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Abstract: In gauge mediation models with multiple spurion fields breaking SUSY and the R-symmetry
separately, we show that it is possible to generate gaugino masses in one loop if the R-charge
arrangement satisfies a certain condition. The resulting gaugino masses are calculated and suppressed
by a power of the messenger’s mass scale. We present two simple examples to demonstrate this
possibility and discuss possible phenomenology implications.
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1. Introduction

Gauge mediation [1-4] provides a mechanism to mediate spontaneous supersymmetry
(SUSY) breaking effects from the SUSY breaking hidden sector to the visible supersym-
metric standard model (SSM) sector, giving rise to soft terms for sparticle masses and
coupling constants that may be tested at the LHC or other future experiments. Although
recent experimental results have excluded many SUSY models [5], there are still some
unexplored corners of the parameter space where models compatible with experiments can
be constructed.

In gauge mediation models, SUSY breaking fields in the hidden sector [6] are coupled
to messenger fields, which are nontrivial representations of the standard model (SM) gauge
symmetries. The hidden sector is effectively described by a Wess—Zumino model, which
possesses F-term spontaneous SUSY breaking [7,8]. A chiral superfield X, named the
SUSY breaking spurion, obtains a vacuum expectation value (VEV) for its auxiliary field
component after spontaneous SUSY breaking. To build a natural SUSY breaking model
in the hidden sector, it is necessary to introduce R-symmetry that restricts the possible
terms appearing in the superpotential [9]. The R-charge assignment of fields determines the
generic form of the superpotential, which has R-charge 2. SUSY or SUSY breaking vacua can
be obtained by a proper R-charge assignment satisfying certain conditions [10-20]. SUSY-
breaking effects are transferred to the visible sector through the coupling of messenger
fields. In gauge mediation models, the R-symmetry also needs to be spontaneously broken
to generate Majorana gaugino masses, which do not respect the R-symmetry. The R-
symmetry is effectively spontaneously broken by the VEV of the scalar component of a
chiral superfield Y with a nonzero R-charge, which is named the R-symmetry breaking
spurion. In a simple model of the hidden sector, the SUSY-breaking and R-symmetry
breaking spurions are usually considered to be aligned, and X is identified with Y. The
scalar component of X, or the SUSY-breaking pseudo-modulus ¢x [21-23], obtains a VEV
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at the loop level by including quantum corrections [24,25], or through the inclusion of
D-terms [26,27]. Thus, X has the VEV

(X) = (¢x) + 0*(Fx) . 6y

Sparticle masses are generated through the gauge mediation mechanism. Among them,
the gauginos obtain Majorana masses from one-loop diagrams with messengers in the loop.
Up to an overall factor, the magnitude of gaugino masses is

#s (Fx)
4 (¢x)

where «; is the fine structure constant of the gauge group labeled by the index s.

It is also possible to build models with R-symmetry breaking before considering
quantum corrections, or at the tree level [28,29]. Such a model can be effectively described
as the misalignment between X and Y fields. A naive guess for gaugino masses would be

M ~ e B0 3)
47 (¢y)

However, as shown in previous literature [30], the simplest type of tree-level R-symmetry
breaking model does not have a one-loop diagram for the gaugino masses with R-charge
conservation at all vertices, unless the R-charges of X and Y are identical and the assumption
of misalignment becomes invalid. Thus, generic tree-level R-symmetry breaking models in
the simplest cases fail to generate gaugino masses and are not favored phenomenologically.
In this work, we investigate the possibility of bypassing the previous no-go state-
ment [30] in more general models. We show that with multiple Xs, Ys, and messenger
fields, gaugino masses can be generated at the one-loop level if the R-charge assignment
of fields satisfies certain conditions. The resulting gaugino masses from one-loop Feyn-
man diagram calculations are always suppressed by a power of the messenger mass scale,
whose exponent depends on the number of X fields, although the detailed gaugino mass
spectrum requires more careful calculation. We present two simple examples to demon-
strate this possibility. Finally, we discuss possible implications for model building and

phenomenology.

Mg ~ 2

2. Gaugino Masses from One Spurion

This section reviews previous results of ordinary gauge mediation, which will later
be generalized to models with multiple misaligned spurions. We start from the superfield
formulation of the SUSY Lagrangian

L= LKinetiC + [W]96 +h.c. (4)

and expand it to component fields. Ignoring the details of SUSY breaking and R-symmetry
breaking mechanisms, the SUSY breaking sector is described by a spurion field X with the
VEV (1) breaking both SUSY and the R-symmetry. The R-charge of Grassmann numbers 0*
is set to 1 in the superfield formulation, so the superpotential W has R-charge 2 to make
the Lagrangian R-invariant. In simple models, X usually has R-charge 2, and couples to
messenger fields through the cubic interaction in the superpotential

W =xkXdd, ®)

where the messenger fields ® and ® have opposite R-charges +r and are conjugated to
each other as SM gauge symmetry representations. Expanding the superpotential part
of the SUSY Lagrangian in the component fields, the nonzero VEV of X gives quadratic
vertices to messenger fields:
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[kXPD)gg + h.c. = x(px) Py + k(Fx)Pp + hc. + -+ - . (6)

Messengers are nontrivial representations of SM gauge symmetries coupled to vector super-
fields V = V“T? in the kinetic part of the Lagrangian, where T% are gauge symmetry group
generators; we use the Einstein summation convention for repeating indices throughout
this work. Expanding the kinetic part of the SUSY Lagrangian in the component fields, the
gauge coupling gives the cubic vertices between messenger fields and gauginos:

[ @8V T @] g5 = — V285 (9" T*P)A" + hoc. + - -+, @)

where A” are the SSM gauginos §, and the gauge coupling strength g; is related to the fine
structure constant a5 of the gauge group labeled by the index s:

2
&8s
= —. 8
Xs 4 8
Similar vertices from gauge coupling between ® and V also exist. The Feynman rules of
these vertexes are shown in Figure 1. Gauginos obtain Majorana masses of the magnitude (2)
from the one-loop Feynman diagram shown in Figure 2, where the R-charges of messenger
component fields are labeled.

Y(¥)
—ik{Px) —ir(Fx)
———X——— X {—iv/2g,T°
¥ ¥ ¢ ¢ MON
B(9) <

Figure 1. Messenger coupling vertices related to gaugino masses.

Figure 2. A one-loop diagram for gaugino masses with R-charges labeled.

The messenger sector can be generalized to have more than two messenger fields, and
include explicit mass terms [31,32]. The corresponding superpotential is

W= Kin&DiCD]‘ + mqu~>l®] . 9)

where each term with nonzero «;; or m;; must have R-charges of fields added up to 2.
Messenger fields with and without tilde on their symbols are conjugated to each other as
SM gauge symmetry representations. The messenger mass matrix

Ml’]' = Kl'jX + mi; (10)

is not diagonal and depends on the VEV of X. It alters the quadratic vertices and the
propagators of messengers in the loop, making the one-loop calculation more complicated.
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One can instead do the calculation using the wave-function renormalization method [33],
and the resulting gaugino masses are given as in [31]:

M; = —(Fx) 9 log det M . (11)
9% l(gy)

As a consequence of the R-symmetric superpotential (9), the determinant of the messenger
mass matrix has the identity

det M = X"G(m,x), n=rg' )y (2—R(d;)—R(P;)). (12)
Then (11) becomes (RO
o amn Fx

Me = 4 i) %)

which agrees with the magnitude (2). In particular, a model with a classically stable
pseudo-modulus space always gives n = 0 in the identity (12), and the gaugino mass
(13) becomes zero. To obtain a nonzero gaugino mass at one loop, the classically stable
vacuum condition must be relaxed. So the SUSY breaking pseudo-modulus space must
have a classically unstable region that the stabilized vacuum—after including quantum
corrections—should avoid. This type of classical instability also means that there must be
some vacuum or runaway direction with lower potential energy than the SUSY breaking
vacuum. Thus, we reached an additional argument for the necessity of metastable SUSY
breaking [34,35], which complements the argument of metastability from non-perturbative
effects explicitly breaking the R-symmetry [36,37]. Note that both the wave-function
renormalization result (11) and the messenger mass matrix identity (11) are based on the
assumption of a single spurion X, which breaks both SUSY and the R-symmetry. Thus, this
argument of metastability from classical instability of the pseudo-modulus space does not
work for the following cases with multiple misaligned spurions.

3. Gaugino Masses from Misaligned Spurions

This section generalizes the gauge mediation formulation in the previous section to
tree-level R-symmetry breaking models; the essential concept is the misalignment between
the SUSY breaking spurion X and the R-symmetry breaking spurion Y. Instead of (1), we
have the VEVs

(Xi) =60*(Fx,), (Vi) = (¢v,) . (14)

Here, we suppose that in a generalized model, there may be multiple X and Y fields with
different R-charges, r(X;) and r(Y;). It is a common feature of previously known examples
of SUSY breaking models with tree-level R-symmetry breaking [28,29,34]. Both X and Y
fields couple to messenger fields through cubic interactions in the superpotential

W = ki X PP + &ijie Yi PPy, (15)

where each term with a nonzero coefficient «;j or {;jx must have R-charges of fields added
up to 2. Messenger fields with and without tilde on their symbols are conjugate with each
other as SM gauge symmetry representations. Expanding the superpotential part of the
SUSY Lagrangian in component fields, the nonzero VEVs of the Xs and Y's give quadratic
vertices to messenger fields:

[1iji X Prlgg + h.c. = ki (Fx, ) ik +hoe. + -+, (16)
[CijkYi®iPiloo + hc. = Gije Py, ) Pjpr +hoc 4 - - . (17)
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Moreover, the gauge coupling in the kinetic part of the SUSY Lagrangian gives the cubic
vertices between messenger fields and gauginos:

[@F 2V T @] 4995 = — V28 (¢ T"Y;)A" +hc.+ -+ . (18)

Similar vertices from gauge coupling between ® and V also exist. The Feynman rules of
these vertexes are shown in Figure 3. Note that a quadratic vertex may mix messenger
fields with different indices, but a cubic vertex always connects a gaugino with fermion and
scalar components of the same messenger superfield. One can insert multiple quadratic
vertices into both the fermion part and the scalar part of the loop, and gauginos may obtain
Majorana masses from the one-loop Feynman diagram shown in Figure 4. If the diagram
does exist, R-charge conservation should be satisfied at each vertex. Thus, the R-charges
of messengers can be determined by 7(X;), 7(Y;), and r, which is the R-charge of the first
messenger connecting to the gaugino on the left of the loop diagram. The resulting R-
charges of messenger component fields are labeled in Figure 4. Then R-charge conservation
at the vertex connecting messengers to the gaugino on the right of the loop diagram leads
to the condition

Nx 4 Ny .
;(—1)’7(&-) = ;(—U’r(Yi), (19)

where the sum is over the (Fx) vertices or the (¢y) vertices in the loop diagram. Noticing
the arrow directions of messenger field propagators and pairs of messengers with and
without tilde connected to quadratic vertices, both the fermion part and the scalar part of
the loop diagram in Figure 4 must have odd numbers of vertices inserted. Thus both Nx
and Ny must be odd numbers.

To obtain the magnitude of gaugino masses from the one-loop Feynman diagram
shown in Figure 4, we simplify the coefficients of cubic interactions in the superpotential
(15) to just two universal parameters k = k;j; and § = §;jx. We assume for simplicity that
all VEVs of Xs and Y's are at the universal scales (Fx) and (¢y), and all messengers obtain
masses at the universal scale M ~ (¢y). Notice that all Feynman rules of quadratic vertices
can be set to real by proper complex phase rotations of messenger fields. Now, we are
interested in the regime (Fx) < M so that an effective field theory calculation can be
done to give soft masses from the SUSY breaking effect. Using the two-component spinor
techniques for quantum field theory developed in [38], a straightforward calculation of the
one-loop diagram in Figure 4 gives:

d*k k, otk o (Ny+1)/2
_28£<K<FX>)NX(€<¢Y>)NY/ )t ((k+ p)z(_MMZ)gx)H (k2 — M2)Ny+1

d4k kNy-‘rl
—2g2 (1 (Fx) )N (& (py))N / )3 ((k+ p)2 — M2)NxHL(k2 — MZ)Ny+1

(20)

Following the standard procedure in quantum field theory textbooks [39], the integration
can be done by introducing a Feynman parameter x and performing a Wick rotation:
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d4k Ny+1
/ 2m)% ((k+ p)2 — MONxTI(k2 = Mz)Ny+1
(NX + Ny +1)! / / NX(l — x)NYkNy+1
Nx! Ny! 4 (k%2 +2xk - p + xp? — M2)Nx+Ny+2

(I=k+xp, A=M*—x(1 —x)p2)
_ (Nx + Ny +1)! d4l xN 1—x) Ny (1 — xp)Nr+l
~ Nx!Ny! / / ~A)NxFNy 2
(M ED/2 (Ny + Ny +1)! (Ny +1)
& Nx!(Ny+1-2a)!(2a)!

TN Ny (o Nyt120 [ _d'] 12
X/O dx x™X (1 — x)™ (xp) ™Y /(2n)4 (12 — A)Nx+Ny+2 (21)

(Ny+1)/2
B W (Nx+ Ny + 1) (Ny +1)
= L i N;( (NYYJrl—za)Y(za)

a=0
. d4l lZa
Nx (1 _ Ny Ny—+1-24 E E
X/o dx x™X (1 —x)™ (xp) /(2n)4 (12 4+ A)Nx+Ny+2
_<NY§>/2 i(—1)" (Nx + Ny —a—1)! (Ny + 1)(a +1)!
a=0 (477)? Nx! (Ny +1 —2a)! (2a)!
Lo N (1 — )N (ap) Nyt
X ~/0 dx ANx-i-Ny—Il ’

Plugging this result into (20) and setting p> = m?, we obtain the one-loop contribution

to gaugino masses with the awkward integration and sum expressions. Note that all
integrations over the Feynman parameter x in the sum are finite. Neglecting an overall
factor, it is easy to obtain the magnitude of gaugino masses:

as (F)™ (o)™ s (Fx)™X

Mg ~ E M2Nx+Ny—1 477 M2Nx—-1"

(22)

which is always suppressed by a power of the messenger mass scale.
For models with only one (Fx) vertex and one (¢y) vertex inserted in the loop in
Figure 4, it seems that (22) gives the magnitude of gaugino masses

Mo ~ as (Fx)(py) & (Fx)
$ 4m M2 4t M

(23)

However, the condition (19) in this case means r(X) = r(Y). The R-symmetry requires X
and Y to share the same set of coupling terms with messengers. There is no distinction
between X and Y in terms of R-charges. Therefore, the misaligned VEVs in (14) are not
generic, and the scalar component of X may also obtain a VEV to break the R-symmetry in
a generic model. This is just the no-go statement obtained in [30]: The simplest tree-level R-
symmetry breaking model, if it successfully generates gaugino masses in gauge mediation,
is generically accompanied by same magnitude of loop-level R-symmetry breaking, which
also contributes to the gaugino masses. To generate gaugino masses from misaligned
SUSY breaking and R-symmetry breaking spurions in a generic model, it is necessary
to have multiple (Fx)s or multiple (¢y)s inserted in the loop in Figure 4, satisfying the
condition (19).
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Vi)
—i&ijk{(Py;) —ikge(Fx,)
———X— =X ivag, T
V; i ; Z NG
¢i ((;Z) N N

Figure 3. Messenger coupling vertices related to gaugino masses from misaligned spurions.

r—14ry, —ry,

\*<FX1>

W (FL,) () o
2—r—rx - --K
r+rx, —Tx,

Figure 4. A possible one-loop diagram for gaugino masses from misaligned spurions with R-charges
labeled.

4. Examples

This section presents simple examples to demonstrate the possibility of generating
gaugino masses with multiple spurions satisfying the condition (19). Noticing that both N
and Ny must be odd numbers, the simplest model has either three (Fx) vertices or three
(¢py) vertices inserted in the loop. One can further simplify the model by allowing different
vertices to come from the same X or Y as long as they are not next to each other. Therefore,
the simplest model may be constructed with one X field and two Y fields, or two X fields
and one Y field.

4.1. The 1X2Y Model

In the first example, we have one SUSY breaking spurion, X, and two R-symmetry
breaking spurions, Y7 and Y;. The couplings between X, Ys, and messenger fields are
described by the superpotential

W =kXP; P, + ClYlélqM + §£Y1q~33q32 + €2Y2C153(134 , (24)
which is compatible with the R-charge assignment:

rM)=r, rMa)=r, r(X)=2r1—ry, r(P1)

r(d) =7,
(D) =2—r—=2r1+ry, r(D3)=r+r—ry, r(®y)=2—1r—r1,

(25)

where the free parameters 7, r1, and r, may be fixed by some mechanism in the ultraviolet
theory, such as anomaly cancellation when the R-symmetry is gauged in supergravity.
According to (22), the one-loop Feynman diagram shown in Figure 5 gives the magnitude
of gaugino masses
Cows (Fx)(gy)® e (Fx)
Me~ g s 4T M 2€)
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* (Fx) s

ggl \\\‘*”/I ¢2

Figure 5. A one-loop diagram for gaugino masses in the 1X2Y model.

If there are explicit messenger mass terms in a model, the mass coefficients can be
viewed as VEVs of some Y fields with R-charges 0, which do not violate the R-symmetry
of the model. Thus, some (¢y,) vertices in the loop in Figure 5 can be replaced by explicit
mass insertions, and the model may be built with only one X field and one Y field. If we
replace the two (¢y,) vertices with masses in the loop, we have the superpotential

W= KX(i)lCDZ + m®1®4 + m’§>3¢2 + §Y®3®4 (27)
with the R-charge assignment

r(Y) =T, r(X) = -1, 1’(&)1) =r,

.
o 28
(@) =2—r+4+r1, 1(P3)=r—r;, 1r(dPy)=2-r. (28)

We can also replace the one (¢y, ) vertex with a mass in the loop, then we have the superpotential

W = kXD Py + YD Py + ' YD3P, + mD3Dy (29)

with the R-charge assignment

r(Y)y=r1, r(X)=2r, r(dy)=r,

N 30
rH(Dp) =2—r—2r, r(P3)=r+r, r(Py)=2—-r—r1. (30)
The one-loop Feynman diagrams for gaugino masses in these two variations of the 1X2Y
model are shown in Figure 6. Both of them give the same magnitudes of gaugino masses as
(26) if we assume (¢y), and the explicit messenger masses are at the universal scale M.

™ o N o
g, FRRNES

Figure 6. One-loop diagrams for gaugino masses in two variations of the 1X2Y model.
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4.2. The 2X1Y Model

In the second example, we have two SUSY breaking spurions, X; and Xj, and one
R-symmetry breaking spurion, Y. The couplings between the Xs, Y's, and messenger fields
are described by the superpotential

W = K1X1(i31q34 + Kind’):;q)z + K2X2q~)3q)4 + gY&)lq)Z , (31)
which is compatible with the R-charge assignment:

r(X1)=r, rXa)=r, r(Y)=2r—r, r(;fl) =7, 52

(@) =2—r=2r1+r, rd3)=r+r—ra, r(Ps)=2—-r—r1,
where the free parameters r, r1, and 1, may be fixed by some mechanism in the ultraviolet

theory. According to (22), the one-loop Feynman diagram shown in Figure 7 gives the
magnitude of gaugino masses

& <FX>3<‘PY> Xs <FX>3
e Vv VR (33)

which is suppressed by a higher power of M because of multiple (Fx) insertions in the loop
of Figure 7.

)\a \ ] )\a

X 1
¢1 \+<FX1><F* ><FX1>+/ ¢2

A S X2 g
P4 03
Figure 7. A one-loop diagram for gaugino masses in the 2X1Y model.

5. Conclusions

In this study, we demonstrated that it is feasible to generate gaugino masses using
multiple SUSY breaking and R-symmetry breaking spurions with a suitable R-charge
arrangement that satisfies the condition (19). The magnitude of the resulting gaugino
masses (22) is suppressed by a power of the messenger mass scale M. The exponent of
M in the denominator depends on N, the number of (Fx) quadratic vertices inserted
in the scalar part of the loop diagram shown in Figure 4. Specifically, models with one
SUSY breaking spurion X always result in gaugino masses of the magnitude Mz ~ 7= <FT§1>'
provided that all VEVs of Ys and all messenger masses are at the universal scale M. In
realistic models, there may be some hierarchy among the VEVs of different Xs and Ys, as
well as coefficients of different cubic interactions in the superpotential. Messenger masses
must be determined from the eigenvalues of the messenger mass matrix, and the mass
eigenstates are typically not aligned with the R-charge eigenstates of messengers. Moreover,
there may be more than one combination of Xs and Y's that satisfies the condition (19),
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References

corresponding to multiple different loop diagrams that contribute to the gaugino masses.
Thus, the actual gaugino masses necessitate more detailed calculations that depend on the
model’s details.

The misalignment between SUSY breaking and R-symmetry breaking spurions may
arise not only in tree-level R-symmetry breaking models [28,29,34], but also in models
with separate SUSY breaking and R-symmetry breaking sectors. Recently found counter-
examples to the Nelson-Seiberg theorem show the possibility of R-symmetry breaking
spurions that do not break SUSY [12,13,15,18]. Thus, there may be more freedom to
manipulate the mass spectrum of gauginos, as well as other SUSY breaking soft terms, by
independently adjusting the SUSY breaking and R-symmetry breaking effects in different
sectors. Gaugino masses are suppressed by a higher power of the messenger mass scale
M in models that require multiple (Fx) insertions in the one-loop diagrams to satisfy the
condition (19). On the other hand, sfermion masses from two-loop diagrams do not suffer
from such suppression, thus may remain heavy. This splitting of sparticle masses gives rise
to the split-SUSY scenario [40—-42], which has gained attention and development in the era
of null discoveries from LHC and dark matter searches [43—46].

The multiple spurions in our assumption could just be artifacts of the R-symmetry,
that one single SUSY breaking or R-symmetry breaking spurion is a linear combination
of spurions with different R-charges. This is the usual situation of tree-level R-symmetry
breaking models [28,29,34] with a single sector possessing both SUSY breaking and R-
symmetry breaking. An alternative possibility is to have multiple sectors, where each one
independently breaks SUSY or the R-symmetry. The multiple decoupled SUSY breaking
sectors correspondingly yield to multiple massless goldstini [47], which could lead to
interesting phenomenologies, such as models for goldstini dark matter [48,49].
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