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Abstract

It has been claimed that Dirac gaugino masses are necessary for realistic models of low-scale super-
symmetry breaking, and yet very little attention has been paid to the phenomenology of a light gravitino
when gauginos have Dirac masses. We begin to address this deficit by investigating the couplings and
phenomenology of the gravitino in the effective Lagrangian approach. We pay particular attention to the
phenomenology of the scalar octets, where new decay channels open up. This leads us to propose a new
simplified effective scenario including only light gluinos, sgluons and gravitinos, allowing the squarks to
be heavy — with the possible exception of the third generation. Finally, we comment on the application of
our results to Fake Split Supersymmetry.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

The non-observation of supersymmetric particles so far, has cast doubts on our expecta-
tions for a solution of the hierarchy problem within the standard realisations of supersymmetry
(SUSY). One direction beyond minimality that has received much interest in the recent years is
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to consider models where the SUSY breaking scale is in the multi-TeV range [1-10]. Indeed,
although there are increasingly stringent bounds on superpartners from LHC, a low scale of
SUSY breaking can actually help reduce fine-tuning, as it is associated with a low cutoff for the
effective supersymmetric theory so that there are no large effects from renormalisation-group
running of SUSY breaking parameters over different energy scales.

Lowering the SUSY breaking scale to the multi-TeV range has several important conse-
quences. First, the gravitino in these models is within the milli-eV range, introducing a new
ultralight fermionic degree of freedom in the low energy theory. According to the high-energy
equivalence theorem [11], at LHC energies gravitino dynamics are dominated by the goldstino
longitudinal component. Therefore we can use this spin-1/2 fermionic field to describe gravitino
interactions with the rest of the fields. Second, the Higgs sector is modified in a way that alle-
viates the little hierarchy problem [7,9]. Third, since the cutoff scale is low, higher-dimensional
effective operators can introduce interesting phenomenological effects such as contributions to
h—yy/vZ, gg — h, wrong Higgs—Yukawa couplings, monophoton + MET signals and four-
fermion contact interactions [7,10]. Fourth, while in principle it is possible to write down an
effective theory with Majorana gauginos and SUSY broken at a low scale, in practice it is very
difficult to construct an explicit model where the Majorana masses are not unacceptably small.
Model building aspects of low-scale SUSY breaking suggest that the gauginos should be of Dirac
type [12,13].

This last consequence has many far reaching implications for the phenomenology of low-
scale breaking models which have received very little attention so far in the literature, with the
exception of [13,14] (in the context of brane-worlds). On the other hand, conventional signatures
of Dirac gauginos are attracting much attention, see for example [14-56]. The supersymmetric
multiplets that need to be added in order to make the gauginos Dirac include scalar fields in the
adjoint representation of the gauge groups, and the potential of detecting some of these particles,
in particular the colour octets, has been extensively investigated in the literature [24,26,57-60] as
well as their effect on the scalar potential and the Higgs sector of the theory [27,36,38,48,54,55].
However, in the presence of gravitino interactions we expect that the experimental signatures of
the adjoints will be modified. Furthermore, Dirac gauginos have modified interactions with grav-
itinos compared to the standard interactions of Majorana gauginos. This implies that the limits
and studies of such models should be revisited.

The goal of this paper is to study these effects and highlight the interesting features for fu-
ture LHC phenomenological studies. In Section 2 we use effective field theory to construct the
general expression of the couplings of the goldstino to the adjoint multiplets and we discuss the
new physics that these couplings introduce with respect to the Majorana case. In Section 3 we
compute the widths of the various decay modes of the colour octet scalars, quantifying the signif-
icance of the decay modes that appear in presence of the light gravitinos. Outside the restriction
of low-scale SUSY breaking, in Section 4 we describe how the decays of gluinos to gravitinos
are modified in the limit of heavy squarks and when gauginos have both Majorana and Dirac
masses, as in the context of Fake Split SUSY [61,62].

2. Goldstino couplings with Dirac gauginos

In a supersymmetric gauge theory with Dirac gauginos, spontaneous breaking of supersym-
metry induces couplings of the massive gravitino to all fields, including the new degrees of
freedom that are required in order to attribute Dirac masses to the gauginos. According to the
supersymmetric equivalence theorem [11], in the high energy limit (E > m¢) the dynamics of
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the gravitino are dominated by the dynamics of its goldstino longitudinal component. In a low-
energy effective Lagrangian with all superpartners integrated out, the goldstino couplings to SM
fields consist of a set of universal, model-independent terms and the details of the microscopic
theory account only for the determination of the coefficients of certain model-dependent terms,
such as an effective dimension-8 coupling between two goldstinos and two fermions [3]. If we
are interested in collider signatures of the full theory, then we need to retain (some of) the super-
partners, such as in the approach of nonlinear MSSM [7-9].

The general expression of goldstino couplings can be obtained within the superfield formalism
by use of a “goldstino” superfield X = ¢x + +/20vx + 06 Fx. The dynamics of the goldstino
multiplet can be parametrised in terms of an effective Polonyi model:

2
I ! _ X o ¥ 2
L’x—/d 9(1 4sz X)X X—l—(/d 9fX+h.c.>. (D)

The goldstino field {x will not be the true goldstino of the theory once we include couplings to
matter, but it will ultimately mix with other fermions. Furthermore, in the limit of large sgoldstino
mass my, we can integrate this scalar out which amounts to setting ¢x = % This may not be
necessary, but we should bear in mind that the dynamics of the scalar ¢x is equivalent to second
order in the goldstino couplings.

The Dirac gaugino mass operator in this language is given by

Lo ™MD mp

Dirac = \/§f2 4\/§f2
where W¢ = A% + D90, + - - -, is a gauge field strength with gauge index a and X9 = ¥4 +
V26 x5 + 00 F%. an adjoint chiral superfield. In the case of an abelian gauge group, this will
be a singlet superfield S(S, xs, Fs). Defining mp = [mp|e!??, Sg = %(e"‘f’DS + e %0 S) and

/d49 XTDUX Wizt =— /d20 D*D*(Xx"X)Wix“, )

Sr = —%(ei‘pDS — ¢7i%0§), the component expansion of Eq. (2) up to second order in the
goldstino delivers
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mp . —B
+ [? (—|FX|2,\X + F} yxA Fs + Su\“ag.aﬂ(wai)

B
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+iSFy¥x0,,Du _EWXX X +2—ﬁ XV (0"G")y FuvXp

+i(xo"0,¥x) ¥xt —i x3,¥x ,\a“%) +h.c}. (3)

We observe that there are several differences with respect to the Majorana operator:

(a) The sgoldstino does not enter at this order. Sgoldstino couplings always appear with at least
one goldstino and in the limit ¢y — I”ZXFﬁX , this means that ¢y contributes at third order in

goldstinos and beyond.
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(b) A vacuum expectation value for the adjoint scalar vg = (Sg) induces kinetic mixing between
the goldstino and the gaugino

_«/EmDvs
f

We discuss how this is removed by a supersymmetric field redefinition in the next subsection.

(c) The Dirac operator contains a coupling of two goldstinos to a gauge boson and the corre-
sponding adjoint scalar. For a light enough scalar, this brings phenomenological signatures
that are absent in the Majorana case. Furthermore, if this scalar acquires a vacuum expec-
tation value, it apparently introduces a coupling between two goldstinos and a gauge boson
which, by general considerations of goldstino Lagrangian constructions [1,2,5], is expected
to be absent.

LD [iAc" 0, x +ivxo" Dyl @)

Dirac gauginos in the MSSM are acco_r)nmodated by including three new adjoint chiral super-
fields: a singlet S for the U (1), a triplet T for the SU(2), and an octet O for the SU(3). gauge
group. Then, apart from the Dirac mass operators of each gauge group, there can exist renormal-
isable couplings between the electroweak adjoints and the Higgs multiplets. The full effective
Lagrangian that will be considered in this paper is given in Appendix A.

Before moving to Section 3 and the study of the phenomenological implications of the new
couplings of Eq. (2), in the following subsection we clarify the apparent modification of the
coupling of a goldstino to a Z-boson and a photon.

2.1. Goldstino coupling to electroweak gauge bosons

The vacuum expectation value of the adjoint scalar (in MSSM, the singlet and the neutral
triplet) in the Dirac operator (2), induces an effective Fayet-Iliopoulos term:

mpvs
_8—f2
This term contains a derivative coupling of two fermions vx to the field strength of a gauge
boson,

Lr = / d*0 D?D*(XX) W, +h.c. 5)

mpv —
Lr1 D %wxo“x/fxa“m, 6)

2
which could apparently modify the coupling of the Z-boson or the photon to two goldstinos.
Such a term is only permitted in the case of a theory with massive gauge bosons, and then the
coupling should be of strength [1,2,5,8]:
(D) - (D) —
EDz_ﬂmAWXUVWXAVQWWXUVWXa#FM @)
which begs the question: now that the D-term is modified by the expectation value for vg and the
Dirac mass term,

(D) =—2mpvs+---, 8

what is the D-term that should enter in (7)? Since the low-energy effective theory of the gauge
bosons, the Higgs fields and the goldstino should be independent of whether we have added Dirac
mass terms for the gauginos or not, we expect that the coupling is not modified in the extended
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theory. Indeed, one way to illustrate this, is by performing a supersymmetric field redefinition.

Let us consider the U (1) gauge terms':

M
2f

where W, is an abelian field strength, and perform the following superfield redefinition

1 2 _
L=Lx+ (/d%) W Wo + X W W, — :?DZD“(X'X)WO, —i—h.c.) )

m? ¥
V->V-—=X'X,
f2

2
m- —
W > w¢+ —D?D*(x'X). 10
- + 4 f2 ( ) ( )
At the component level, this is

2
7 [ M(JXE,,I/IX + ZixTaux) —dy (IZXEMI/IX + 2ixT3,Lx)],

2 )
A—>A+€m w;wffén

-2
m — —
D— D—2m?+ F(awxoﬂwx — ¥x0, 0" P x) —

Fo—Fun+—

(IZX&)Q 8,ux ,

f2 |8Mx| (11)

The superpotential terms of the redefined Lagrangian are

2
ly :/d29 é—l‘w“ ot %xw“w + Aj}'g XWD2Dy (X' X)
4 4
m® ¥ > Mm
[D*Do (XTX)]" + 3275

64 fh

<X[D2Dy(X'X)]* +hec. (12)

In the new basis, the gaugino and the goldstino have diagonal kinetic terms (in the original basis
there is kinetic mixing), the shift by 2m* in the vacuum energy is made explicit (in the orig-
inal basis it appears through the D-terms) and the coupling (6) between two goldstinos and a
gauge boson has been redefined away, and replaced with higher-derivative four-fermion cou-
plings, while the D-term that appears in the coupling (7) does not contain a contribution (8)
proportional to the Dirac gaugino mass.

We thus conclude that the coupling of a goldstino to electroweak gauge bosons is not modified
in the extended theory where the gauginos acquire Dirac masses.

3. Collider phenomenology

Since the mass of the gravitino is related to the SUSY breaking scale, phenomenological
studies of low-scale SUSY breaking at colliders are based on searches for signals related to
ultralight gravitinos. Gravitino production has been extensively studied in the past, following
two main approaches:

1 For the case of SU(2) we must perform a non-gauge-invariant shift.
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1. Consider all supersymmetric particles to be heavy and integrate them out, leaving only the
SM fields and the gravitino. Place limits on \/ f from the resulting higher-dimensional oper-
ators.

2. Make assumptions about the spectrum of superpartners and place limits on \/f as a function
of their masses.

Clearly the first approach above is model-independent; for example [60] identified the effective
higher-dimensional operators which generate monojet/monophoton signals and have universal
coefficients. In this approach the nature of the supersymmetric spectrum is irrelevant: in partic-
ular, the results do not change whether we have Dirac or Majorana gauginos provided that the
assumption that we can safely decouple the spectrum is justified. In this approach, the relevant
process is direct gravitino pair production via an effective interaction of two partons and two
gravitinos. The main signal is either monojet or monophoton from initial state radiation. How-
ever, the current bound of +/f > 240 GeV from monophoton events at LEP [63] is too low to
justify this approach, when considered in conjunction with LHC search bounds for squarks and
gluinos: it is somewhat perverse from a model-building perspective to assume that the superpart-
ners are so much heavier than /. We are then obliged to pass to the second approach, for which
all studies so far have assumed Majorana gauginos; in this case current limits for light squarks
give /f 2 640 GeV [64].

As we mentioned in the introduction, the gauginos of supersymmetric theories with a multi-
TeV SUSY breaking scale are expected to acquire Dirac instead of Majorana masses. This
implies that searches along the lines of [64] should be reconsidered. In this section we wish
to highlight the main features of the novel phenomenology, while we leave the full phenomeno-
logical treatment for future work.

Among the new particles of the extended theory, the sgluon, the scalar octet partner of the
gluino adjoint fermion, plays a central role. The mass of this particle is expected to be of the
order the SUSY breaking scale” but in principle in can be even lighter than the gluino, as its
current experimental bound is at 800 GeV [58]. It is the phenomenology of these particles that
we would like to examine. In particular, we propose an additional option for light gravitino
studies which is somewhere between options 1 and 2 above:

1.5. Consider the effective theory of sgluons, gluinos and gravitinos, integrating out the
squarks (except for perhaps the third generation).

The properties of the sgluons have been considered outside the context of low-scale SUSY
breaking in [24,26]. The main production process for these particles at the LHC is a tree level
pair production via annihilation of two gluons, and indeed, the current experimental bound on its
mass comes from searches for pair production where each sgluon decays to quark pairs. Much
rarer single sgluon production can also occur, from pairs of gluons and quarks induced via a
loop of squarks and gluinos. If kinematically allowed, the sgluon will decay predominantly via
tree-level interactions to a pair of squarks or gluinos, and if not, the sgluon may decay to a pair
of quarks or gluons via the same loop process mentioned above. Hence, pair production leads to
signals with four or more jets, while single sgluon production has been typically assumed to lead
to dijet production.

2 In explicit low-scale models the adjoint multiplet X' couples to the SUSY-breaking sector via a coupling W D Ay X Jp
[25] where A 5 should be large in order to generate large Dirac gaugino masses [12]; this then leads to the adjoint scalars
having masses of order the scale of the SUSY-breaking dynamics if A 5 takes its maximal value.
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For a low enough SUSY breaking scale, the presence of the almost massless gravitino can
dramatically change the phenomenology of a light sgluon. In particular, apart from the standard
decay channels, the sgluon also decays to a pair of gravitinos and a gluon (GGg), leading to
signals with fewer jets. Furthermore, if the lighter of the two sgluon mass eigenstates has a mass
that is smaller than that of the squarks and gluinos, the tree-level decay to GGg competes only
with the loop-induced decay to two tops, thereby making the novel decay channel competitive
even for a relatively high SUSY breaking scale.

Let us now compare the standard theory of Majorana gluinos with our extended theory of
Dirac gluinos and sgluons. The effective theory of Majorana gluinos and gravitinos leads ei-
ther to associated gravitino production, where one gravitino is produced in association with one
gluino which then decays to a gluon and a gravitino, or to indirect gravitino production, where
two gluinos are produced and then decay to two gluons and two gravitinos. Since the gluino is
the NLSP, the branching ratio of the tree level decay to gluon plus goldstino is close to 1. At
leading order, the first process produces monojet events while the second produces dijet events.
If initial and final state radiation are taken into account, both processes lead to multijet events
with possibly one or two hard jets.

Once the effective theory is extended to that of Dirac gluinos, sgluons and gravitinos, new
processes need to be considered in addition to the picture above. In particular, monojet events
are produced not only by associated gravitino production but also by single sgluon production
which subsequently decays to two gravitinos and a gluon. Dijet events are produced not only
by gluino pair production but also by sgluon pair production, where again each sgluon decays
to GGg. In the limit where the light sgluon is lighter than the gluino and the squarks, it decays
mainly to GGg at tree level and to two tops at one loop level. If the branching ratio of the light
sgluon to GGg is bigger than that to two top quarks, the effects of these new processes can be
significant.

In the following we will study in detail the sgluon couplings and decay channels, compare
their branching ratios and quantify their importance for monojet and multijet events.

3.1. Conventional couplings and decays of a sgluon

The mass terms of the scalar octet are given by

Luy =—-mb| 0% - %(Bo 0°0° +hc.) — (mpO® +m}0™)?
= —iy|0[* ~ 3(Bo0*0" + he), (13)

where ﬁ’% = m20 +2|mp|? and Bo =Bo + 2m%). The two mass eigenstates are then

1 i i ] i i
a %(ez% 0%+ 2950%),  0%= _\l_fz(em 0% — e~ 1% 0°%), (14)
with M3, | =g+ |Bol.
In the following we present the decay rates of the two sgluons and we compare them with the
novel decay to a pair of gravitinos and a gluon.
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3.1.1. Sgluons decaying to squarks

The sgluon couples to squarks via the D-term in (we take m p without loss of generality to be
real — otherwise we simply rotate the phase of m p into ¢p)

£5— [ d0-—"2_D2D*(X'X) W20 > v2mp(0° + 0*) D¢, (15)

NoTE

which delivers

['0"66 = _ZgSmDT Xy Z ququﬂ “sz”Ryt dethyl)
qr.qr

x <cos<¢2B>Oa+ n<¢3>02>
xy<cos<¢23>0a +s n<¢2 >02>
3 6 o
X Z Z [(Z?jzik Z;k+3jzi+3k)U;‘<xUky

iy

+ (W} Wik — W3 ;Wigsi) D%, Diy | (16)
after switching to the mass eigenstate basis where
i = Zi;Uj, iigi = Zit3,U;,
dri = W;;Dj, dri = Wis3,;U;. (17)

The decay rate is then given by

2
m 2 oF: 2
Loy ,0, =~ €08 (73 \p1jkl| 235 Zik = Zf\ 3 Zian

’

2 ¢~
. 2
Loyst,00= 35 SIHZ(TB) P2k | 2] Zik = Zf\ 3 Ziae| (18)

where

1 2
= 2 2 o 2\2_ 40 2
Dijk = Mo, \/(MO,- mﬁj ms ) 4m0jm0k 19)

k
and similarly for the down squarks. When ¢z = 0 only O; can decay to squarks, since the

coupling to O, vanishes.

3.1.2. Sgluons decaying to gluons

Although there is no tree-level coupling of the sgluons to gluons, loops involving the squarks
via the D-term coupling yield

2¢3 - -
>+ 6g32 [ 7D ,\gl cos(¢2B )0{‘ + ;5 . sm<¢23>0§‘}d“b‘FﬁuF‘ m, (20)
0>
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where
3 6
hg = ZZ(kaij - Z;+3kzj+3k)(fill£f(ri(l£) - 1)
j=1k=1
3 6
+ ZZ(Wkajk — Wi W) (@2 F(57) = 1) 21)
j=1k=1
and
2 2
v 4m0k _ 4ml~)k
ik_M%_7 ik—Mé’

(sin~1(1//7))? T>1,

A { —%[ln}i’—\/_ V}: - in]z 7<1.

(22)

These expressions generalise those of [24,26]; in particular, they treat the sgluons as two sets of
real scalars rather than one complex scalar.
If we neglect mixing between ‘left’ and ‘right’ squarks we can write

by =) (G £ (@ig) = Tige S (Tigy))- @)

q

We observe that in the limit of degenerate masses for the ‘left’ and ‘right’ squarks, the decay rate
diminishes. Finally, the widths for the sgluons are given by

503 m? oF
(01— gg) 19272 Mo, cos”| = |Ag,

503 m? b5
(02— 88)= 1552 Mo, M2 gl

3.1.3. Sgluons decaying to tops

The final conventional coupling of the sgluons is that to quark—antiquark pairs, which is
again generated at one loop. However, these decays are suppressed by the quark masses, so
the only substantial decay channel is to top quarks. In this case, for simplicity we shall neglect
left-right squark mixing (a very good approximation in Dirac gaugino models, and exact in
models preserving R-symmetry) and take ¢ = 0 (i.e. we shall assume no CP violation in the
sgluon—gluino sector or that both the Bp and m p are generated by the same process, such as in
gauge-mediation).

There are two triangle loop integrals that contribute to this coupling, one with two gluinos and
one squark and the other with two squarks and one gluino. The sgluon O; receives contribution
from both diagrams, while O, can decay only via the 2 gluinos — 1 squark loop. The contribution
of the loop diagram is proportional to the mass of the two quarks, so top quarks receive the
biggest contribution. We can parametrise the couplings in the effective Lagrangian as

LD 1701t + ¢34t Oryst. 24

Then the decay rate of O; to two top quarks is then
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ro ) |Clit|2M 1 4mt2 :
— = —
! l6x = ¢ M2 )

01
0y — ti) = 'CZf’|2M0 | dmi (25)
= ) 5
167 MO2
We find, similar to [24,26] that
3 3
8 385
Clir = —167;2mDmtIS, Cofr = 167 szmtIp (26)
where
Ip=VECo Vi — vECuwrvE. (27)
The decay rate of O3 to two top quarks is thus
9a; 4m?
Foyiy = ——mpmiMo, |1——L1I} (28)
64m 02

with VL R~ U “LR Jl‘l k being the flavour rotation matrix (U;; is the quark and Z;; the squark
diagonalising matrlx) and Cyr, R[m, , M2 mt ; m%L,R, m%), mD] the usual P.-V. functions. We
u.
have
Is = ViIg Vs = viI{vyT (29)
with

JLR _ 1 2

s W x [(2m20+2mz 2m LR)CO(ml,MOI,mZ,m%’m LR’mzlLR)

x (18mD 9M2 + 18m? — 18m? il R)Co(m,,Mol,m,,mzL R,m%,m%)

+ ISBo(mt,mzL R,mD) ZBo(mt,sz,mzL R) — ISBO(M%I,mZD,mZD)
+ZBO(M01, ik Rvm;_L.R)} (30)
Here we are using the following definitions of the Pessarino—Veltman functions:
diq 1 1
ml,mz =—167 l/ — ,
Bo(r* 2 @m)+=2 (g2 —m}) (q — p)* —m3
Co(k}, (k1 — k2)?, k35 m}, m3, m3)
1 o 1 1 1 31)
=5 q
im? g2 —mi (g +k)? —m3 (q +k2)? —m3

where our definition for Cy differs by permutation of the momenta and masses compared to those
used in the comparable expressions in [24]; the above agrees with both that reference and [26].
Hence the decay of O is

9a3 m3m? 4m? " o
Fo»ir= 647;2 Mo, 1- (MOl 4m;)I3. (32)

01
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Just as in the decay to gluons, this both decay rates vanish in the limit of degenerate ‘left’ and
‘right’ squarks.

3.2. Novel sgluon decays in the effective theory of sgluons, gluinos and gravitinos

As we have mentioned above, if the scale of SUSY breaking lies in the multi-TeV range,
the presence of a light gravitino opens up the novel decay of a sgluon to two gravitinos and a
gluon (O — GGg). This process is described by the effective OGGg coupling that is contained
in the Dirac mass operator (2) and via the intermediate production of a gluino and a gravitino
(O - Gg — GGyg). The explicit expression of the effective coupling is

Locee = MTDE)“(GU"E)GZVOf T ?—;eﬂwap(cmé)cﬁv 05, (33)

where G is the true goldstino and GY,,, is the gluon field strength. The relevant terms of the second

process (O — Gg — GGyg) involving a purely Dirac gluino (Mp = M3 = 0) can be extracted
from Appendix A:

1
£ (L2 Got x Gl + —— M 048G — —— (M}, —2m%) 0¢Gx® +he.
V2f V2f V2f
+ %auol (Go"% — 10" G) + %aﬂ 02(A0"G + Got3). (34)

If the octet scalar is heavier than the gluino, then it will decay to gluino plus gravitino with width
M él_ — sz)4

r;—gG)=——">——
(0i — gG) 2200,

(35)
With the current bounds on the gluino mass this means looking for rather heavy sgluons,
which will have rather low production rates. Instead we shall consider the lower mass regime,
where the sgluon is lighter than the gluino. If we integrate out the gluino, we find that the two
contributions from Eqs. (33) and (34) cancel each other out at leading order in the momentum
(the leading operator then being a higher-derivative one) which could be seen by starting from a
non-linear scalar superfield. The decay width is then
mpMo,

r(0; - GGg) = —L2 %1 _
(01 = G68) = 1536073 72

gy), (36)

M2
0;

where y = —* and
mp

603 — y)(1 —y)*log(l —y) N 6y* — 155y + 480y — 510y + 180

g(y)
y> vt
_2 2 3 3 1 4
sty o
e(1)=1. (37)

The decay rate is suppressed by eight powers of the SUSY breaking scale and thus it might be
expected to be small. However, as we saw above, if the light sgluon is lighter than the gluino, the
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Fig. 1. The dependence of the branching ratio of the decay of a light sgluon to two gravitinos and a gluon on
the SUSY breaking scale (left plot) and the mass of the light sgluon (right plot). Full lines are drawn for ém =

Mz =90 GeV and dotted lines for §m = 180 GeV. Also, we have taken mz = 1.7 TeV and mg = 1.5 TeV. Left

plot (blue, red, green, orange): Mg, = (0.8 TeV,1TeV, 1.2 TeV, 1.4 TeV). Right plot (blue, red, green, orange):
ﬁ = (3 TeV, 4TeV,5TeV, 6 TeV). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

decay to GGg competes only with a one-loop decay to a pair of quarks. Furthermore, this one-
loop suppressed decay diminishes in the limit of heavy gluinos, heavy squarks and degenerate
left-right squarks.

In the limit mp, mg, , mg, > my, Mo,, we can obtain an analytic comparison of the two
decay channels. Neglecting flavour mixing between squarks, we obtain the approximation (for
mg . #mp)

2 2 2 . mp
mp —mz —mz In( ?
R
Ip = 5 PRV —(R—L). (38)
(mD - mfR)
. - . . 2
Taking mtg = mtgL = mth — 812, the above expression at first order in ‘Smiz becomes

t

sm? (14+x)(—14+x —Inx)
P=—F

, 39
m? (x —1)3 (39
where x = sz / mtg The ratio of the decay rates in this limit is
o, 25m* f4 4m? (—=1+x>—(1 Inx)?
L0t _g560mg3 0S|y Ay (KA (A0 07 (40)
FOg—)GGg y2mt~M02 MO2 x=1)

In Fig. 1 (now without approximations, and loop functions evaluated using LoopTools [65])
we observe that, depending on the splitting between the squark masses, we can have large
Br(0O, — GGg) even for a relatively high SUSY breaking scale. For example, if we make the
assumption that the squark masses are split only by the electroweak contributions 87i% ~ M%,
then Br(O, — GGg) > Br(0O, — ¢t) for a 1 TeV sgluon for a SUSY breaking scale as high as
~6.5 TeV. Also, as long as the gluinos and the squarks are heavier than the sgluon, changing
their mass barely affects the above results.
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Fig. 2. Cross-sections at LHC13 for goldstino events when one octet scalar is light as a function of the octet scalar mass,
with the total double octet production cross-section given as reference (labelled pp — O O). Events where two sgluons
are produced and at least one decays to goldstinos (as opposed to two jets) are labelled Oy — jGG and Oy — jGG.
/f =17.5TeV was chosen since then mg ~mg~0. 2/ f ~ 1.5 TeV, with the squark masses varying from a common

SUSY-breaking mass as \/m + 5 M% \/m + 2MZ as discussed the text (i.e. dm?2 = % (ZMZ)Z). Monojet events

are labelled pp — jGG; for these, two different, lower, values of /f are shown, and the spectrum of other sparticles
has the first two generations of squarks and the right-handed squarks of the third generation at 2 TeV, with left-handed
third-generation squarks at 755 GeV. In all cases the gluino mass was fixed at 1500 GeV.

3.3. Monojet events

The above analysis suggests that in the interesting scenario of a sgluon that is lighter than the
squarks and the gluinos, its decay to two gravitinos and a gluon will dominate over the conven-
tional decay to two top quarks, even for a relatively high SUSY-breaking scale. As a consequence,
both the phenomenology of a light sgluon and the phenomenology of light gravitino production
will be modified.

Phenomenological studies of a light sgluon have mainly focused on signals with two jets and
tops (from single sgluon production) and four or more jets and tops (from sgluon pair produc-
tion). If the SUSY breaking scale is low enough then a light sgluon will produce predominantly
monojets (from single sgluon production) and di/trijets (from sgluon pair production), drastically
modifying the sgluon phenomenology.

If these processes are comparable to the conventional ones of gravitino production, the phe-
nomenology of a light gravitino will also be modified. In particular, monojet events will be
produced both by gravitino/gluino associated production and by single sgluon production. Also,
dijet events will be produced both by gravitino pair production and by sgluon pair production.

To illustrate the possibility of observing gravitino events from the octet scalars at the LHC,
we implemented the model in Feynrules [66,67] and MadGraph [68]. We also used the
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CalcHEP [69] output from Feynrules to verify analytical expressions for the widths. We then
plotted the cross-sections for monojet — only involving the gluon couplings, not the quark cou-
plings which do not interfere® — plus gravitinos production from proton—proton collisions at
13 TeV for several scenarios in Fig. 2. Note that in this scenario it is impossible to separate the
gluino-mediated events from the sgluon ones (there are many diagrams in the process which do
not involve the octet scalar at all). Hence we also require the (Dirac) gluino partial widths, which
can be rather large:

5

[E— gG)=—2L
(m3 _ m2 .)4
F@E—> 0,G)=——2",
64mmyy, f
(m% +m2 —m?2) [ (m% —m2 —m2)2 —4m2 m2
- - - _ a D qi gi D qi gi qi"" gi
r@E—q'e/aiq) =~ ‘/ : (41)

3
2 dm7,

In the final line, we have shown the decays of a gluino to a quark/squark of one generation and
chirality.

From Fig. 2 we conclude that the bounds on the sgluon O, in particular may be dramatically
weakened in scenarios of low-scale supersymmetry breaking, since the branching ratio to a grav-
itino may be large. Since the mass of this state (assuming CP conservation) is m%) — Bp itis
easily conceivable that this state is light if the conventional and B-type masses are of similar
magnitude. However, this conclusion is strongly dependent on the mass-splitting between the
squarks. On the other hand, if there is large splitting between the squarks, in particular if stops
are light, then the coupling of O to gluons from Eq. (20) can be large. In this case, a significant
number of monojet events could be observed. We see from the figure that increasing the mass of
O toward the mass of the gluino increases the number of events by a factor of a few. One point
to note is that for the same parameters (gluino mass, squark masses) we obtain cross-sections
for monojets in the Majorana gaugino case of 44 fb and 282 fb for /f =2, 1.5 TeV respec-
tively, which are substantially larger than those we observe here — indicating that in the Dirac
case, as we expect, the bounds are weaker. However, since the sgluon is light the kinematics of
the events should be different in the Dirac case which could potentially aid discovery; we leave
investigation of this to future work.

4. Gluino decay to gravitinos and Fake Split SUSY

So far we have discussed the phenomenology of Dirac gluinos, sgluons and gravitinos within
the context of low-scale SUSY breaking. However, the interaction between gluinos and gravitinos
has important consequences in more conventional models of SUSY breaking, too. In particular,
if the gluino is heavier than the gravitino, it can decay directly to gravitinos and quarks or gluons
as an alternative to other supersymmetric decays. The corresponding branching ratio can be sig-
nificant in split-type models where the squarks are much heavier than the gluinos. Furthermore,
in a general treatment of gaugino masses, such as in Fake Split SUSY [61,62], gluinos can have

3 Events involving the quark couplings to goldstini do not interfere with the events via the gluon couplings, and also
do not change compared to the Majorana case — we therefore excluded these events in order to show the contrast.
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both a Majorana and a Dirac type mass while the coupling to the gravitino will be modified with
respect to the pure Majorana case.
In particular, after rotating from the basis (kg, Xg) to the mass eigenstate basis A3 = Ry1g1 +
R1282, xo = R2181 + R2282, the coupling of the gluinos to a gluon and a goldstino becomes
1
mg’l ~a

s
— R —2-§90" GG, + Rip—==350""GG%, +h.c.

ﬁf 1 122% \/if 2 j22%
where the two gluino masses m, are expressed in terms of (Mo, mp3, M3) and M is the adjoint

fermion mass, see Eq. (A.9). The effective coupling of the gluinos to two quarks and a goldstino
is obtained after integrating out the heavy squarks in the following terms

2 2
m= m=
L£> —%é*qG —V2g,G*qh = —Tqé*qG —2g,R11G*q81 — V28 R12G%q8  (42)

to obtain
N N
LD __fgg R119Gqg81 — _fgs R12§G g2 +hec. 43)

In fact, even if we include left-right mixing among the squarks (which, unlike in Split SUSY,
may be significant in Fake Split SUSY) the resultis that in the leading order in f ~1, the goldstino

couplings are given by, in Dirac notation now where A§ = (g% ),
V2g, _ - _ -
LD-— 7 d T [Rix(@LiG)(ALqLj) — Ry (@riG)(Afqrj) +h.c] (44)

i.e. the decays to left- and right-handed components of the quarks are independent.

We can now consider the decays of the gluino in different scenarios. The general expressions
of the decay widths to gluons and to a flavour j of light quarks (i.e. ignoring the top, which will
have a further suppressed width due to reduced phase space) is given by

5
'@ — gG)=|Ri|>—5,
(& = 86) =Ry T 2
o , &My
I'(gi —>q;q;G) =|Ry;] W’ (45)

where we have summed over the two chiralities of the quark j. In the case of a purely Majorana
gluino where Ry2 =0, R1; = 1, we recover the standard expressions [70]. For a purely Dirac
gluino, Ry = %, Ry = —ﬁ and since the gluino can be thought of as two Majorana fermions

with identical masses gpirac = % g1+ ﬁ g2, the result is that Dirac rates are one half of the
rates in the Majorana case. This is seen because the gluino only couples through xo. We have

5

I (Goirae — 8G) = 523
irac = & 3027 f2

2,5
8sMp3

307273 2

I (gDirac — qjq9;G) = (46)
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Finally, a particular case of interest is Fake Split Supersymmetry [61,62], where M3 > mp,

2
Mo ~ ’11\1/1_13) In this scenario, the lightest gluino eigenstate is mostly xo with small mixing be-

tween the two eigenstates given by Rj; =¢ ~ mﬁg <« 1. This then suppresses the couplings to the
gravitino yields

5 2.5
'@ — gG) = e —2 FG1 = 4,3,6) = et (47)
167 f2’ I 153673 f2°

so that the corresponding lifetimes are longer than the standard ones of Split Supersymmetry; for
large values of M3 this could be a problem cosmologically [62].

We comment here that in the above analysis we have neglected the contribution from inte-
grating out the octet scalar, which also couples to gluons and quarks (as discussed in Section 3).
However, these couplings are suppressed by a loop factor in addition to the ratio m p/ mé (for the

gluons) or mpm;/ mé (for quarks) and are negligible relative to the tree-level ones above.

In summary, in Fake Split SUSY the decays of the gluino to a gravitino are parametrically
suppressed relative to the Split SUSY case, something that is not a priori obvious, and which has
consequences for how heavy the supersymmetry breaking scale can be.

5. Conclusions

Motivated by the improvement that both low-scale SUSY breaking and Dirac gauginos bring
to the naturalness problem as well as the indication that Dirac gaugino masses are actually
necessary for low-scale SUSY scenarios, we studied the structure and the phenomenological
implications of interactions between an ultralight gravitino and MSSM with Dirac gauginos.

By use of an effective field theory approach, we constructed the general expression of the
couplings between the goldstino and the adjoint multiplets, extending earlier constructions for
Majorana gauginos.

We then examined the phenomenological implications of these couplings. In agreement with
earlier studies of generic goldstino couplings to matter, we showed that, in contrast to naive ex-
pectations, the new physical couplings do not include a coupling between two goldstinos and an
electroweak gauge boson so that the Z-boson and photon coupling to goldstinos is not modified.

On the other hand, the decay pattern of the sgluon is modified. In particular, the lighter of the
two sgluon eigenstates can also decay to a gluon and two goldstinos. Since for a light enough
sgluon the decay to two gluinos is kinematically forbidden, this novel process competes only
with a loop-induced decay to two top quarks, leading to a significant modification of the decay
pattern of the sgluon even for relatively high values of the SUSY breaking scale. Furthermore,
since sgluons are dominantly pair produced, the latter process leads to the usual four-tops ex-
perimental signature while the former process to decays to two or three jets plus missing energy,
which may be experimentally challenging —i.e. in low-scale SUS Y-breaking scenarios the sgluon
may be even lighter than the presently weak bounds suggest. To illustrate the importance of these
channels we computed the branching fractions of the sgluons for various scenarios and also com-
puted the cross-section for such events at LHC13. In addition, in contrast to previous analyses
of sgluons, we treated them as two sets of real scalars (since in Dirac gaugino models they are
always split as such) rather than one complex scalar.

The octet scalar may be produced individually through gluon fusion. If it subsequently de-
cays to two gravitinos and a gluon then this may contribute to monojet signatures. However, we
showed that in these scenarios the octet scalar and gaugino-mediated events leading to a monojet
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mutually interfere: if we completely integrate out the gluino, then, in fact, this decay channel
will no longer be present. To illustrate the potential for discovery of such events at LHC13, we
computed the cross-sections for two scenarios with low SUSY-breaking scale and light stops. In
fact, there is a certain tension between increasing the sgluon production rate through gluon fusion
and ensuring that gluons are not the dominant decay channel; however, we find that despite this,
light octets can contribute a significant number of events.

Finally, we examined how the gluino decay rate changes in the presence of light gravitinos,
in the context of Split SUSY and Fake Split SUSY, where the squark masses are very high. The
decay rates differ by a factor of two between a pure Majorana and a Dirac gluino, while the decay
rate of the fake gluino in the Fake Split SUSY case leads to lifetimes parametrically larger than
the standard Split SUSY case.

Clearly the phenomenological analyses described in this paper are just a first step, and we have
merely illustrated the possibilities. We have already emphasised that it is now important to revisit
existing constraints on low-energy supersymmetry-breaking scenarios with squarks and gauginos
in the spectrum in terms of Dirac gauginos. We expect the bounds on the supersymmetry-
breaking scale to be weaker in this case. However, we are also proposing that an alternative
simplified analysis would retain only the gluino and the sgluon, and we have provided all of the
theoretical background to do this.
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Appendix A. Details of the effective action

Dirac gauginos are incorporated in the MSSM by adding to the field content one chiral super-
field in the adjoint representation for every gauge group. The Lagrangian under study consists of
the Nonlinear MSSM Lagrangian [9] extended by operators that involve these new superfields.

L = Lxmssm + £pG- (A.D)

It consists of
LxMssM
B
—Z/d“ <1 ur3 XTX)qﬂ Voo 4 xtx {/d%} |:<M+FX)H1 H,

e

Au c Ad c A c
+ yu‘|’7X Hy - QU + )’d-i—TX QD" -H + )’e+7x LE"-H,

+Z( + —X) Weaws], +fX} +h.c.}, (A.2)
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where @: Hy, Hy, Q, D¢, U¢, E, L, W} y.w.c 1S the field strength superfield for the hyper-
charge the SU(2) and the SU(3) gauge fields respectlvely (e.g. Wy =gwWio® and Vg, pu, =
V’ o' F gy Vy. In the last line above, we have already taken the trace in the field strength

superﬁelds. Also,

L‘Dc;:/d“é?(l
2 Ag AT -
+ ae Ks—i-?X SH-H,+?2 KT+7X H -TH

1 B; DZD“(XTX)
Mz + =X )[z2],

where V; = gy Vy, ng a .8 Vi and X; =S, T O are respectively the singlet superfield, the
SU(2)-triplet superfield T = T’cr /2 and the SU(3) octet O = 0“A¢/2, where o123 and A8
are the Pauli and Gell-Mann matrices. As before, in the last line above, we have already taken
the trace in the field strength and the adjoint superfields. The symmetries of the theory allow for
a linear superpotential term m?> S as well as cubic interactions between the adjoint superfields,
however in the present study we choose to neglect them.

The component expansion of (A.2) is given in [9]. For completeness, we present the compo-
nent expansion of certain parts that are of interest to this study. We have

m2
— XX )2 Te[Z eV Zie V]
f? '

b, [Wsz], ]+hc} (A.3)

/d“e X*X=|aux|2+F;FX+ <’§$Xa“3,uﬁx +h.c.>, (A4)
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where j = 1,2 and D*h; = (3" + 5V!")h; and h*ﬁﬂ = (Drhy)t=h' (ﬁﬂ LV!"). The other
Kahler operators are easﬂy obtalned upon appropnate substitution of the matter and gauge fields.
For the adjoint superfields we need to take into account that for generic adjoint field ¢,

Vi = [V, @15 ¢TVM — [q&T, VM], same for A and D, (A.6)

for example,
m2
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Also,
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where s; is the scalar field in X, (AﬂX)“ = E)HX“ - gt“bCVli’Xc and Fj, =0, V! — 0,V —

nv
grébe V}j V¢ (for the hypercharge we have the abelian expressions — for the SU(2) gauge group,
1%b¢ = €2b¢) Notice that the “Dirac gaugino” operator does not contain 2-goldstino couplings

coming from sgoldstino exchange. Finally,
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[As(xshi - hy + sy1 - hy + shy - Y2)

The terms that couple a sgluon to a gluino and a goldstino (including terms after integrating
out the auxiliary fields) are given by

o BO a a m%) a=—a . m2D3 a ax a
Loz =——70"xx$h — —20"%Hyx — —=(0% + 0™ )yx xH
f f f
M M
+ —m’); © 0y a? + 33 (04 4 0y A

— %mxa“m#ic)a 0% +hec.,

while the coupling of a sgluon to a gluon and two goldstinos is

D3

m
V252

Log66 =— i9,(¥xo" oY x)Gy, 0 +he. (A.10)

Appendix B. Goldstino—neutralino mixing

The minimum of the scalar potential of the CP-even neutral fields is given by
D? D}
V=F§+Fi+ F 4+ P+ -+ =2+ Von (B.1)

where
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v1v2 vs

Fs=—ks— — Ms—
2 V2
1A R%) vr
Fr=kr—= — Mr——
2 NG

(e o)

_ vr V1
= (n+rs 5w ) 5
—gz( vz)—Zlevs

2
D2=—gz(v%—l}§)—2m[)2vr
and
U2 2 2 2 2 U%
Vsoft—ml > +m22 +BU1U2+m 5 +B 7+mT > +B >
+A Apvp 212
SUS — ATV —=
ﬁ V2

(B.2)

(B.3)

The minimisation conditions 0V /dv; =0, [ = 1,2, S, T are used to express four parameters in
terms of the others and will be used in the following. Also, the Dirac mass operator and elec-
troweak symmetry breaking modify the kinetic terms, introducing mixing between the goldstino

and the gauginos. In particular
Ly =iryo"dhy +irdota,n3
2,2 2,2
) mivy  myvy  2vsmp Dy 2vrmpr Do pa T
+1<1— 272 - 2 f2 + 12 + 7 Yxo" o, x
V2i

— T[mDIUS(WXUMauXY +ky0“3ulﬁx)

+mpovy (Yxo duhd, + 230" 9,9 x)]-

The kinetic terms are diagonalised by performing the following field redefinitions

V2m V2m
Ay = Ay + fDl vsYx, A3 a3+ szleﬂx-
followed by a rescaling of the goldstino field
Vx
Yx > —
VE

with

1
E=1- ?(IZU im, + 1203m3, +miv +miv3

+ (gimpivs — gszsz)(U% - U%))

The 7 x 7 neutralino mass matrix is given by

1
Loeutr = —lemlI/[Wm + h.c.

(B.4)

(B.5)

(B.6)

(B.7)
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where ¥ = (¥x 1//? wg Ay A3w Xy XSJ)T and M;,, = M,,;. The mass mixing terms, after taking
into account the diagonalisation of the kinetic terms, are given by

2 M
Myyyy = 7 [le(MlUSDl + Mympiv} + ~/_mD1USFs) + T(Dl)2
2 M; 2
+ sz(MZU%D% + Mszz(v%) + \/EmDQU:%F%) + T(DS)

4f(m1 (Fi)vi 4+ m3(Fa)vy + mg(Fs)vs +mp(F7)v7)

+ Ar[vs(w(Fz()) +(F{)v2) + (Fs)viva]

= ST [ alE) +FOn) + (FRoren]

B B B
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1
MA?UXSJ = (1 + F(vaz + m%vf + m%v% + m%vg + sz(v%)z))mm
MXYXY:M57 MX%X%:MT

M, 3 =M

xrxd 3 :MK%UXY ZMAY)»?,J ZMAYX.% =Mw3¢g ZM’#?% =0

X
The goldstino direction in each fermion is identified by solving the linear system
MWy = 0. (B.8)

After simplifying the result by use of the minimisation conditions, we finally obtain at lowest
order in f~! the simple relations:

Qv2 Qi
Y = G+, Yo = G+
V2f V2f
gi1(v —v3) 3 &0 —v))
4 42 f WY
2M k 2M —k
XS:\/_ sUs + sv1v2G+”_’ X%:«/— TUT Tv1v2G+___ (B.9)

2f 2f

where i = p + (ksvs — krvr)/+/2 is the modified x term and G is the true goldstino (the
massless eigenvector of the neutralino mass matrix).
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