in a hadron collider, if
obtain a partitioning of therig ,mg) space into four regions theSandP are light, and shall be addressed in future work.
of “low or high” values of the parameters, roughly delim- Limits on the gravitino mass that may be obtained using our
ited by mg~ 103 eV andmg~250 GeV. Note that in each results will thus be conservative.

of these regions we expect a signal dominated by a different Processes involving gravitinos suffer unitarity violation at
number of jets. These facts are summarized in the followindnigh energies due to the nonrenormalizability of the super-

sketch: gravity Lagrangiarj15]. To preserve unitarity until energies
. B p_),g._g BF—;Q_G %\a\g. P G.py 7“0“0*0%51 G.ps
high mg | —dax || G—aqax |, 2, T,
1 1 [
4 jetS 2 ]ets 2 8 PiiP2
o s S GOG060G006¢ % prbs
PP—9gg\ [ pp—0G S
e L | S 9999
low mg g—9gG g—gG |, $ 5 9999999 y
2 jets 1 jet &P &P 9% p A
low mz, high mg. 3 - l ~
g g o*@%;@\ G.ps ’33&;\, P S.ps
The sparse literature on this subject contains explicit expres W0, ”\@%\
sions only for thegg initiated subprocesses)¢—g9g,9G) ~ %
[10] and phenomenological analyges10] only for the left & Prbs oo
half (i.e., “low mz") of the above table. o
g 9999 o>
The above comments and processes generally apply 99999999 g 9999
squarks as well, with gluinos replaced by squarks-@Q) S & i Hep. A
and gluons replaced by quarkg-¢q). A sample squark
decay for heavier gravitinos G—qy. FIG. 3. Feynman diagrams for subprocegs—gG. p; andp,

In Sec. Il we present the cross sections for different chanare incoming momenta angh and p, are outgoing momenta. Ar-

nels at a hadron collider giving a monojet signal and arrows on scalars indicate direction of momentum and flow of particle
outgoing gravitino. In Sec. Ill we present a discussion of ourflavor.
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of the order of a few TeV typically requirasg=10° eV. A 1 4g? | 4s(s— m%)(t2+ u?)
t=
Hence, we shall take 16 eV as our lower bound on the do/d 4% 9% 16752 M2, 352
gravitino mass in what follows.
2t3(t—m2) .S 2u3(u—m?)
. art_m2 12 . Rr_m2 12
Il. ANALYTICAL RESULTS =12 3[t—maj]2 =12 3[“_”‘5,-]2
In pp collision there are three parton sub-processes giving 4st3 4s®
rise to a single jet along with a gravitino. As we mention - Py 3gu—m2 1l 4
above, the jet is initiated by either an outgoing gluino or =iz 3s[t—mg ] =12 3s[u—my ]

squark and the undetected gravitino is associated with misi'\bove M=(87Gy) Y2 where Gy is Newton's gravita-

ingtrggsverse cnergy. The difgrent parton sUbprocesses &g\ constant. The sums ovgrrun over the two squark
99—9G, qg—qG, andgg—gG. Below we present the mass eigenstates. Left-right squark mixing is not relevant for
differential cross sectiomlo/dt for each subprocess. The this channel(nor are they for the other two channglss
Feynman diagrams for each sub-process are provided igxplained in Appendix C. The total partonic cross section is
Figs. 1, 2, and 3, respectively. The hadronic cross sectiogptained by integrating the above from(s— m—2~) to 0. We
o(S) is obtained by convoluting the subprocess cross sectiofaye verified that our above result agrees with the differen-
‘}i,i of partond,j with parton distribution function$;(x,Q). tial cross section obtained in the second reference in[Bgf.
(Because of the relation between Mandelstam variadldés for e*e™ — yG (modulo color factors wherey represents a
andu, the partonic cross sections below may be expressephotino.

differently,) L The differential cross section for the subprocqgs—ﬁjjé
The differential cross section for the subprocgss—gG is given by (j=1,2 represents the two squark mass eigen-
is given by state$
|
o 492 2(s— m%j)zsu atuls 22U (u— m%j)(s— m%j)+t(m%— m%j)] 4st2u
oy = -
6X8x 16ms® M2m3, 3s? 3[t— m%j]2 3[u-ms)? 3s?
2 2 2 2 2
- 4teu(s— maj) 4u-s(s— maj) 4stu(s— mﬁ,-) 4t2y2 8t3u B AstiP
75+ 7=+ 2 + 2 7= T 2 7= (5
33[t—maj] 3s[u—m§] 3s 3[t—m—qj][u—m§] 33[t—maj] 3s[u—m§]

The above cross section is new and has not been obtained elsewhere in the literature. The total partonic cross section is
obtained by integrating the above from(s— m%_) to 0. When obtaining the total hadronic cross section for this channel we
J

sum over both squark masses and then multiply the result by a factor of 2 to include the subgﬁeéﬁ‘f;.
The differential cross section for the subprocgsgs-gG is given by

1 2497
4% 64% 16ms® M?m3,,

8(s—mZ)stu 4
3s? 3

t3(u+ m%)

do/dt=
7 [t—mZ]

+ (MEt?/s)

t(t— m%)+ u(u— m%)
[t—mg]?

ud(t+ mg)
[—g +(m2u?/s)

t(t—md)+u(u—ms)| 8(s—md)stu 8(s—mi)t’u  8(s—mi)tu?
u—ms]?

3s? 3s[t—-mZ]  3s[u—mg]

L4
3 [u—mz]?

8(s—ma)t2u?s  B(s—ma)t?u  8(s—mi)tu?
3t-meJlu-mg]  3s[t-mZ]  3s[u—mg]

(6)

The total partonic cross section is obtained by integrating the
above from—(s—mZ) to 0. The above differential cross )\:212 f“(pl,k>e”(p1m)=;lz e*(pz2,\)€"(P2,\)
section disagrees with the result in REE0] by a factor of ’ '
v2. However, if one replaces the definiton ok v 2 (ok? plpk
=(47Gy)Y? in Ref. [10] by the “standard” definitionx g s (PIPzFP1P2),
=(87Gy) Y2 then our results agree.

While obtaining the above differential cross sections one
must be careful while summing over polarization states of
the incoming gluofs). We have used wherep, , are the momenta of the incoming particlds$].

)
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(For example, forqg—ﬁ’Gv, we pick the incoming quark

— . ~_ —5
momentum asp,.) For gg—gG one could have alterna- ab,c,d: m3=(52,1,0.5)x10""eV

tively used 108 £ A AN
F d ]
> HpNe(pr)= S (P N)e(prh) =g ot © (@0)gq (pel -
\=1,2 A=1,2 B - [solid] ]
(8) L b\ - 4
100 = = =
and included the contribution of ghosts as in Réb]. E T o ]
The hadronic cross section corresponding to any partor 101 B = ~]
subprocess is given by o~ o3
- 0 (9G) g Inbl ]
a(S)= f dx, 0% f (X1, Q)f;(%2,Q) 7 [, ars( 1) ] 0 e sl N
1 1 R 10—3 I T N | | EUOR EURV P | L 11 | — '\_
=3 [Car | Cax1mti00,0)1 (7,015, o ae o

i,] ) T

mx [GeV]
) g

Abovei, j run over all partons, valence and sea, that partici- FIG- 4. Hadronic cross sections at the Tevatron that arise from
pate in the subprocesg,=p;/P; is the ratio of the parton the parton-level processegg—gg (solid lines and 993G
momentum to the hadron momentudi_:‘» the center of mass (dashed lines as a function ofmng for the indicated choices of the

energy of the Tevatron, is 1.8 Te¥=X X5, 179= 2m~/Sfor gravitino mass.
theqq andgg channels, ando—2m~/5for theqg channel gluon fusion is the dominant subprocess. As noted in Ref.

For theqq andgg channels we set the factorization sc@le [10], the pp—Qg cross section via gluon fusion is fairly
in the parton distribution functionf to be the gluino mass, independent of the gravitino mass forg>10° eV (see
while for theqg channel we seQ to be the squark mass. We riq 4). Therefore, as thep—gG cross section scales with

set the renormalisation scaleequal tom; and use the world m=2 we may conclude from Fig. 5 that the latter process

averagexg(my) =0.118 in the modified minimal subtraction /G ' - .
scheme. dominates over the former for gravitino masses as high as

mg~0.3—-1.0x10" % eV, depending on the gluindand
squark mass[Note that the results of Ref10] that we use
for o(pp—10g) include only the gluon fusion subprocess.

The three parton-level cross sections given in the previous The last channel to consider is that which originates from
section have been integrated over the parton distribution
functions as indicated above. We assume both squark masst ~ 5
are equal for simplicity. We start with thgg initiated pro- o2 mG=1x10""eV
cess:gg—gG, shown by the dashed lines in Fig. 4, as a A B B B
function of mg, for a few choices of the gravitino matthe i a,b,c: mz=250,500,1000 GeV
cross section scales Wlth~ ) For reference we also show 10! d: ma=m§
the gluino pair- producuon Cross section obtained in REJ] K
(solid lineg, which gives the order of magnitude of the tra- ;0
ditional supersymmetric signals at hadron colliders. For low
gluino masses the latter process dominates while for large!
gluino masses the single gluino cross section dominates 1ot
Here we disagree with Reff10] that thep?—fg”]'g Cross sec-
tion is greater than the cross section fgp—gG via gluon
fusion formg=10"°

The gluino-gravitino channel may also proceed from a \
quark-antiquark initial stateqg—gG). The hadronic cross 1078 f—————do o L ps 500
section in this case depends on the squark mass in addition t
the gluino mass. These are shown in Fig. 5 fog mg [GeV]
=10° eV and for various choices of the squark méssid
lines), and also for the special caserof,=myg (dotted ling. FIG. 5. Hadronic cross sections at the Tevatron that arise from
In this figure we also shoWdashed lingthe additional con-  the parton-level processq—gG (solid lines, as a function ofmg
tribution to this channel discussed abowv@e., from for the indicated values of the squark mass, and of the gravitino
gg—gG). It is evident that t thegq— GG channel generally mass(cross section scales mgz). Also shown for comparison are
dominates over thegg—gG channel formz=200 GeV.  the corresponding cross sections via ¢fte—~GG (dashed lingand
This is at variance with the observation in RE€L0] that gg—gg (dot-dashed linesubprocesses.

IIl. EXPERIMENTAL PREDICTIONS

RN
Ve
/

- N
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processes is beyond the scope of this paper, and in fact has

~ —5
mG=1x10""eV been considered previously in the literat{Be10]. These au-

10 o thors have shown that on imposing suitable cuts, a sizeable
K c a,p,c: m5=200,500,1000 GeV 1 signal may be observable over background. They then use

10t B dotted: mg=mg — limits on the multijet cross section at the Tevatron to exclude
D 3 certain regions of thentg,mg) parameter space. Here we
FONC- ~ ] simply comment that our signal calculations can exceed

100 - a c’(qG')qg,ch E those in Ref[10], and therefore one could expect an even
E 1 more detectable signal than previously anticipated. The task

-t L N of determining the actual observable signal is best left to the
E E experimentalists. We hope that our calculations of the total
C ] cross sections will help in deciding whether these signals are

1072 = worth pursuing in earnest.
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the parton-level processeg—GG, qg—g*G. The corre- APPENDIX A: COVARIANT DERIVATIVES

sponding cross section is shown in Figs._ 6 and 7. For squark \ye find it necessary to include the exact recipe for ob-
masses greater than 500 GeV and gluino masses less thafhing the Feynman rules from the relevant terms in the
500 GeV theqq channel dominates over thgg channel.  gpergravity Lagrangian, since there are many conventions
However for low squark masses tg channel dominates.  gyailable in standard references. Problems arise when one

Putting all light-gravitino signals together, one sees thaj,ses Feynman rules from different sources without properly
these cross sections are higher than the traditional 9'“'”8dapting them to a single scheme. For example, the conven-
pair-production one for gravitino masses as highma®  tions of Refs.[17-19 all differ from each other. For the
~0.3-1.0x10 “ eV, depending on the gluin@nd squark  fyture convenience of the reader, as well as ours, we provide
mass. FO"mé’“flo_sleV, these cross sections have a kine-3 self-consistent set of Feynman rules and present the de-
matical reach in gluino/squark mass about twice as deep agjled steps involved in obtaining them, along with necessary
the traditional gluino pair-production one. This reach de-comparisons with other references. Our goal is to provide a
creases quickly with increasing gravitino mass, being surset of Feynman rules for interactions involving gravitinos
passed by the traditional process foig~10“eV and that is consistent with Ref18].

higher. We define our covariant derivative as
The study of standard model backgrounds to the above

_ i TApAA
D,=d,+igsT A}, (A1)
Gravitino Mass=10" eV . . . )
1000 ; ; ravitino ,ass 10" with commutation relation of S(3) generators defined as
100 + 3 [TA,TB]: ifABCTC, (A2)
10 |k 250GeV =
] which lead to the tensor field
1 F -
0t b L) ST Fh,=0,A0—3,AL—gsfABCABAT (A3)
0.01 ¢ 7 These definitions follow those in Rei20], and differ from
0.001 E ] those in other texts. For example, in RE21] the authors
) ] elect to use anti-Hermitiam matrices, while Refd.22] and
0.0001 == .. 1000Gev E [23] use HermitiarT’s which, however, are negative of what
16-05 ! R Sl M we use. These different conventions result in different Feyn-
200 400

800 1000 man rules. For example, the Feynman rules for the quark-
quark-gluon vertex are
FIG. 7. Hadronic cross sections at the Tevatron that arise from

the parton-level processe;g,@ﬁa'é,a*é, as a function ofmg
for the indicated values of the squark mass and of the gravitino

i - A
mass(cross section scales aséz). igsTAAY, (A5)

600
Gluino Mass [GeV]

—ig TAA%, (A4)
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gsT AL, (A6) (e *P=(1,~ ). (B10)
in Refs.[20], [22, 23, and[21], respectively. Similarly, the The generators of the Lorentz group in the spinor represen-

Feynman rule for the three-gluon vertex depends on the cofation are given by
ventions used.

APPENDIX B: CONVENTIONS (Uw)ﬁ:} (ot GPB— gV Gha) (B11)
a 4 aa aa !
Throughout the article, we use the flat space metric of
T 1 . .
nt :dlaq+1,_1,_l,_ 1). (Bl) ane_ " —paea, V. " vaa, M.
(o )ﬁ 4(0' OO O'QB). (B12)

We may form a numerically invariant tensot*:
With this choice ofy matrices, Dirac spinors contain two

(1) =1 o), i=1---3, (B2)  Weyl spinors,
that transforms as a vector ifQ3) using Pauli matrices", X
o=| =], (B13)
1<01 2(o—i) 3(1 o) ¥
o= oo =| . , oT= .
10 Y 0 -1 B3) while Majorana spinors contain only one:
These are the Clebsch-Gordan coefficients which relate the Xa
1 1) of SL(2,C) to the vector of @1,3). Here dotted indi- Yy= 7 (B14)
ces transform under the ), of the Lorentz group, while
those with undotted indices transform under t§e0j con- We definey® as
jugate representation. Spinors with upper and lower indices
are related through the tensor: -1 0
75=i7°71v273=( o | ) (B15)
lﬂu: Saﬁlpb’! ¢a: Saﬁwﬁi (B4)
where the antisymmetric tenseis are normalized as Projection operators are defined accordingly:
0 1 1 5
Saﬁz< 1 ol (B5) P,_—2 (1—9), (B16)
0o -1 1 5
8(13:<1 0 )Z—saﬁ, (B6) PR:§(1+'}’ ). (B17)

which holds true fore-tensors with dotted indices. The ad-
vantage of this scheme is that the mixed tensors are symmet-

ric: We start with the general supergravity Lagrangian given
in Chap. XXV of Ref.[17] and adapt it to the conventions
Saﬁsﬁy: 57, (B7) Iistec_i in Appendix B.(Note that Ref[17] uses the flat space
metric diag-1,1,1,1), amongst other difference8elow
These tensors are used to raise and lower the indices of thewe explicitly write down the terms of the Lagrangian rel-
matrices: evant to our calculation:

APPENDIX C: LAGRANGIAN AND FEYNMAN RULES

F‘)ila:gdﬁsa'g((r") 3 (B8) ~ ki | R A
( P £= =i, DADA* = 5 (VP D A NAGHD, )
It is then straightforward to relate two-component spinors to

four-component spinors through the realization of the Dirac —igii X" D, X +V29:Gii , (X*AYINA+ xiA?)\_A)
y matrices: . # .
1 ~ ~ e
0 ot - ‘/W gij*[’DVA*JXIO-MO-Vw,u_l—DVAlxja-Ma-leu]

I - —
where - m [lﬂ'MO'abO'#)\A‘f' (//Ma'abg-l"}\A]FQb' (Cl)
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q PG q P60 q PG q P0G
? Ailvpl ? Ai2~P2 + AilvP] ‘;‘ Abp,
2/(3"2 M mayy) py.pe (cos8 P +sind Pg) 2/(3"2 M myp) pype (cosd Pr-sin® Py) <2/(3"* M mgyy) py-pg (cos® Pge+sin® Pp) <2/(3"* M my,) p1.pe (cos Py -sin® Pg)
(@) (b) @) )
J Ar q; A ql A qJ A
1A YA N Aay
-1 22, Tf(cos8 Py-sin6 Pr) 12" T (sin® P+cosd Pg) -i 2%, Tf(cos Pr-sin Pp) 12", T} (sin® Pgecosd Pr)
© [C) ) ()
M qj Pava qj PG:E q PG G
680, , 6680 ; 66807 . G680l .
A 668 aL Al A 68 a._ Al A cg6S “~._ A} V668 ~ A
s 746 A S
-2 g/(3"> M m3) Tiipli (cos® Py +sind Pg) -2 gJ(3"M m3)THpl (cos® Pg-sind Py) 2 gJ(3" M my) Thpk (cos8 Pyesing Pr) 2 2J(3"M my))T4p¥ (cosd Py-sind Py)
© 0] C) )
At P6.G A¢ PG A PG A€ aG
S A A 666666 0\02’\5‘ Ve a A A GGGGGG O\ra\@‘ Vo
el E vh ;%GGG G Vo peT Qe v& 66 T Vo
126" M my) py P8l Yolip Y 126" M) g, 1208 [y, %1 157 142 6 M my) p pYYp [roal /(2 6" M ) g, D8 Yyplvorv,]
[€:3) (h) (€:9] (G§)
q q AJ:];\*\ ’,1’/;\7 q
C_,
=4 =3
=4 2
e N
-igs T4 ¥ -ig T (p+q)"
@ @
~ all p’s inward ©
2B A€ Z\o\@\@.\ 6666%6
Vg, P2 0\0‘@\066666 Vs P3
& A g A
S Ve S Voo P1
Ny g
EN ' 2, 12T P(p1-p 4™ (002 2" P3P
(5] ()

FIG. 8. Feynman rules relevant to the processes discussed in the text. Arrows on scalars indicate direction of momentum, where relevant,
and flow of particle flavor. Arrows on Majorana fermions also indicate direction of momentum, where relevant. Rules for primed diagrams
are for Hermitian conjugates. Alternate rules €ar, (b), (e), (f), (g), and(h) using the gravitino couplings of R€fL9] are provided in Table
l.

whereg;;, is the Kanler metric.A”’s are scalar superpartners - , A IXA
of chiral fermiony'’s, F are the usual field strength tensors Dux'=d,x'— Qsv A X,
of the gauge fieldsﬁ whose superpartners are gglugimé‘s

and ¢, is the gravitino field. Covariant derivative,,'s are 5”)\A: a’u)\A_gszBCvi)\C’ (€2

D,A'=9,A —guhX™, where the Killing vectorsx™ are defined in terms of the
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TABLE I. Alternate Feynman rules for gravitino couplings of Rglf9] using our conventions. The index
in parentheses refers to the diagram in Fig. 8. The ruleggjokf), (¢'), and (f), which were not included

in Ref.[19], are unchanged from Fig. 8.

Vertex

Feynman rule

Quark-squarkgravitino (a)

quark-squarkgravitino (b)

quark-squarkgluon-gravitino(e)

guark-squarkgluon-gravitino(f)

gluon-gluino-gravitino(g)

gluon-gluon-gluino-gravitingh)

quark-squarkgravitino ()

quark-squarkgravitino ()

quark-squarkgluon-gravitino (&)

quark-squarkgluon-gravitino (f)

gluon-gluino-gravitino ()

gluon-gluon-gluino-gravitino (H

—(m — 1)
4V§“Anbm
—(m, —1)

2

(cos P +sin 6Pg)

— 2 (cos6Px—sin 6P,)
H3MMy;, R -

- ng
V3IMmg,

T/ p&(cosgP +sin 6Pg)

_ng A .
Tijp&(cosoPr—sin 6P, )
V3Mmy),

L|O“[7 vplY°
26Mmg, &P

—im,
26Mmy,
(M, 1)
4v/3Mmg)»
(M, 1)
4vV3Mmg),

9590y, v.17°

(cosHPg+sin 6P))

(cos6P_—sin 6Pg)

295
V3Mmg,

T/ p&(cos BPr+sin 0P,

295
V3Mmg,

T/ p&(cos P —sin 6Pg)

Lp“ﬂv Yal
2J6Mmg, ¢ P

im,
fABC 5) -
PN JoMmas st vy v,]

Killing potential D*. For the minimal Kaler potentialK

=A" Al the Killing vectors and the Killing potential take

the form of

. . 1% .
XA=—igh* PN DA=—iTHA,

. .0 o
xi*A—igii* a7 DA=IAITH,
DA=AI"THAL

Four-spinors are constructed using two-spinors as

Xla —
q(D):(—d)' a®=(x5 x12),
X2

(C3

(C4

_i)\a - _
)\<M>:( N ) AM=(—iN%iN,), (CH
‘ﬂ(M):(%)' $M = (g2 ), (C6)

where superscriptl§) is for Dirac spinors, and\l) for Ma-
jorana spinors. The extiias in gauginos are introduced fol-
lowing Ref.[18]. After adding appropriate mass terms to Eq.
(C1), we obtain the Lagrangian in four-spinor notation:

£:’CO+£1+£2+£3+’C4+£5+£6+£7+£81 (C?)
where L, includes kinetic terms
qiTi [ i 2 A% L A A
Lo=0q'(id—mg)g'—A'(O+my) A’ +§[>\ (id—my)N"],
(C8)
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and others include three- and four-particle interaction terms; components, and it interacts with matter as a massless
Ay A goldstino with derivative couplings. Thus we may use an
L1=—9sTijq's"q’, (C9  effective Lagrangian with a massless Goldstinby making
o the substitution
Ly=—gwhTh(p+qHrAIAT, (C10
21

i — Y,=i\/5— 9,4 (C16
Lsz_zgszBC)\AIéB)\C’ (C11) m 3mg, #

o After simple rearrangements, terrS13—(C15 become
L4=—V2GTHAF NP LG — AF M PRg' +H.c),

(C12 2i i%x i ix i
M (P1-PcAT ¥cPLa' +P2-PeA7 $cPrq +H.C)
1 L — . Jp— ) 3/2
Ls=———(9,A" YyRPLQ' + 9, AR Yy PRd'
5= oM (0, A Yy y*PLa R ¥u?"v*PrA digatpeTh —
tHe) €13 T AMMe (A7 ¢YcPL' + A7 ycPra' +H.C)
.C.), 312
. ATA [ —
g, T, . — . — : - oA 5)\A
Lo= == LI (A U,y VP + AR 0,7 Y Ped] 2 oMy, VelPe? IPe7AD
ABC
+H.c), (C14 9sf (el 68,6 Py NA
- Yeld=, 6" 1psy’\") (C17
. 4\6Mmy,
L= g [0y YIRS, (€19
! gm LYulY VLY aB: where subscripts 1, 25, and g of the momenta are for

squark, squark, gravitino, and gluino, respectively. Result-
from which our Feynman rules will be derived. Note that aning Feynman rules are listed in F|g 8. For the sake of com-
extra factor of 2 is necessary in the Feynman rules to accoujieteness, we include the effects of left-right squark mixing
for the Majorana nature of gauginos and gravitinos. Mixingin the Feynman rules, whem=0 implies no mixing.
between left- and right-squarks is proportional to the mass of |n sec. 4.5 of Ref[19], the author uses the on-shell con-
their quark counterpart. In our calculation of cross sections agjition of external particles to replace derivatives in the La-
the Fermilabp-p collider, the effect of mixing is practically grangian by masses of external particles. This replacement is
nonexistent. Therefore we replaég andAg with the mass  valid for internal particles as well as off-shell contributions
eigenstated\; andA,. Relative signs between terms within cancel, which is characteristic of the effective Lagrangian. In
ECIS(C13)—(C15) are related to the definition of the fermi- Table | we provide the Feynman rules for gravitino cou-
ons in Eqs(C5) and(C6), and to the fact thadg's transform  plings obtained by applying this prescription. Our rules ap-
as antitriplets of SU(3), i.e., their generators are TA* pear different from those in Rdf19] because of the different
instead of TA (see pp. 208 and 223 of Rdf18]). Terms conventions that we us@ote the differences in the defini-
(C13—(C15 include interactions with gravitinos. If the tions of y* and y°, and gluinos Note that the four-point
gravitino is very light, which is the scenario we are pursuing,interaction quark-squark-gluon-gravitino was overlooked in
spin< components of the gravitino decouple from the spin-Ref.[19].
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