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ABSTRACT: We generalize the General Gauge Mediation formalism [13] to allow for the
possibility of gauge messengers. Gauge messengers occur when charged matter fields of the
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gauge fields could be gauge messengers. We give a completely general, model independent,
current-algebra based analysis of gauge messenger mediation of susy-breaking to the visi-
ble sector. Characteristic aspects of gauge messengers include enhanced contributions to
gaugino masses, (tachyonic) sfermion mass-squareds generated already at one loop, and
also at two loops, and significant one-loop A-terms, already at the messenger scale.
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1 Introduction

In gauge mediation of supersymmetry breaking (see e.g. [1-12]), a susy-breaking hidden
sector is coupled to a supersymmetric extension of the standard model (SSM) only through
gauge interactions. In direct gauge mediation, the SSM interacts with the hidden sector
through the SU(3) xSU(2) x U(1) gauge interactions of the standard model. Another model-
building option is indirect gauge mediation, where susy breaking is communicated from the
hidden sector to an intermediate, messenger sector through some new gauge interactions,
and then from the messenger sector to the MSSM via the SM gauge interactions. In what
follows, we’ll consider general aspects of susy breaking mediation from a susy-breaking

“hidden sector” to an otherwise supersymmetric “visible sector,” via gauge interactions’

Eint D) g/d46(u7hidden + jViS)Va (11)

where J are the currents in the two sectors and V is the gauge vector multiplet.
We refer to the sectors as “hidden” and “visible,” but our discussion will be completely
general and will not assume that the “visible” sector is actually the SSM. Thus our general

“visible sector” is instead replaced with

analysis can also be applied in models where the
an intermediate messenger sector.

We will here consider general aspects of gauge mediation of susy breaking with gauge
messengers, i.e. when some of the gauge fields V in (1.1) themselves have a tree-level susy-
split spectrum. The majority of the literature on gauge mediation focuses on the case
without gauge messengers, where the gauge multiplet spectrum is susy-split only at the
loop-level. Indeed, even the general gauge mediation framework of [13] focuses on that case.
See also e.g. [16-23] for further work on non-gauge-messenger, general gauge mediation.
Although gauge messengers are less studied, it is not such an exotic pheonomenon: gauge
messengers occur whenever charged hidden sector fields get non-zero F-components.?

Gauge messengers have a long history. The Fayet-Iliopoulos model [24], has gauge
messengers (for FI term sufficiently large), taking the Higgsed U(1) gauge group of the

1One could also consider including direct superpotential coupling of the sectors, as is sometimes useful
in considering the Higgs sector (see e.g. [14, 15]), but we will not do so here.

2@Gauge messengers can also occur with D-term breaking. As we will discuss later, D-term breaking is
already covered by our F-term based analysis whenever the gauge group is Higgsed: when m$ # 0, (D) is
not an independent variable.



model as a U(1)’ to communicate susy breaking to the MSSM. Another classic with gauge
messengers is Witten’s inverted hierarchy model [3], where the charged fields breaking the
GUT group also have non-zero, susy-breaking F-terms. This scenario was analyzed in
many following works long ago e.g. [6, 25-31] and also more recently, e.g. in [32], where it
was noted that gauge messengers can help alleviate the little hierarchy problem and they
provide interesting, and somewhat unexplored, new avenues for model building.

With gauge messengers, the gauge group is Higgsed (at least partially) together with
supersymmetry being broken. Possible candidates for gauge messengers are (i) the massive
vector bosons of a GUT gauge group; (i7) some new Higgsed gauge sector, such as a U(1)’
coupling to the MSSM; (444) the W and Z° sector of the MSSM; (iv) a new gauge sector,
coupling to a separate messenger sector, which is then coupled to the MSSM (this possibility
includes Semi-direct Gauge Mediation [33]). We will here generalize the framework of [13]
to include the possibility of gauge messengers, and the possibility that the susy-mediating
gauge group is (partially or fully) Higgsed. We considered aspects of gauge mediation by
susy-preserving Higgsed gauge groups in [18, 34|, and here we generalize that to the case of
susy-breaking Higgsed gauge groups. Because gauge messengers are relatively unexplored,
we will also note many basic properties which are not widely known and/or are incompletely
treated in some of the literature, and resolve some puzzling issues.

For theories where the messengers’ susy-splitting is small relative to their susy mass
component, e.g. if F; ~ (Q2X;) and M; ~ (X;) have |F;| < |M;|?, the leading visible sector
soft masses can be obtained by using the technique of analytic continuation in superspace
[27, 35, 36]. This method works equally well whether or not there are gauge messengers.
Indeed, this technique was first developed [27] to study gauge messenger models, and some
key differences between gauge-messenger and non-gauge-messenger models were discussed
in [35]. Our general analysis will include the small-F-term results as a limiting case.
We will note and explain, however, some differences from the literature. For example,
we note that the vector multiplet coupling to the visible sector generally has StrM‘Q/ #+
0. Also, much of the literature has focused on the case where the same, single chiral
superfield ¥ = M + 6?F breaks both the gauge symmetry and supersymmetry. We note
that this is an oversimplification in actual models of spontaneous susy-breaking, such as
the O’Raifearteigh model. We note that in the more general case, gauge messengers also
lead to non-vanishing one-loop contributions to the sfermion m?s.

Gauge mediation without gauge messengers has some generic properties, e.g.

1. Vanishing one-loop contributions to visible-sector sfermion soft-breaking masses.

which are typically non-tachyonic at the messenger scale

2
2. Non-zero two-loop Mm%, o0

(aside from contributions from fields with D-type masses).

3. Though one-loop gaugino masses Mmgaugino are generated, they vanish to leading order
in F/M? if susy is spontaneously broken [28]. Non-zero one-loop gaugino masses are
generated at order F3/M?, as seen e.g. in [37], but they tend to be small and so
Mgaugino tends to be anomalously small compared with mMgfermion. See [38] for a
recent discussion and how this could be evaded by a certain type of metastability.



4. Insignificant A terms. A terms vanish to one-loop at the messenger scale, and are only
generated at lower scales with two-loop factors, from one-loop RG running induced

by the (already small) one-loop gaugino masses.

Gauge messenger models, on the other hand, have qualitatively different properties:

2

1’. Non-zero (generally tachyonic) one-loop? contributions to soft masses M formion -

at the messenger scale.

2'. Tachyonic contributions to the two-loop sfermion mgfermion

3’. Non-zero, one-loop gaugino masses, already at O(F/M), included for the gauginos
associated with massless (unhiggsed) gauge field subgroups.

4’. Significant A-terms, V' O AgQIQW + h.c. with Ag generated at one-loop and non-

zero at the messenger scale.

These observations have a long history. In the context of the inverse-hierarchy [3] type

was mentioned in [6], but not explicitly

models, a diagram leading to (1") one-loop mZ, .

computed as it was observed to be insignificant in their model because of an additional
In the
context of analytic continuation in superspace [27, 35], a proof was given that there cannot
be one-loop contribu}ions to mzfermi on (as we will discuss, the loophole in the proof is simply
that fd491n(zi]\i1 X;X;) #0if N > 1). The tachyonic two-loop m

(2") were discussed using analytic continuation in superspace in [35], and it was noted that

2
sfermion*

suppression by (msusy/MGUT)2 < 1 as compared with the two-loop m

zfermion contributions
the net result is typically tachyonic. The fact (3') that gauge messengers evade the issue
of vanishing gaugino mass contribution was noted in [28], and an explicit computation of
the non-zero, one-loop, O(F/M) gaugino mass was given in [29] for a model with gauge
messengers. The fact (4') that there can be significant A terms with gauge messengers was
noted using analytic continuation in superspace [27, 35].

We aim to clarify these issues, and to generalize them in a model-independent, current-
algebra based framework, much as in [13], which does not rely on a weakly coupled hidden
sector. The gauginos and visible sector sfermions get susy-breaking soft masses from di-
agrams similar to those of [13], see figure 1, except that here the blobs denote the full
propagators (the sum of the series of 1PI propagators) of the vector-multiplet fields.

Consider a general situation with gauge group G’ in the UV, spontaneously broken
to subgroup G C G’ at some energy scale my = mg /G- We separate our discussion into
effects associated with the propagators of massless gauge fields (denoted by A), and those
associated with the propagators of massive gauge fields (denoted by A’). In the general
case where the gauge group is partially broken, with some gauge fields remaining massless,
both effects are present, e.g. sfermions get masses from both the massless gauge fields and
massive gauge fields, as in figure 2. For example, with SU(5) — SU(3) x SU(2) x U(1), the

®This should not be confused with the well-known (see e.g. [39, 40]) one-loop contributions to m3,
proportional to the hypercharge, coming from a one-loop induced (D“) # 0. Messenger parity [39], a
JA — —J% symmetry to keep (DA> = 0, is introduced to eliminate those problematic one-loop mQQs.
The one-loop m2Qs we're discussing have nothing to do with (DA> and can occur for non-abeliang groups,
regardless of whether or not messenger parity is imposed.

4We use primes to denote UV extensions or versions of quantities.



(c) D3

(d) D4 (e) D5

Figure 1. Diagram D1 is the chirality-flipped propagator X(p?). Diagrams D2-D5 contribute to
the masses of sfermions and involve the spin 0, 1/2, and 1 gauge superfield propagators, A(p?),
Anp(p?), and A, (p?), respectively.

(a) (b)
(a) D5 (b) D5

Figure 2. The gauge fields in (a) are massless, while in (b), they are massive.

first diagram (a) includes gauge mediation by the Standard Model gauge fields (including
massive SU(5)/[SU(3) x SU(2) x U(1)] in the blob), while the second diagram (b) includes
new effects from the additional massive gauge fields of SU(5).

The unbroken gauge fields have supersymmetric tree-level spectrum. (Clearly, (FT?) =
~K¥ 043 W only breaks those generators which are already broken by (#%).) So the unbroken
gauge fields in figure 2a yield a contribution to the sfermion soft-masses which is two-loop
and similar to [13], except that the massive gauge fields contribute to the propagators of
the unbroken gauge fields, and lead to the new effects (2') and (3’) mentioned above. The
new effects (1’) and (4') mentioned above comes from direct coupling of visible sector to
the broken gauge fields, figure 2b, which can have susy-splittings already at tree-level.

The outline of this paper is as follows. In section 2, we will provide a technical outline
and summary of our results. Section 3 is devoted to a general discussion of gauge field
propagators and current algebra, including discussion of spontaneous symmetry breaking,
NG boson supermultiplets, and how the super-gauge field multiplet components get their
masses. In section 4, we discuss gauge mediation by any remaining massless gauge fields, as



B
Figure 3. The external gauge fields are massless, and the internal ones are massive.

in figure 2a, and in particular the new qualitative effects from the contributions of the mas-
sive gauge messenger fields to the correlators of the unbroken currents, as in figure 3. These
lead to the characteristic properties (2') and (3") of gauge messengers mentioned above.

In section 5, we discuss the effects of coupling the massive gauge messenger gauge
fields directly to the visible sector matter, as in figure 2b, and how this leads to the prop-
erties (1') and (4") above. In section 6, the susy algebra structure of the soft terms, and
the small susy-breaking limit are considered. Section 7 is devoted to examples and, in
section 8, we conclude. Appendix A summarizes some basic aspects of susy and nota-
tion, susy breaking, spurions, and analytic continuation in superspace. In appendix B we
demonstrate the equivalence of three methods of computing the effective potential, which
generally have different regimes of validity, namely our current-correlator expression vs
the Coleman-Weinberg potential vs the effective Kéhler potential, where the methods are
simultaneously valid.

Note added. After this work was substantially completed, and it was presented at the
Simons Summer Workshop [41], we learned of M. Buican and Z. Komargodski’s indepen-
dent work on a similar topic [42]; we thank them for bringing their work to our attention
prior to its completion, and for communications and comments on our paper. There is
also a small amount of overlap (e.g. in parts of our section 3.1) with parts of the otherwise
complementary recent work [43], and also with [44].

2 A technical outline and summary of results

In this paper, we suppose that the the hidden, susy-breaking sector couples to the visible
sector via gauge interactions (1.1), and work in small g perturbation theory. The hidden
sector can (fully or partially) break the gauge symmetry, in addition to supersymmetry. The
broken gauge fields have mass my, which we treat as order my = O(g") in our perturbative
expansion. Much as in [13], we do not need to know every detail of the hidden sector —
the relevant information is how the hidden sector contributes to the current correlators.

2.1 Tree level contact interactions

One effect, which we mention for completeness but which will not be so important for the
considerations of this paper, is present already at tree-level, and regardless of any susy



breaking. Integrating out massive vector multiplets in (1.1) induces a well-known contact
interaction in the low-energy theory

1 49 7A 7B 1 49 7A 7B
Llow > _Z 2(m2 )AB /d VAR ) _Z (m2 )AB d vaisjhidden’ (21)
AB Vv AB Vv

which is a correction to the low-energy Kéahler potential (see [21] for a recent discussion
of its curvature). Here A and B are gauge adjoint indices (which we’ll often suppress). This
interaction accounts for the coupling of J4 to (V4) = —(m‘_,Q)AB JPB, and illustrates that

the visible sector notices the hidden sector just via its effect on the gauge fields.
The interaction (2.1) can yield tree-level gauge meditation to the visible sector, namely
visible sector susy-breaking D-type soft sfermion masses, if (J;54on)le22 # 0, i.e. if

FyTBFy # 0. In this case, as noted long ago [28], the EOM yield

(DY (mi) P = =29 (RTPF,) = -2gRT R, (2.2)
T
Current conservation (gauge invariance) ensures that (72, )p2 = 0. The rela-

tion (2.2) implies that (D) is not an independent susy-breaking variable when m%, #£ 0. So
D-term breaking is included in a general analysis of F'-term breaking, except in the very
limited class of models (abelian gauge theories with added FI term) where (D) # 0 and
m%/ =0.

If the hidden sector is an O’Raifeartaigh-type model of F-term susy breaking, with
gauge interactions included by taking the fields ® in reps of a gauge group G (as in e.g.
[3]-16], [25]-[30, 31], [45-47] etc.) then we can take ¢oT" ¢y = 0, and then gauge invariance
of the superpotential and the EOM (assuming canonical Kéhler potential) imply that
FyTBEy =0 (see e.g. [30, 31]). So in these cases (J5 ;.0 0252 ~ (DP) = 0 and there is no
tree-level susy-breaking mediation to the visible sector. To have (2.2) non-zero, the hidden
sector must break susy by a combination of D and F-terms (and/or have non-canonical
Kahler potential) as in the SU(3) x SU(2) theory [7] discussed in [33]; see also [48].

We will here mostly focus on cases without tree-level gauge mediation, where (2.2)
vanishes, and the leading susy-breaking gauge mediation to the light fields of the visible
sector is via loops. We'll illustrate some aspects of the case where (2.2) is non-zero in the
FI model [24] example, in section 7. See [43] for a recent, thorough discussion of tree-level
gauge mediation.

2.2 Gauge field’s full propagators are the fundamental quantities

The observable, susy-breaking effects in the gauge and visible sectors can be obtained from

the propagators for the component fields of the gauge vector supermultiplet®
AP (p?) = (DA (p)DP (—p)) = 2y P (0?),
NLE W) = iG(PIAE (=p)) = pacd 2 (0%)/0%, AT ()
WWVAPVE(=p)) = (nw — pupu /P A1(0%) /. (2.3)

5We normalize these fields to have canonical tree-level kinetic term.



Here A, B are adjoint group indices. Unbroken susy would imply Ag = A5 = Ay =
Asusy(pQ), and A = 1 for a free, supersymmetric vector multiplet. The mass spectrum of
any Higgsed gauge fields, in particular, shows up as poles in these propagators. Since the
masses of the Higgsed gauge field can have susy-breaking mass differences already at tree-
level, O(g"), so can the location of the poles of the propagators (2.3). The susy-breaking
effects for the visible sector matter and gauginos will now be expressed in terms of the
following super-traced combination of the above propagators,

=B () = AP(R) - 20 AL () + DAL (),
= AP (0%) — 4A75(0°) + 3A1F (), (2.4)

together with the chirality-flipped gaugino propagator,
SABp?) = PG P)NE (), (2:5)

both of which would vanish if susy were unbroken, Zq.sy = Ysusy = 0. The propaga-
tor (2.5) would also vanish if there is an unbroken R-symmetry, as R(X) = —2.

2.3 Visible sector soft masses and a-terms, from the propagators

Our general results can be summarized as follows. The O(g?) soft susy-breaking gaugino
masses (in particular for the gaugino superpartners of any remaining massless gauge field) is

= plim (pQEAB(pZ)) . (2.6)

The visible sector sfermion soft masses are computed from the gauge-field propaga-
tors as

md = g (JHTA —i—gQZTATB/ ];4 12:AB( )+ 0(g"), (2.7)

where T, 7% is the group generator in the representation rg of the matter field Q. The
first term in (2.7) generalizes the hypercharge contribution of the MSSM, the Y} contribu-
tion® of [13]; one often imposes messenger parity to kill this term. The second term in (2.7)
is generated by the diagrams of figure 1 (diagrams D2, D3, D4 give the terms in (2.4)).

Finally, there are visible sector susy-breaking A-terms. These are conveniently de-
scribed by keeping the auxiliary components F(y of the visible sector matter fields @, as

then the A-terms all arise from the susy-breaking term
Leg D AgFpQ  which implies VD AgQogW. (2.9)

Clearly, such a term is non-zero only if there is R-symmetry breaking, as R(Ag) = —2.
If the visible sector has Wiree = m;jQiQ; + YijnQiQ;Qr, then (2.9) yields “non-diagonal”

STt can be written in terms of a D? expectation value using

(D) = —g(J%). (2.8)



soft masses (m?;);; = bij = (A; + Aj)m;;, and scalar trilinear couplings a;jx = (A; + 4; +
Ay)Yijk. By keeping the auxiliary field F in (2.9), these terms have a unified description.
The coefficient Ag is generated by a loop diagram similar to diagram D3 in fig 1, but with
the external Q' replaced with F& The loop then has a @ matter propagator’ and the
R-symmetry breaking gaugino mass propagator given in (2.5), giving our result

_ _zg2ZTA T8 / ! 1))4 122A3(p ). (2.10)

The fact that (2.4) and (2.5) are related to susy-breaking can be seen by noting that

S = (@D D () (211)
=00) = L Q@D D)) (212)

where Q%(...) = {Q%,[Qa,(...)]}; thus (2.11) and (2.12) would vanish in a susy
vacuum. Using (2.11) and (2.12), we can now rewrite (2.6), (2.7), and (2.10) as

Ml = Im | (Q*DAR)DH (1), (213
o =9 (IO + ZTA Ty / TP (@(Q*(DY(p)D”(-p)))), (2.14)
e (2m)4pt p p)s :
9 d* D
A = - — T Trot /(%) i QDA (p)DP (—p)))), (2.15)

We could also consider the diagrams of figure 1 with non-zero external momentum k
and, taking 0/0k?, compute the wavefunction renormalization Zg. Here we’ll simply note
that the result in the case of unbroken susy is

d*p 1

2 A B AB

Zgo1-2g°Y TATE / (21 p LALE (%), (2.16)
AB

We'll use (2.16) to connect our general results (2.14) and (2.15) with spurion-method
based results in the limit of small susy-breaking.

2.4 A quick check, comparing with RG running, with explicit soft susy break-
ing
Though we’re here primarily interested in spontaneous susy breaking, we can also apply

the above expressions to the case of explicit susy breaking. We’ll use this as a quick
check of the normalizations, by connecting with known expressions for RG running. As a

"We use the massless 1/p® propagator for the Q matter, as in (2.7), because the momentum integral
gets its main contribution at the messenger scale, where we assume that any tree-level () mass is negligible.
Otherwise, the visible sector mass should be included in the propagator.



warmup, consider (2.16) and note that, since lim2_, AAB (p2) — 648 1 0(g?), the O(g?)

susy
contribution in (2.16) has a log divergence at large p?, which is cut off using

dip 1 1 )
In A* + finite. 2.1
/(277)4 " RErEL + finite (2.17)
Defining ¢ = In p, and using d/dIn A = —d/dt, we thus obtain from (2.16)
dinZg  dinZg e y
= — E— 2.1
dIn A dt 1652 2(7@) T O, (2:18)

which is the correct expression for the one-loop anomalous dimension.
Now consider explicit susy breaking, with the gauginos given a soft-breaking mass M),
and the gauge group unbroken. We then have at tree-level Ag(p?) = A((p?) = 1, and

_ My
- pZ + ’M)\‘Q

| M|

EAB 2

548 + 0(g?), 248 (p?) =4 + O(g?) (explicit breaking).

(2.19)
Using these in the expressions (2.7) and (2.10), both the mé and Agp momentum loop
integrals have a log divergence at large p?, which using (2.17) gives

2 2

d g
M, |? Ap D4
(TQ)| >\| ? dt Q 2 167T2 C2

g

d m2 O —8 c
Q 167272

p (ro) M. (2.20)

These agree with the soft term beta functions (see e.g. [49]), giving a check of the minus
signs and factors of 2 in (2.7) and (2.10). From here on, we’ll only consider spontaneous
susy breaking.

2.5 Computing the propagators, from hidden sector current correlators

To use the results (2.13)—(2.15), we express the above gauge field propagators (VV) in terms
of (JJ) current 2-point functions. The main distinction from the unbroken gauge field
case is that we generally need to consider the full (rather than 1PI) propagator, summing
the series of 1PI contributions. The full propagator of the spin 1 gauge field (in Landau
gauge®) is related to the spin 1 current Ju 2-point function’s function Cy (p?) by

. 1 Pubv 4
D) = i {Vu()Va(p) = N O EACCO e
. S P+ 2Cip2)) T PP
Similarly, the scalar component D of the vector multiplet V' has full propagator
1
= - +O(gh). (2.22)
1+ ¢*Co(p?)
The gaugino has full propagator given in terms of the (j,ja) and (j,jg) functions by

) . Paa/P? 4
Aoa(P?) = i Aa(p)Aa(—p)) = ~ ~ ~ ~ +0(g"), (2.23)
1+ g2Cyjp + 9431/2(1 +g*C1y2) 1 Byj2/p?

8The final expression for physical masses is, of course, independent of the gauge choice. The effective
potential does depend on the gauge choice. As illustrated in [50], Landau gauge simplifies e.g. the form of
the effective Kéhler potential.



and mass-type, R-symmetry breaking (R(3) = —2) propagator

S%) = e Ralp)As(-p)

1 ~ 1

_ Bip _ - ~ _ 40(gY. (2.24)
14+92C 9 /(1+9201/2)P2+94BI/2(1+9201/2)_1B1/2

Using these propagators in (2.4), the sfermion mass is given by (2.7), with

AB

1 4
=AB (%) = o R S R
1+92Cy 1+9201/2+94Bl/2(1+9201/2)7131/2/p2 1+¢2Cy

These expressions apply in full generality, whether or not the gauge group is broken,
and whether or not there are gauge messengers.

2.6 Broken vs unbroken symmetries

Let’s now summarize how the current correlators, and consequently the gauge multiplet
propagators, are affected by spontaneous symmetry breaking. For unbroken generators,
the current correlators are regular at low-momentum, and are O(g%): C¥™" = 0% ~ ¢°
and B;%br = B{jg ~ ¢°.

For broken generators, on the other hand, the current 2-point functions get pole con-

tributions, where they factorize on the NG boson states:
Clrok(p?) = Cpe(p) + Crop?),  BUgh = BIS(P) + Bisg),  (2.26)

where a = 0,1/2,1 and the “pole” contributions are only present for the Higgsed part
of the gauge group. In particular,
~ABypol (mi) 4P 2 \AB 2/, 2\AB
(C7P)Pe = P2 with (mi,)"7 = g°(v*)"7, (2.27)

and égOle, CN'f/Oée, and EI%? . can have similar expressions, though their poles are gen-
erally displaced away from p? = 0, to p? = ém?2, by susy-breaking effects. All of the pole
contributions in (2.26) are proportional to m?,/g>.

A key point is that we consider a perturbative expansion, of small g, but with fixed
my. Then, while the “reg” contributions in (2.26) are O(g%) in our counting, the pole
contributions C?%¢ and Ef%e are counted as O(g~2), and then the full propagators, with
the 1PI contributions resumed, are needed. The pole contribution (2.27) then shifts the
pole of the full gauge field propagator to be at m%/, corresponding to the gauge field getting
a mass from the Higgs (Schwinger) mechanism. The current algebra approach does not
assume weak coupling. The other full propagators are similar: the other components of

the massive vector multiplet get mass m%/ + dm2, where dm?2 are susy-breaking shifts.
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2.7 Special cases and connecting with earlier results

For unbroken gauge groups, or more generally for unbroken subgroups of partially broken
groups, the above resumed propagators are overkill: since their hidden sector current-
correlators are O(g”) and we work to O(g?), we should simply expand out the denominators
in (2.21), (2.22), (2.23), and (2.24). Our expressions then reduce to

EAB(p2) = —925AB [CN'O(pQ)—45’1/2(;02)%—361(])2)} —|—(9(g4) (unbroken (sub) groups), (2.28)
By (p?)
e

And then (2.6) and (2.7) properly reduce to the results of [13] for the special case of
unbroken gauge groups.

»AB(p?) = g?64P +0(g") (unbroken (sub) groups). (2.29)

Also, in that case, our general relations (2.11) and (2.12) reduce to the expressions
were given in [21], there directly in terms of the hidden sector current-correlators rather

than the vector propagators:?

@ IE)IT-p)) = ~4B1s(7). (QAQ ()T (-p))
= 8p2(Colp?) — 4Cia(p*) + 3C1 (4°)). (230

The relations (2.30) actually apply whether or not the J symmetry is spontaneously
broken. When the symmetry is unbroken, they imply the relations of [21]

Mgaugino = —ig2/d4x<Q2(J(x)J(0))> (unbroken), (2.31)
my = g°TH(J?)
_ 12;772 9402(7'@)/(14:6 ln(:cQMZ)<Q2(Q2(J(x)J(0)))> (unbroken), (2.32)
which can be obtained as special cases of our more general (2.13) and (2.14).

As another special case, consider non-gauge messenger Higgsed gauge fields (broken
gauge fields with a supersymmetric tree-level mass spectrum). This happens if the pole

contributions are supersymmetric: égole(pQ) = Cgfslg = mi g 2/p?, coinciding for a =
0, %, 1, and Bf;ée = 0. It then follows that

2 2 ~ ~
248 — 2548 < ) p ) ) [Cgeg(pZ)—40;;3(1)2)—1—30{69(]92)] (no gauge messengers)
pe+my,
(2.33)

and

2
p ~
yAB = ¢254B (p2+m%/)2B1/2 (p?) (no gauge messengers). (2.34)

In this case, our general expression (2.7) properly reduces to the result of [18] for
Higgsed gauge mediation without gauge messengers.

As seen in (2.29), massless gauge fields (or, more generally, non-gauge messengers)
have ¥ = O(g?), and then (2.10) and (2.24) gives Ag = O(g?), a 2-loop effect. In this
case, (2.10) essentially reduces to an expression given in [17] for a;j.

9The difference is a Legendre transform, since the currents are sources for the gauge fields, e.g. D < §/5.J.
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2.8 Omne-loop sfermion mases and a-terms with gauge messengers

When there are gauge messengers, the 55016 for a = 0,1/2 can have their poles can be

shifted away from p? = 0 by susy-breaking effects (and Bf%e can be non-zero when susy-

and R-symmetry are broken). Then, as seen from (2.25), the massive gauge fields can have
= # 0 already at tree-level, O(g"),

EAB( 2

p?) = EYFO ) + B0 (%) 1+ 0(gY). (2.35)

[1]

The O(g°) term 2489 (p?) is present only for the broken generators A’, B/, while the
O(g?) term 2481 (p?) is present for both broken and unbroken generators. Explicitly, the
O(g°) term is given by using the pole contributions in (2.25),

1 4 n 3
L4 @POR 14 PO+ BB (L OB 1+ G
(2.36)

Using this in the second term in (2.7) yields a non-zero one-loop contribution to the

=20 (p?) =

visible sector sfermion mé, which is unique to the massive gauge messenger’s direct coupling
to the visible sector sfermions.

Let’s consider the one-loop contribution to m2Q in more detail. The general expression,
obtained by using (2.36) in the momentum integral (2.7) will be rather complicated. But
for a certain class of theories, the result is readily evaluated: in cases where Bf /ée =0 (eg
if there is an unbroken U(1)g), and where the C,(p?) each have just a single pole term,
the result of integrating (2.36) in (2.7) is simply

2 6, 2
g°Acg o my,me
(m2)M = mi, In ( , (2.37)
Q 1672 m§

where Acq = ca(ry) — c2(rq) accounts for the sum over massive generators. We'll see
that m%m?2 < m$, so the one-loop masses (2.37) are tachyonic.

Another case where our general expressions simplify is in the limit of small susy-
breaking (whether or not one restricts to the class of theories mentioned before (2.37)). In
this limit, the one-loop contribution to sfermion m2Q (whether or not one restricts to the
class of theories mentioned before (2.37)) reduces to

m2)(1) — _ g9 c (&,qﬁ)(ﬁ,_F) E ,F)(F,9) 4
(m3) mﬂAQ< o )+awn. (2.38)

The inner product in (2.38) is defined as e.g.
(6,08 =" oHTA TPy = (mi)*P /g, (F,9)*P =Y FAT* TP}er, (2.39)

etc. (and we simplified (2.38) by assuming that the broken generator expectation values
satisfy (6,0)"F = (6,8)04F, (F, )P = (F,$)6"'B', and (F, F)"'B' = (P, F)s"' ).

The expression (2.38) for the one-loop mQ is manifestly always tachyonic. For large
my, it exhibits decoupling, giving mQQ ~ |F|?/|my|>. This parameteric dependence is
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similar to the usual 2-loop masses in theories without gauge messengers, m? ~ |F|?/|M|?,
with M the mass of the non-gauge messenger hidden sector field. Actually, the one-loop
contribution (2.38) has even faster decoupling if the large my is associated with a large
goldstino pseudomodulus expectation value (as in the inverted hierarchy [3] type models).
As we'll show (using results from [30, 31]), for large goldstino pseudomodulus the one-

2 ~ a|F]3/|M|[*. This is special to the one-loop

loop m2Q contribution (2.38) scales as m
contribution, and the two-loop contribution exhibits normal m? ~ o2|F|?/|M|*. So in this
case, if the goldstino pseudomodulus is sufficiently large, the one loop contribution could
end up being parameterically suppressed as compared with the two-loop contribution.

Now consider the a-terms, given by (2.10). When there are gauge messengers, our
general expression (2.24) gives a contribution Y4B’ for the massive gauge fields which
is O(m} ~ ¢°), obtained from using CP' and Bf/Z contributions in (2.24). Using this
in (2.10) gives a 1-loop contribution, Ag ~ O(g?), given by

A(l) — _292 Z TA/TB// d p 1 Epole A/B/(pQ)

N A'B’ rerre 27T)4p2
dp 1 e
= 2l ~al) [ o L) (2.40)

where Ypole A'B' i the O(g%) term in (2.24) obtained by replacing C, — CPo% and
B1/2 - B1/2 s 2]’016 A'B" _ 5A/B’Ep0le

for the broken generators).

and in the last line we simplified the sum by taking

In the small susy-breaking limit, we will verify that the one-loop expressions (2.38)
for the sfermion mQQ, and (2.40) for Ag, agree with results which can be obtained from
the one-loop effective Kéhler potential of [50] and references cited therein. More generally,
for arbitrary susy-breaking, these one-loop effects can in principle be determined from
the one-loop Coleman-Weinberg potential, computed as a function of non-zero @ and Fj
background expectation values. Aspects of this connection will be given in an appendix.

2.9 Two loop contributions to mé

Our general expression (2.7) also gives the O(g*) two-loop contribution to mé, upon using
the O(g?) term of (2.35). This contribution is present for both broken and unbroken gauge
fields coupling to the visible sector. For unbroken gauge fields, (2.28) applies. For broken
gauge fields, we need to expand (2.25) using (2.26), treating the regular contributions as a
perturbation, e.g.

1 1 1
1+g2Ca(p?)  1+g2C5"(p?)  1+g2C5"(p?)

1

2 ~reg(, 2
g°C'(p ~
o )1+92050le(p2)

+0(gh), (2.41)

where the first term is O(g%) and the second is O(g?).

There are tachyonic contributions to the two-loop m2Q masses, mediated by both mass-
less and massive gauge fields, as in figure 2a and 2b. For the massless gauge fields the
expansion (2.28) applies, and the functions CN'g"b’"(pQ) there get additional contributions
from a loop of massive gauge field, as in figure 3, which contributes to CN'flmb’" with the
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opposite sign as that of massive matter. Consider, in particular, the UV behavior, which
is independent of any spontaneous symmetry breaking, and is determined by the leading
x — 0 term in the current-current OPE, much as in [13],
C(SAB fABCJC(O)
JA(x)JB(0) = 2.42
Our normalization is such that a weakly coupled theory with matter fields ®; in rep-
resentations r; of the symmetry group G would contribute to (2.42) as

Cratter = Z To(r;) (weakly coupled), (2.43)

i
where as usual we define Tr(T2T2) = Ty(r;)6"P and an SU(N) fundamental has
T5(N) = ; Unitarity requires that matter contributes cpatter > 0. But, with gauge

messengers, the massive gauge fields yield an additional negative contribution. As seen
in background field perturbation theory, the coefficient ¢ is equal to the contribution of
the massive fields to the one-loop beta function by = 3T%(G) — Ta(matter) of the gauge
coupling g:

c=—(b] — b)) = B8 4 cmatter - gauge = 37 () — 3Ty(G') < 0. (2.44)
The total ¢ in (2.44) can be positive or negative.

2.10 One-loop gaugino masses, enhanced already at O(F)

Our general expression (2.6) for the susy-breaking contribution to the gaugino mass applies
for both the broken G’/G generators, as well as the unbroken G generators. Let’s consider,
in particular, the masses of the gaugino partners of the massless G gauge fields. In this
case, using (2.29), the expression (2.6) reduces to the expression of [13]

mggggino = gQE%/"QbT(O) (unbroken (sub) groups). (2.45)

Although the expression is the same as in cases without gauge messengers, the gauge
messengers can still have a dramatic effect; they can provide a beneficial enhancement of
these gaugino masses as compared with the standard, non-gauge messenger case.

Let’s first recall the suppression of gaugino masses in the case of gauge mediation with-
out gauge messengers. The effect is evident at O(F) in a small-susy breaking expansion,
and the higher order in F' terms in the more general case do not alter the result much. In
this limit hidden sector matter contributes

nunbr F; F 2
By)5"(0) = Ciar +0 F‘ MQ‘ (no gauge messengers)
- 7
(2
F |2
=0+ (’)(F‘ A2 ‘ > (weakly coupled), (2.46)

where ¢; is the contribution to the OPE coefficient in (2.42), given by ¢; = T»(r;) in
weakly coupled theories. The vanishing in (2.46), at least in the context of weakly coupled
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examples (e.g. taking all ¢; = 1), comes from 3, ¢;F;/M; — Tr(FM~1) = % IndetM = 0,
where X is the goldstino superfield and the vanishing is related to the condition that susy
is spontaneously broken [28], see [38] for a recent and general discussion.

In theories with gauge messengers, the cancellation in (2.46) does not occur, as was
noted in [28, 29]. There are now contributions from both the matter, and also from massive
gauge multiplets running in the loop, as in figure 3, so Ei‘}g’r = Ei%b;natter + Ef/";,zauge.
Consider, for example, weakly coupled theories where the goldstino pseudomodulus gets a
large expectation value, (X), where the group is Higgsed G’ — G, resulting in a low-energy
theory with relatively small susy-breaking. The low-energy theory has a loop correction to

the G gauge kinetic superpotential term

Wiow InX (W, W%, (2.47)

- 3272

which leads to a gaugino mass proportional to the coefficient k

unbr k FX

m ino — .
gaugino 1672 X

(2.48)

As usual, the coefficient k in (2.47) is related to the contribution of the massive matter
to the beta function, k = cunbr = cunbr.gauge | qunbrmatter — Tp thege classes of theories,
as in [29], k can also be related to the contribution of the integrated-out matter to the
U(1)r ABJ anomaly TrRG?, and thus to the amplitude for the R-axion to decay to two
Ve gauge fields:

Lk — cunbrgauge + cunbrmatter _ 3(T(G) N T(G/)) + ZTQ(”)

k= —(T(G") = T(G)) = Y_(Ri — )Tx(ry), (2.49)
i
where the 3(T(G) — T(G")) is the contribution of the G'/G vector mutiplets (T(G) =
Ty(adj), e.g. To(SU(N)) = N) to B}%b’;auge(O) and R; = R(®;) are the R-charges of the
hidden sector matter fields under a (generally anomalous and approximate) tree-level R-
symmetry. We’ll illustrate all this for some weakly coupled examples in section 7.

2.11 Generalizing to visible sector pseudomodulus effective potentials

Suppose that the visible sector has some classical D and F flat moduli, as is the case in the
MSSM. Then susy-breaking effects from the hidden sector generate an effective potential
Vet (Q, Q), which reduces to Veg(Q, Q) ~ mé\QP near the origin. The full form of the
effective potential, for (Q)) away from the origin, could be useful for some applications, e.g.
cosmology, if the fields happen to start away from the origin (see [51] for discussion and
analysis in the context of weakly coupled ordinary gauge mediation). We here find the
general expression from

1 d4p 2 ~vtot 2 ~vtot \2 94‘§§7t2‘2 2 ~tot
Vegg = 2Tr/ (27T)4{1n(1—i—g Co™)—2In | (1+9°C1)5)"+ ? +3In(1+9¢°C; )},
(2.50)
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where the Tr is over the adjoint gauge indices of 5&43 etc. The dependence on (Q)
arises because here

CAB tot CAB 6&437“3’ ElA/g’mt Bl/2 + B{‘/]’; ms, (251)

where C2 PV and Bﬁg is are additional visible sector contributions to the current

correlators. Since we're interested in a classically supersymmetric (Q), we have

AfmA TB

5«:;&3,1)@'3 _ Q{T I;QT }Q + 0(92)7 Efl/g,vis — 0+ 0(92)’ (2.52)

where we’ll now Just consider leading order in ¢g?. Using the pole contributions for the
hidden sector C and B1 /2 then gives the one-loop effective potential; we could similarly
use the regular contributions to the current correlators to compute the two-loop effective
potential.

We can also recover the a-term (2.40) from the one-loop effective potential (2.50), by
generalizing (2.52) to include a background expectation value for F. It suffices to work
to O(Fgp), and the visible sector contributes

_ 9 AB _ ). FA)AB
(C)48 = (Q’fﬁ LO(FP),  (Bupdr =@ pé” LO(F?).  (253)

Using these as additional contributions in (2.50), we obtain an effective potential that,

upon extracting the O(Fy) term, gives a term in the visible sector soft-breaking effective

lagrangian'®
Lyis D / d'00°k(Qe*Y, Q) D Foigh(Qe? . Q). (2.54)
This yields at one loop
ole
. _ d*p 29" By 1/2 /v
Faok(QP) = 28eq(Fo.Q) [ 5 U g 59
(1 + 9 ng' QCf/O;) + p12/2

Expanding k(|Q[?) around the origin, k(|Q[?) ~ AglQPP+0(]Q*), gives the A-term (2.40).

3 Gauge field propagators and current algebra

We here give a general, current-algebra based description of current correlators, allowing for
the possibility that the symmetry is spontaneously broken, G’ — G, as well as spontaneous
supersymmetry breaking. Because the symmetry G’ is to be gauged, we do not include
explicit symmetry breaking. So the associated current is necessarily conserved, and thus
satisfies D27 = D27 = 0 (the covariant version, once the symmetry is gauged). So, even
if the symmetry is spontaneously broken,

- 1 1.~ o1
J = J +i0j —i0] — 000j, + ,0005"0,j — 009",j — ,0000(0J + Jp),  (3.1)

10Such a soft-breaking potential was considered in [52], and their result can be compared with the special
case where our Bl/g(pQ) is replaced with a momentum-independent constant m.
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with 0, = 0 and the other components unconstrained (here (J3) = FyT“ Fy, which
vanishes in the case of unbroken symmetry). Equivalently, supersymmetry relates the
higher components of the multiplet to the J component as

o= —ilQu ) = 1081 Q0 [Qu T}~ {Qu Qe T, (32)

where, again, this holds whether or not any of the symmetries are spontaneously
broken.

The current 2-point functions are constrained by the symmetries to have the same gen-
eral form as in [13], regardless of whether or not the symmetry is spontaneously broken:!!

(J(p)J(—p)) = Co(p?) (3.3)
(Ga(p)ja(—p)) = —0hapuCiy(p?) (3.4)
Gu(0)d(—p)) = —(* N — 2upr)C1 (D7) (3.5)
(Ga(P)js(—p)) = €apBi2(p?) (3.6)

We suppress the adjoint indices — if the currents have indices A and B, the functions
in (3.6) have adjoint indices, 5’&43 and ElA/g . If the symmetry is unbroken, 5’&43 = §AB 5,1
and Ef‘/g = 5AB§1/2. Also, as usual, we drop a (27)*6®)(0).

At short distances, i.e. large p, it does not matter whether or not symmetries are spon-
taneously broken: the theory becomes effectively supersymmetric, and any spontaneous
breaking of the J symmetry becomes irrelevant. The UV behavior of the current corre-
lators is thus substantially the same as was discussed in [13]; the C,, for a = 0,1/2,1, all
have a universal dependence on the UV cutoff A

lim Cy(a?) = °

lim = i’ Ca(p?) = 02 In(A/M) + finite, (3.7)

8T

and El/Q(pQ/M2) is finite. The coefficient ¢ is given by the OPE (2.42). As remarked
there, and we’ll discus further in the next section, the constant ¢ appearing in (2.42)
and (3.7) need not be positive, since massive gauge bosons contribute negatively to c.

The gauge field propagators can be expressed as follows in terms of the current corre-
lators (3.6). In a superspace notation, the 1PI correction to (V(p)V(—p)) is —¢g?(JJ), and
summing these 1PI corrections gives the full gauge field propagators. Consider first the
spin 1 gauge field. The 1PI self energy is IL,, (p?) = (g, —pup,,/pQ)(—g]Qél (p?)). Summing
the series of these gives the full gauge propagator'?

—1

(Vi OVS (=p)) = il (v) = P2(1+ g2Ch(p?) A8 <gﬂy

- p;]j) Lo, (38)

Tt can be shown, as in [53], that (ji (p)J®(—p)) = ik, f*P(J9)/k?, where f*P¢ are the group
structure constants. We'll take f4%(J%) =0, so (j;! (p)J?(—p)) will play no role here.

12We generally work in Euclidean space, but it should be understood that, e.g in the numerator of A,
we use Minkowski p* without introducing new notation. Note that g2C?°"® = m3, /ph.. = —m?¥ /Pirink, SO
the ordinary Minkowski space, Landau gauge propagator is recovered.
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Similarly, the scalar component D of the vector multiplet V' has full propagator

—1i
(DA(p)DP (—p)) = —iA(p?) = - +0(g"), (3.9)
(14 9°Co(p*))*?
where in (3.8) and (3.9) we have explicitly written the A, B adjoint indices. The
gaugino has propagator (now suppressing the adjoint indices)

< . _ipad/pQ 4
Aa(P)Aa(=p)) = —ilaa(p?) = . - - _ +0(gY),
1+ 9201/2 + 9431/2(1 + 9201/2)_131/2/])2
(3.10)

which comes from summing 1PI terms as '

. /2n4+m ~ \m 9By o2\ " 1+ ¢2C
Z ( m >(—92C1/z) (‘ ;/2 ) = 12 (3.11)

num=0 p (L4 g2Cry2)? + g*|Byjaf*/p?

where the combinatoric factor is because, while the n El s2 and n EI /2 necessarily

alternate along the propagator line, the m 5’1 /28 can be sprinkled anywhere among them.
We can also form the chirality flipped gaugino propagator, which differs from the sum (3.11)

in that we have an extra B!, factor (correspondingly, replace 2n +m — 2n+m+1 in the

1/2
combinatoric factor) and the sum then yields
. 9 Bl
( g 1/2 4
She =~ o Pa®)Aa(=p)) =7, €as . _ L0 (312)
w2 2 7 (14 ¢2C12)%p + ¢ By o)?
In the following subsection, we discuss how spontaneous symmetry breaking of the
J symmetry, and supersymmetry, show up in the current-algebra. We’ll next discuss
the coupling to gauge fields, and the mass-spectrum of the Higgsed vector multiplet in
this description.

3.1 Pole contributions to current correlators when the symmetry is sponta-
neously broken

At long distances, spontaneous breaking of the J symmetry has a dramatic effect on the
current correlators (3.6) . When the symmetry is unbroken, the current J has vanishing
1-point function, and the functions 5’a(p2) and B, /2 (p?) in (3.6) are regular, without poles,
at p?> = 0 [21]. On the other hand, when there is spontaneous symmetry breaking, the
J has non-zero 1-point functions between the vacuum and NG boson and superpartner
states. These current one-point functions lead to the additional “pole” contributions (2.26)
to CN'Q and E{ /20 where the prime indicates that it’s a broken generator of the UV theory.

Consider first the pole contribution to 5’{, which is a standard effect. We’ll first
consider the broken symmetry as a global symmetry, and next discuss the effect of making
it a gauge symmetry. When the j, symmetry is spontaneously broken, the current does

not annihilate the vacuum, but instead creates a NG boson state:
(Y (p)7"B (2)|0) = v 64 B phe P, (3.13)

3For simplicity, take éfﬁ and Ef/g to commute, [51/2, El/g] = 0, though (3.10) is general.
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where A’ runs over the broken generators (if the symmetry breaking is G — G’, then
A" € G'/G) and v (ak.a. fr, but not here) is a real order parameter for the spontaneous
symmetry breaking. Current conservation d,j* = 0 implies that 7 is massless. We can
write the associated contribution to the current as jl‘?, D) —z'vA@,ﬂrA'. The j;‘l two-point
function can then factorize on two one-point functions, leading to
2 sA'B
~pole A'B’'; 2 V50
Cre 2 ) =", | (3.14)
p
where the 1/p? comes from the intermediate propagator with the massless NG boson
7w and we have arranged the numerator in (3.14) to be a diagonal matrix by a choice of

basis. In a general basis, 5{) °le s written in terms of a matrix (v2)4B,
2\AB
~pole AB (v%)
Cre P (p?) = 2 (3.15)

We also allow A and B in (3.14) to run over any unbroken generators, simply taking
va = 0 for them.

Supersymmetry, even if spontaneously broken, implies that each NG boson has super-
partners, and resides in a chiral superfield

I = (o +im)™ (y) + V2002 (y) + 00FL (), (3.16)

(with y# = z# + i0o"0, as usual [54]), and o and 7 are real fields, with 7 the NG
boson (we’ll often suppress the index A’ € G'/G). We are here considering the “doubled”
NG case, in the terminology of the large literature!® on NG bosons in susy theories. As
exhibited with (3.13), the broken currents j*4'(z) act as interpolating fields, to create the
NG boson state |74'(p)) from the vacuum. We’ll now use the supermultiplet structure of
the chiral superfield (3.16) to show that J A" and jaA/ likewise act as interpolating fields to
create the states |04 (p)) and |2 (p)), respectively, from the vacuum.

Consider first the case of unbroken susy, which was already considered in [58, 59], whose
results we’ll now recall. Writing the NG boson fields as the chiral superfield (3.16), we have
e.g. [Qas @) = —itha, {Qa,Vs} = 2ieapl, {Qa,Va}t = 40aa0, etc., where ¢ = o + im. The
states, on the other hand, transform like the functional derivative with respect to the field,

50 Qa|d) =0, Qaltg) = —iens|d), Qul®) = 4ipas|v®) ete., which yields e.g.

Qalo) = —iQq|T) = 21’pad|7;d>a Qa|¢/3> = _ieaﬁ|¢>, Qa|¢a> = —2ipaa|F), (3.17)

M The “non-fully doubled” case refers to the possibility that some of the NG supermultiplets can have both
7 and o in (3.16) being true NG bosons. The fully doubled case occurs e.g. if G/H is a symmetric space; see
e.g. [55] for a nice discussion. Much of the large literature on (pseudo) NG bosons in supersymmetric theories
considers ungauged symmetries, where both fully doubled and non-fully doubled are viable possibilities.
Gauging a case with non-doubled NG bosons would lead to a peculiarity: there would not be enough
bosons in the spectrum to complete the longitudinal polarization of a massive vector supermultiplet, so
supersymmetry would be “shattered” [53, 56]. We believe that this phenomenon can not occur, that the
NG bosons of gauged symmetries must be fully doubled, to avoid gauge anomalies (as seen in the example
presented in [57]).
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where |¢) = |o) + i|r). Tt follows from (3.17) that e.g. [Qa,Qul|T) = —40aal0).
Combining this with the susy-relation (3.2) between j, and J, it follows that

(w4 (p)1jy ()[0) = - i@‘i‘“ﬁ” (0)][Qa: Qal T (2)|0) = (0™ (p)ip T ™ (2)]0).  (3.18)

Likewise, we can use the susy relation (3.2), jo, = —i[Qa,J], and (3.17) to relate
(¥aljs|0) to (o]J]0). The upshot is that supersymmetry relates the one-point function as

<UA/ (p)‘JB/ (x)‘0> _ UA/(SA/B/e—ip.$7 <7TAI (p)‘]fl (x)’0> _ Z.UAI(5,41/}5;/]%6_@'1;-90’

W2 I @]0) = —oad¥ cqpe P, (3.19)

with susy implying the equality of the coefficient v4/ in each one-point function
in (3.19). As seen from (3.19), the current supermultiplet fields act as interpolating fields
for creating the NG supermultiplet fields:

JA/ D) UAIO',AI jfl D) UAIIM?,IQ, ];?/ D) —Z'?)Alauﬂ'Al; (3.20)
Writing it in superspace,
/ 1 !
JV o QUA/HA + h.c.. (3.21)

The one-point functions (3.19) lead to pole contributions, analogous to (3.15), for
éo(pQ) and 51 /2 (p?), with the poles displaced from p? = 0 when susy is spontaneously
broken. Consider first the case of unbroken supersymmetry. Then all C,(p?) are equal,
and B, /2 = 0. In particular, Co (p?) and c /2 (p?) must then also have a pole contribution,
coinciding with (3.15):

2\AB
5]70[6 _ épole _ (U )
a=0,1/2,1 susy 2

(unbroken susy). (3.22)
p

If susy is unbroken, the NG superpartners o and 1, are massless, and the pole in CN'gOle
and 6’{’756 come from factorizing using (3.19) on an intermediate o or 1), state, respectively.

We now allow for spontaneous supersymmetry breaking. Of course, 5{) ole g unchanged
and the massless NG boson 7 still resides in a chiral superfield (3.16), with partners o and
¥, but now the F-component FA" in (3.16) can have a non-zero expectation value. The
one point functions (3.19) are not altered by spontaneous susy breaking: in particular, the
order parameter v, remains the same for the spin a = 0,1/2,1 1-point functions.'® The
effect of the susy breaking is to give the fields o and 1, susy-breaking mass splittings from
the massless NG bosons 7. There are still pole contributions cr Ole(pQ), for a = 0 and
a = 1/2, from where they factorize on the o and 1, states, respectively. But now the pole

are shifted away from p? = 0, and are instead at the susy-breaking masses §m3 = m?2, and
2 =2 .
5m1/2 = mwﬂ :
2
~ v
Calp®)P" = ingle pole case, 3.23
«(P7) P2+ 6m2 single pole case ( )

5Once susy is spontaneously broken, (3.17) should be re-expressed in terms of the supercurrent acting
on the states, since Qo does not exist (it’s associated with a zero momentum goldstino).
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with dm? = 0, of course, since the NG boson 7 remains massless. As we have noted,
the coefficient v in the one-point functions (3.19) are equal, even if susy is spontanesouly
broken. So supersymmetry, even if spontaneously broken, implies that the residues in (3.23)
are all equal to v2, for @ = 0,1,2. As we'll discuss shortly, (3.23) is a special case, and
more generally there are several poles.

An example of how the partners o and 1, can get susy-breaking masses is via

1 / /
Wsplit = 2(6m1/2 + |6m1/2|292)HA HA ) (324)

where the 62 term keeps m massless. It follows from (3.24) that the susy-breaking mass
splittings of the scalar and fermion partners of the NG boson are related

omi = 25m%/2 (F-term breaking) (3.25)

which is a characteristic relation of F-term breaking. We’ll briefly discuss D-type break-
ing later, and note that the relation (3.25) does not hold in that case. The example (3.24)
is incompatible with an R-symmetry, but it has a simple variant that is compatible with
unbroken R-symmetry:

1 / / / /
WSplit,R = 9 \5m1/2]202HA HA + 5m1/2HA \I/A 5 (326)

where U4 are some other fields, and (3.26) respects an unbroken U(1)r symmetry
under which R(HA/) =0 and R(X4") = 2. It gives susy breaking mass splittings in the NG
boson supermultiplet which also satisfy (3.25).

In (3.23) we have written a single pole term. More generally (and as we’ll illustrate in

weakly coupled examples), CgOle(pQ) and 5’{’7;6(;02) can have a sum of pole terms
~ ; ~ T1/2,i
Cpole _ T0,i 7 Cpole _ , ) (327)
0 ; p? + 5mg,i 12 ; p?+ 5m%/2,i

Supersymmetry, even if it’s spontaneously broken, implies that the sum of the residues
of these poles are constrained to equal v?. The multi-pole situation occurs if the NG
superfield II couples to some other fields ¥, by a slightly more involved analog of the
superpotential (3.26), e.g.

W = [M + 0*(|M|? + |[om?))| AT + gmITd w4, (3.28)

In this case, the superpartners o’ and 1/17?/ of the NG boson 7" mix with the other fields
of the susy-breaking sector.

Perhaps it’s worth commenting on our terminology. Once susy is broken, and the
poles of égOle(pQ) and éfge(pQ) are displaced away from p? = 0, the reader might question
the meaning of the distinction between the “pole” and “regular” contributions in (2.26)
to the 6’a¢1(p2) and B, /2(p2). Our view is that it does remain useful, even when susy
is spontaneously broken, to make the distinction between the “pole” contributions, which

come from factorizing the current two-point functions onto one-point functions, and the
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“regular” contributions, which do not (it might be better to refer to the terms as “reducible”
and “irreducible,” but we’ll stick with “pole” and “reg,” respectively). An important
distinction between the pole and regular contributions is that they contribute at different
orders of small g perturbation theory. Again, this is because we take my = O(g"), and
hence CE° and Bf?ée are oc v2 = O(g~2), versus the regular contributions, which are O(g°).

We can give a general parameterization of the leading susy-breaking effects by con-
sidering the general form of CE”%(p?) and Bf%e( %) in the limit p? — co. Because the
spontaneouus susy breaking becomes irrelevant in this limit, the 55016 AB 411 coincide with
CN'{)OZE AB " as given in (3.15), to O(1/p?). Any susy-breaking (whether or not it is small)

then has the leading effect for large p? which can be parameterized as follows

~ ~ 2om 1
Cgole _ C{)ole + v p;’;n’O + O<p6>

~ v2om? 2 1
ole ole 1/2 ole vTm
crle — ¢ L o(p >Bf/2 - +o<p4>, (3.29)

where we'll take (3.29) as definitions of susy-breaking effects (§m3)AZ, (6m? /2)AB , and

m{? (and we suppress the (AB) gauge indices in (3.29)). In the case where CPo and Cf/Oée
have the simple, single pole form (3.23), the parameters ém3 and 5m1/2 in (3.29) simply
give the pole displacement from p? = 0, as in (3.23). More generally, whether or not

there is a single pole, we will find that the parameters dm? and dm? /o In (3.29) are related

by (3.25) vzhen the susy-breaking is only by F-terms. Since El /2 breaks the R-symmetry,
having R(B;/3) = —2, the parameter m, in (3.29) is also, of course, only non-vanishing if
there is no unbroken R-symmetry: in terms of R-breaking spurions, it has R(m, ) = —2.
Also note that, because all C, coincide to O(1/p?) in the limit p? — oo, the sums of
the residues of the poles in (3.27) must coincide with that of CP”® in (3.14), and the sum

of residues of BP°

1/2 18 equal to the coefficient m,v? in (3.29):

Z Residues(C, (p?)) = v, Z Residues(él/z(p2)) = myv?. (3.30)

We'll see that (3.30) implies that StrM2|yectormultiplet is independent of m3.

Our discussion so far did not assume a weakly coupled description. We now give more
explicit, general expressions for weakly coupled realizations of spontaneous symmetry and
susy breaking. Take the fields of the hidden sector to be ® (suppressing flavor and gauge
indices), which contribute to the current as J A" — T ®. Now expand around the non-
zero ® background as ® = &y + P, allowing for susy-breaking via vevs Oy = o + 0> Fy.
HA T4 ‘I)o,

Globally, ® can vary away from ®g in the NG directions as ¢ = and we’ll do a

linearized expansion. The current supermultiplet is expanded for general, small 6@ as
T = 0gTY @y + DT 60 + 60T ®y + 0T 5. (3.31)

The linear terms in §® show how the broken generators create the NG bosons (3.16)
from the vacuum, and we can write these linear term contributions as in (3.21), with

i 1 / 1 / — /
JY > QU’AHA +h.c.  with QUA/HA = Oy T4 5®, (3.32)
where v,/ are normalization constants.
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The pole contributions then come from the linear terms in (3.31), with the two-point
functions of these terms giving poles from the (§®(p)é®(—p)) propagators. This gives

épole AB _ TA 1 TB épole AB _ TA 1 TB

0 ) )
p2+ 7\102 1/2 p2+ 7\112/2
~pole AB TATB »pole AB 7~ B (1 ANT
Ct = By A7 = 2200T% |, MGT (3.33)

where here we denote Y4 = (TA¢0, Q_SOTA), Y4 = AT (using bars to denote conjuga-
tion to stay out of the way of the indices) and the mass matrices are,

MM +D F MM 0
M? = A M?,, = - .34
0 < F MM+D>’ 1/2 ( 0 MM) (3:34)
where Mij - Wz‘j, and .7:@']‘ = Wijkaa and
Dl = #(THI(JY) D= (TN, (3.35)

We use a compact notation, where we suppress indices when the meaning is unam-
biguous, but they can quickly be restored by noting that (1) we take ¢ to be a row vector
and ¢ a column vector, and (2) the position of the indices is an indication of chirality. For
example, we have ¢’ and ¢;. As another example, the condition for gauge invariance of
the superpotential is WZ-TAijgbj = 0, and we write the first derivative of this equation as
MTApg = (FTHT. Asis evident from (3.33), égOle and CN'f;)ée are generally given by sums
of pole contributions, with the poles shifted away from p? = 0, as in (3.23).

The D term in (3.34) is associated with D-terms (see (2.8)). Note that the masses Mg
and Mlz/2 in (3.34) are similar to the standard expressions for tree-level masses, but with
g — 0. The g # 0 contributions to the masses will instead come from summing the gauge
corrections to the propagator. That said, the inclusion of the D-term contribution (3.35)
perhaps looks strange, because of the g? factor. Actually, (3.35) should be understood
as a g-independent contribution, in the g — 0 limit. The point will be that, despite
appearances, the D contribution to the masses (3.34) can be independent of g, (much as
in the example of [33]), as we’'ll illustrate with the FI model example. For much of the
following discussion, we will anyway focus on F-term breaking, and set D = 0.

Summarizing, weakly coupled theories have 5’{) ole AB (p?) given by (3.15), with

()8 = TATE = ¢o{T4, TP} ¢ = (o, d0)*P. (3.36)

The susy-breaking mass shifts are parameterized as in (3.29), and considering the func-
tions (3.33) for p?> — oo reveals that weakly coupled theories with only F-term breaking,
D = 0 have (using inner product notation as in (3.36))

2(Fy, Fy)AB b0, Fo) P
(6mg)AP = (((7500’ ¢00))AB - 2(57”%/2)'437 m;?B - EZ(;’ ¢2§AB' (3.37)

In particular, if any charged matter field has non-zero F-term, it follows from (3.37)
that 5mg > (0 and 6m%/2 > 0 are strictly positive: the locations of the 50 and 6’1/2 poles are
necessarily shifted away from p? = 0 in theories with only F-term breaking. We'll illustrate
how (3.37) are modified when there is D-term breaking, D # 0, in the FI model example.
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3.2 Gauging the G’ symmetry
We now couple the G’ currents to G’ gauge fields, with

Ling D —g/d49jAvA D g(JD — \j — Aj — j1V,). (3.38)

The NG boson chiral superfields 4 are then, of course, eaten and become the extra
components of the massive G’ /G vector multiplets: 7 becomes the longitudinal component
of the gauge field, ¢ becomes the real scalar C, and v, becomes the additional gaugino
X- This can be illustrated in various (super) gauge-choice, e.g. unitary gauge, setting i
to zero in (3.21) and (3.32). Instead, we’ll employ Wess-Zumino gauge to set C' and y to
zero in the gauge multiplet, and their d.o.f. return as coming from the 4. We'll also
use super-Landau gauge. One could use a general gauge adding, and later decoupling,
unphysical ghost degrees of freedom, but we’ll mostly stick to super-Landau gauge.

Before getting into the details of the gauge multiplet propagators, let us note a few
basic points. The coupling of (3.21) to the vector multiplet yields the terms

1 ! ! ! ! ! / ! !
Lo / d46?g<2vA/HA + h.c.)jA S guar(o¥ DY + i AN + hee. — v 9'x?). (3.39)

As usual, the 74 coupling in (3.39) is associated with the gauge field v;‘/ getting a
mass
(mi) P = g*(0*)4P. (3.40)

Likewise, the o’ D4’ coupling in (3.39) corresponds to the C'D vector multiplet cou-
pling in unitary gauge, with 04" < C4’, and the interaction in (3.39) gives the propagating
real scalar a supersymmetric mass equal to (3.40). Likewise, (3.39) gives w;f/ o x4, the
additional gaugino of the massive vector multiplet, with (3.39) pairing the fermions with
supersymmetric mass equal to (3.39). We can also consider at this stage the susy-breaking
effects. For example, if 04" gets an additional susy-breaking mass-squared 5m%, then the

real scalar of the vector multiplet has
(m2)*P = ()" + (md) 7. (3.41)

This mass shift is positive in unitary theories with only F-term breaking, mzC > m%/.
The fermions can get masses from both the coupling in (3.39) and also, for example, the
susy-breaking coupling §m, j» appearing in (3.26):

LD igvA/qbf/)\A/ + 6m1/21/)7’?/1/)$/ (R-symmetric case), (3.42)

which respects a U(1)r symmetry under which R(\) = R(¢y) = —R(¢z) = 1. This
gives
omy jathw +imy A
\/ mi + 5m%/2
omy oA +imy Py
\/m%/ + 5m%/2 .

2 .

two fermions of mass = \/ m%/ + 5m1 2t

) T

(3.43)

one fermion of mass = 0 :
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The fermions on the top line are the two gaugino mass eigenstates of the massive vector
multiplet, which are here degenerate with each other, but not with the vector multiplet:
m%\l = m%\Q = m%/ + 5m% /2> m%/. The degeneracy of the gauginos in this case follows from
the R-symmetry, as they then marry with a Dirac mass. In theories without R-symmetry,
there can be Majorana mass terms m, # 0, and then m?\l % miQ. The massless fermion
in (3.43) is also a consequence of the U(1)g symmetry, as it is then needed for §m? /2 #0,
to contribute a massless fermion with R = 1 to the TrR and TrR? 't Hooft anomalies.

We’ll now re-derive the above mass spectrum from the current-algebra based approach,
directly from our expressions for the gauge multiplet propagators and the pole contributions
to the current correlators. Consider first the full propagator (3.8) for the gauge field, using
Cy = éfOle + CN';eg, with CN'{mle given by (3.14). The result is the the massive gauge field

propagator

1 PubPv =~ 1
A, = . 1—g*Ci(p* o(g* 3.44
1224 p2 _ m%/ <gl“/ p2 > ( g 1 (p )p2 _ m%/ + (g ), ( )
where
(m%/)AB — g2(’02)AB _ 921)‘246,43‘ (345)

The pole in C; (p?) at p? = 0 eliminates the pole of the gauge field propagator (3.8)
at p? = 0; instead, the pole of (3.8) is at p> = m}. This is the “Higgs” (Schwinger,
actually [60, 61]) mechanism for giving a gauge boson a mass, re-deriving (3.45) from the
current-algebra based approach. Dropping the gzéfeg term in (3.44), which is a one-loop

correction, the leading, tree-level propagator for the gauge field is

PuPv _ Pubv
o _ o =7520) I T gt mi
pvo p2 _ m2 p2 _ m2 + p2 : (346)
1% \%4

This exhibits the unphysical massless ghost, which cancels with the eaten NG boson. !
Similarly, for the propagator (3.9) of the real scalar, using Cy = C’goze + Cp* yields

1

A= ~pole
1+ g2C5™(p?)

~ 1
1— ¢>Cl(p? Z + O(g*). 3.47
( 9°Co( )ngcgole(pQ)) (9°) (3.47)

At tree-level, dropping the 1-loop correction 925669 (p?) for the moment, the prop-
agator (3.47) has poles where 1 + gQCgOZE(pQ) = 0. As we'll see, this is complicated in

P 2

general. In the simple case where CN'OOZE has a single pole term, as in (3.23), at p? = —dm2,

then (3.47) gives for the tree-level propagator of the real scalar of the vector multiplet

A _ (p* + dmg)

_ : 3.48

with pole at
mé = mi + om3, (3.49)

5One could add gauge fixing terms for a supersymmetric Re gauge (see e.g. [62] and references therein),
where the unphysical ghost has mass &m?, interpolating between Landau gauge, & = 0, to unitary gauge,
& — o0, where the ghost and eaten NG boson decouple.
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which is the mass of the propagating scalar field (it’s the C field in unitary gauge) of
the massive vector multiplet.!” We have thus re-derived (3.45) from the current-algebra
approach, and see that (3.45) applies in the simple, single pole case.

Likewise, the tree-level Ag)d){ is obtained by replacing C /Q(pz) and B /2 (p?) in (3.10)

with their pole contributions éf/gée(pz) and Ef%e(pz). The locations of the poles are com-

plicated in general, but for theories with El s2 =0, and with CN'gOle and 5’{)7;6 having a single

pole as in (3.23), the result is

(2 2
Do = - cal” ¥ 0mag) ) g*Cam%)
0+ o ) (|2

(p2+5m%/2) A _
By, =0).
P+ o, +mi)) T O (B2 =0
(3.50)

The poles here correspond to the mass eigenvalues discussed in (3.43): there is the

massive gaugino pole at

m3 =mi + 5m%/2, (3.51)

and an additional pole at p? = 0, as in (3.43), coming from how the dm; /2 susy-splitting
between the (two degenerate) gauginos and the gauge field occurs, as in (3.26), in a theory
with unbroken U(1)r symmetry.

Let’s now consider cases where 6’5 ° and CP”'® involve a sum of pole terms, as in (3.27).
This happens if the NG superfield IT couples to other hidden sector fields ¥, e.g. as in (3.28).
In that case, the NG boson’s partners ¢ and ), have a mass mixing matrix with those
other hidden sector fields. Including also the couplings in (3.39), results in the massive
vector multiplet fields C, A, y getting masses given by m%, plus appropriate eigenvalue
of the mass mixing matrix. We don’t evaluate it explicitly because we’ll instead use the
current algebra approach. Consider first the tree-level propagator A (p?) in (3.47), in
the case (3.27), where C’gOle is the sum of say n terms. Then A (p?) has poles at the
n solutions of 1 + gzégOle(pQ) = 0, which is an n-th order polynomial equation in p?.
One of these solutions is the m% mass, and the other n — 1 are masses of hidden sector

(0)

states that mix with the C field. Similar considerations apply to A/ (p?), which has poles

corresponding to the gauginos and states they mix with.
In the simplest case, where the C, have a single pole, as in (3.23), the relation (3.25)
implies that the massive vector multiplet has tree-level mass supertrace

=S 2(F,F)AB

(6, 6)AB <0 (single pole),

2 . 2 AB _
StrM*|yector multiplet = — Z omg =
broken 4,B broken AB

(3.52)

where we used (3.25) to write dmZ — 40m?,, = —dm3 and in the last expression we

1/2
specialized to the case of a weakly-coupled hidden sector.

1"We refer to the propagating real scalar of the vector multiplet as C, even though we here set C' = 0 in
WZ gauge. Then the two real scalars, D and the component o of the NG chiral superfield I, have a matrix
of kinetic terms to diagonalize. One linear combination of D and o remains a non-propagating auxiliary
field, and can thus be set to be a constant. The other eigenvalue is a propagating scalar field, called C
above, can thus be equivalently thought of as D or o.
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Note that the mass my of the gauge field has dropped out of the supertrace (3.52),
and there is an analog of this statement also for the multi-pole case. As discussed above,
the n roots of 1 4 gQCN'gOle(pQ) = 0 yield n physical mass-squareds, which we’ll call m%i. It
follows from the a = 0 case of (3.30) that > ;" , ma =mi +..., where ... are determined
by the 5’6’()[6(192) pole locations, independent of g and m%/. Likewise, it follows from the
a = 1/2 case of (3.30) that } ", mg\i = mi +.... So if we take a super-trace over the
massive vector multiplet, along with the hidden sector states that they mix with, we get
m? (1 —4+3)+... and the m?, drops out, generalizing the observation about (3.52).

This observation that my drops out of StrM?|, can be applied as follows. Consider
taking my to be much larger than all other mass scales in the theory (say in the single-pole
case, for simplicity). One could then consider a low-energy description of the hidden sector,
in which the ultra-massive vector multiplet was integrated out. If the hidden sector has
spontaneous susy-breaking at tree-level, with a weakly coupled description and canonical
Kihler potential in the UV, then the full theory has StrM? = 0. Since the massive vector
multiplet has supertrace (3.52), the remaining light fields of the hidden sector low-energy
theory for my large and integrated out must have opposite supertrace

2 2 AB 2(F, F)*P
StrM|igw =+ Y omi AP = )" G 0. (3.53)
broken A,B broken 4,B "’
This can be compared with the general formula [63]
StrM? = 2R, ;FFFY, (3.54)

and the result of [21] for the curvature of the tree-level Kéhler potential of the light
fields when vector multiplets are integrated out:

Ry = Z

broken A4,B

2((TH) (TP); + (TA)MTI“'TB).

(6, 6)AB (3.55)

Using this in (3.54), the first term in (3.55) indeed agrees with (3.53), and the second
term does not contribute here because we're taking (D?) = 0 (and we see from (2.2) that
we're here assuming that FTAF = 0).

4 Gauge mediation by unbroken G gauge fields for G’ — G

Consider the general situation with UV gauge group G’, spontaneously broken to subgroup
G C G’ at some energy scale my. In this section, we consider the susy-breaking effects
which are mediated by the massless G gauge fields. As a concrete example, we can con-
sider G’ = SU(5)gur and G = SU(3) x SU(2) x U(1), but our discussion will be completely
general. Because unbroken gauge groups do not have tree-level susy-splittings (gauge mes-
sengers), the G’ mediated effects can be considered in the framework of [13], without much
modification. The main modification is that, for non-Abelian groups, the massive G'/G
gauge fields contribute in the loop to affect the G current correlators, acting as additional
messengers with unusual signs.
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The results for the soft masses are as follows. The gaugino superpartners of the massless
gauge fields get soft mass

Mg gaugino — QQE%/”QM(O)- (4.1)

The visible sector sfermions @)y get diagonal soft masses

d4p 1 —unb Al ’ d4p 1 —A'B’
mé - QQCQ(TQ)/ (2 )4 2:un T(pQ) +92 Z TrQTTB;g / (2 )4 2= " ’
TP broken A’B’ TP

=0 (p?) = —g*(3CE () — AT (07) + Gy (7). (1.2

where c3(rq) is the quadratic Casimir summing over only the massless gauge fields,
restricting the adjoint indices A, B to G in (2.7). The unbroken gauge fields do not have the
pole contributions to their propagators, so 24" reduces as in (4.2) to the expression of [13].
The broken contribution in (4.1) comes from the massive G’ /G gauge fields coupling directly
to the visible sector fields, as in figure 2b, and we defer discussing these contributions to
the following section. Since we’re just discussing the unbroken contributions in this section,
we’ll henceforth drop the “unbroken” superscript reminders.

The massive G’ /G gauge fields contribute to the G currents, and thus to the unbroken
El /2 and C, correlators:

5;Lnbr(p2) _ 5§auge(p2) + 51crlnatter(p2)’ g?}mzbr(pQ) _ Eigjl;ge(p2) + Eir}%tter(pQ). (43)

The “matter” contributions are those from the hidden sector which may or may not
be weakly coupled, much as in [13]. The “gauge” contribution can be computed in g
perturbation theory. They account for the correction, from a loop of massive gauge fields,
to the propagators of the unbroken gauge fields (the analog of the correction to the photon
propagator from a W7 loop), as in figure 3. Note that the group theory implies that
both of the gauge fields running in the loop, labeled A’ and B’ in figure 3, are massive —
there is no diagram with one internal massive and one internal massless gauge field. This is
because a broken and an unbroken generator can only combine to give a broken generator,'®
[G'/G,G] € G'/G, i.e. fAP'C = 0. Since diagrams with a gauge loop like figure 3 would have
a factor of f4P'C from a diagram with one massive and one massless internal propagator, it
can only get contributions if both internal propagators are for massive G'/G components.

The UV behavior of the functions éa(pQ) is controlled by a constant coefficient, ¢, as
in (3.7), Cy ~ clog A. ¢ gives the contribution of the sector to the beta function of the gauge
coupling when the symmetry is gauged, as is seen from the relation of Cy (p?) to the gauge
field self-energy, and the relation of that to the beta function in background field gauge. So
there are gauge and matter contributions to ¢, associated with their contributions in (4.3),
given by the contribution of these fields to the gauge beta function:

c= —(b] —by) = (B8 p cmatter - gauge — 37 () — 3TH(G). (4.4)
'8To see this, take all the G’ generators to satisty (74T7) = 1547, Te(TA' TP = ;5‘4,3,7 To(TAT?') =

0, where A, B run over the unbroken subgroup G, and A’, B’ run over the broken G’/G. Tt follows from
the last equation that f48'C ~ Tr(TA[TB/,TC]) = Tr([T°, TA],TBI) =0.
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While unitarity implies that ™" > (0 we see that ¢82¢¢ < 0. The total ¢ in (4.4)
can be positive or negative. The same coefficient 528 in (4.4) gives the group theory
dependence of the functions C§"°(p?) and Bgauge( 2) when the Higgsing G’ — G is at

1/2
a single scale, (m?)4'%" = m?.645". In that case, the sum over the internal G'/G gauge
fields in the loop in diagrams like figure 3, gives (using fapcr = i(Ta)prcr):

1

('vagauge)AB’ (Egauge)AB ~ TTG’/G (TAT ) (TQ(G/) (G))(SAB — _3 Cgauge(SAB. (4.5)

Aside from the overall coefficient in (4.5), the functions CE""%° and Bf?; ¢ are otherwise

independent of the choice of groups G’ and G.

Let’s first consider the function C§is®(p?) in the case where susy is unbroken. The
relevant loop diagrams with internal Higgsed vector multiplet components could then be
computed in supersymmetric background gauge field formalism; as discussed in section 6.5
of [64], the loop correction to the gauge field propagator associated with internal gauge
field loops is just a factor of (—3) times that of a matter field, coming from three chiral
ghosts. (See also [62]-[65, 66] for discussion of supersymmetric R¢ gauge.) Using (4.5), the
factor is (—3)(—c5*"8°/3) = cgauge- S0, if supersymmetry were unbroken, we would have

B%?;ge = 0 and all C,(p?) would equal

Agauge(, 2\ _ vgauge(, 2\ _  gauge d*k 1
Cpee(p?) = CERF (") = 58 / (2m)* (k2 +mi,)((p + k)* + mi)’
_ cpoue / @k L ! . (4.6)
(M) k21 + g2CLE (0)] (p + K2)[1 + g2CEE (0 + )
With broken supersymmetry, there are analogous expressions for the various ceee,
For example, considering the diagram for (j,js) with internal gaugino, with propagator
A s 5(/<:), and internal gauge field, with propagator A, (p + k), yields

auge auee [ Ak 1 1
C’lg/Qg (pQ) = B8 / (27‘(')4 9 QCpole 2 25}2016 ’ (47)
k214 g2Cy (R)] (p+ k)1 +g (p+ k)
where, for simplicity, we wrote the expression for 31 /2 = 0. The function Cgauge can

also be explicitly determined, though it is rather lengthy (it gets contributions from each
field in the massive vector supermultiplet running in the loop, and in background field
gauge these are related to the contribution of each field to the one-loop beta function) so

we will not write it out here. Finally, the function Bf?; 8¢ gets a contribution from the loop
with gaugino correlation function X(p?) and A, (p + k) for the massive fields in the loop:
d k ! ! / !
B0t = 3 [ T AN (k)
A'B!
pr— 4 ~ 2 ) N
() 1+ 9201/2<k>12k2 + i1 B (02 (0 K2 + 3

where E{ /2 and CN'{ /2 denote the pole contributions of the massive gauge fields. In
particular, (4.8) contributes to the mass of the gaugino partners of unbroken, massless

gauge fields as my = ngi“/%tter(O) + QQB%%Ige(O)-
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5 Massive gauge messengers’ direct coupling to the visible sector

The effects discussed in the previous section, are not too different from the general gauge
mediation setup of [13], aside from the massive G’/G messenger contribution with cgayge <
0. We now discuss the direct coupling of the massive G'/G gauge messengers to the visible
sector matter. Because this is direct coupling of susy-breaking messengers to the visible
sector, it leads to more dramatic differences from the non-gauge messenger case, with visible
sector soft terms generated at one lower loop order.

The contribution of the massive gauge fields to the sfermion mé (2.7) is given by

! ! d 1 ! !

2 Z A'pB p —A'B' [, 2

mQ D) g TT'Q rQ / 27T)4 p2‘—‘ (p )7 (51)
Al.B’

where the sum is over the broken generators A’, B/, and 245’ (p?) is as defined in (2.4),
and given by (2.25), with CN';VB, and Bf‘/QB given by the sum of pole and regular contri-
butions, as in (2.26). The regular contributions don’t know that the symmetry is spon-
taneously broken, so they're all proportional to 645", If the pole contributions are also
such that the A" and B’ broken generators have a single Higgsing scale, then they’re also
proportional to 845", so 24’8’ (p?) = E(p2)5A/B/, and then the sum over broken generators
n (5.1) gives

Al A _
Z TT/Q Tr’Q = ACQ1|rQ|= ACQ = CQ(T’b) — CQ(TQ), (5.2)
broken A’
with Acg > 0. For simplicity, we’ll consider this single Higgsing scale case in what
follows. Our results can be straightforwardly adapted for a more general case by adding
analogous contributions for each Higgsing scale.
The one loop contribution to m2Q is given by (5.1) and the expression (2.25) for E, upon
using the O(g") term in =, coming from the pole contributions to the 2-point functions

1 4 3

:(0)( 2y — B
= (%) = - g R 63
L+ 208" 02) . pgwole . 9IBURTE 14 g2CPO
T2 T ppagean

The two loop contribution to m2Q is also given by (5.1), using the O(g?) contribution
2 (p?), obtained from expanding (2.25) using (2.26), with the “regular” contributions
giving the higher loop order. Since it is a straightforward expansion, see e.g. (2.41), we
won’t bother to write out explicitly the general, lengthy expression for E(l)(p2).

To go farther, we will need to evaluate the integral in (5.1) using the explicit expressions
for C, and él /2 in a given theory. We now evaluate it explicitly in those theories where
B, /2 =0 and CP°' have single pole, as in (3.23). In these theories, the above expressions
for the one and two loop contributions to mé from the massive gauge fields simplify to yield

m? = —g?Acom? Str [ 47, 1 +g* AcgSt d'p 1 1- my 25 (5.4)
Q g ocQmy ot ()10102+M2 9 2R (o4 p2 2 ar A9
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Figure 4. One-loop diagrams contributing to the mass of a visible sector scalar. In Landau gauge,
the “sunrise” diagram for the gauge boson vanishes.

2
where we used (1 + pQTgmg)_l =1- pgnj‘](/[g,
of the components of the massive vector multiplet, and Str means to sum over a, with
a = 1/2 weighted by (—4) and a = 1 weighted by 3. The first term in (5.4) are the

one-loop contribution to the sfermion masses; doing the integral, this gives the one-loop

where M2 = m2, + §m? are the masses

contribution to be

2 m2 m6 )
(mZQ)(l) = 1271_2 Acomi, In < %i V> , (single pole case) (5.5)

where mZ, = m$, + 0m3 and m3 = m} + 5m%/2. The terms InmZ — 4Inm3 + 31nm3,
in (5.5) come from the three diagrams in figure 4. The expression (5.5) gives tachyonic
(mQQ)(l) < 0 (using e.g. (3.25)), contributing to visible sector StrM% < 0. The expres-
sion (2.37) must exhibit decoupling, m2Q — 0, for m%/ — 00; it indeed does, since the
susy-splittings remain fixed, m% / m%/ — 1 and m%\ / m%/ — 1, in this decoupling limit.

The second term in (5.4), is the gauge-messenger generalization of the familiar two-loop

expression (again, specialized to this case of single poles and Ef?ée =0):

2 2 2 2 2
P2+5mg éreg_ 4 p +5m1/2 5reg+ 3 p2 57’69
2_|_ 2 0 2 2 1/2 2 2 1 ’
p mC P +m>\ P —|—mv

which should be added to the contribution from any unbroken gauge fields (discussed

d*p 1
2\(2) 4 p

in the previous section). This is similar in form to the non-gauge-messenger case (setting
M2 = m}, equal, (5.6) agrees with [18], and setting all m? = 0 it agrees with [13]). Again,
for the more general case of multi-pole contributions to 5’5 ilgé (p?), and Ef?ée(ﬁ) # 0
the generalization of (5.6) is obtained by using (2.7) with the O(g?) contribution to =47
obtained by expanding (2.25) to O(g?); it’s straightforward, and the expression is lengthy.

We now consider the A terms. Keeping the auxiliary components Fg of the visible

sector matter fields (), A-terms arise from a term

Lo D / d*0 Agh* Qe*V Q o AgFpQ. (5.7)

The first expression illustrates that Ag multiplies a super-gauge invariant soft term.
The coefficient Aq is associated with the diagram® in figure 5, which gives the general
expression (2.10), whether or not there are gauge messengers. Note that this diagrams

19We choose to illustrate it in super-unitary gauge, where x € V is kept.
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Figure 5. The diagram giving Ag when Fy is not integrated out.

looks rather different from the loop diagram which generates e.g. a trilinear coupling £ D
—a;j1Q:Q;Qr but computing that loop is equivalent to (2.10), with a;, = Yijr(Ag, +Aqg, +
Ag, ), where Y, is the supersymmetric Yukawa coupling in W O Y;;,Q;Q;Q;. When there
are no gauge messengers, (2.10) gives a 2-loop expression for Ag. On the other hand, when
there are gauge messengers, the contribution of the massive gauge fields gives a one-loop
contribution as in (2.40),

d*p 1 ole
A(Ql) - _QQQACQ/ (277)4]9221” (p?). (5.8)

Note the similarity of (5.8) and the 1-loop contribution to unbroken G gaugino masses
from broken (/G gauge messengers, my""" 9" = g2Bi‘72br’gauge(O). Using (4.8),
d*k 1

Epole 2 ) )
s g2 2 T ) (59)

mz)fnbr ») 92 . 2Cgauge/

The only difference (aside from Acg vs ¢8%8°) is the 1/p?, from the @ propagator
in (5.8), vs the (p?> + m?,)~1, from the massive vector propagator in (5.9).

We now consider the full sfermion effective potential, which can potentially be useful for
cosmological applications, as in [51]. For sfermions near the origin, the effective potential
reduces to the quadratic term associated with the sfermion mass (5.1). For sfermions far
from the origin, the susy-breaking does not have as large of an effect, and the potential
flattens, with the characteristic log behavior of a pseudomodulus. The one-loop effective
potential comes from diagrams with a D, A, and v, loop. Each is corrected by a >
terms, with n current 2-point functions put in the loop (and a 1/n symmetry factor, hence
the logs); this yields:

v _ 1T d*p 25 275 2 94|§1/2|2 27
W =yt [ om0+ G0 —21n [ +2CaP+ T+ am( 4 2C0)
(5.10)
where Trgs runs over all generators of the UV group G’. This is the generalization of
the effective potential given in [18] to the case of gauge messengers. As we’re now used to,
we expand this expression to O(g?), with the pole pieces contributing to gQCN'a and 92§1 /2
at O(g°), and the regular terms C, and EUQ contributing to (5.10)1at O(g?).
We want to compute the effective potential (5.10) as a function of visible sector back-
ground expectation values (@Q). To do so, note that the the visible and hidden sectors are

decoupled before the gauge interactions are turned on, so we have J = Jhidden + Jvisible
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and in (5.10)

Ca - (Ca)hidden + (Ca)visible7 Ba - (Ba)hidden + (Ba)visible- (511)

Since we're interested in the effective potential with the visible sector fields @) expec-
tation values only along D and F flat directions, the visible sector correlation functions
are supersymmetric:

~ T4, 77}Q ~
(Co)aB e = { 2 } ; (B1/2)visible = 0, (5.12)
where we here only keep the visible sector pole term because we work to leading order
in g2. Plugging (5.12) and (5.11) into (5.10) then gives

(1) 1 d*p 7#(@Q.Q) | 2~ 7*(Q,Q)  m}
Vveff (|Q|2) — 2TI‘G/ / (27‘1’)4 {ln <1—|— e _|_9200) +31In <1+ P + p;)
2(0) _ 4B, .2
ol <1+g (]?;Q) +g201/2(p2))2+g ‘pé/z‘ } (5.13)

Taking j‘%‘ﬁ; of (5.13) at (@) ~ 0 indeed reproduces the (one and two loop) sfermion

mass m2Q given above (with 3° ,5(Q, Q)P — 2¢y(rg)|Q|?); in particular, using CP' and

Ef%e in (5.13) reproduces the 1-loop (5.1). The potential for large |Q|? should reduce to
the expression found in [67] for Higgsing pseudomoduli far from the origin:

2
Vi (@) = =, DT IFa Pea(rly) = ealra))mlg@l. for  [Q)> (o) (5.14)

where 77 is the representation of hidden sector field ®; above the scale of the large (Q)
Higgsing, and 7, is that below. In this limit, the integral (5.13) is dominated by the region
of large p* ~ |Q|?, where we can use the expansions (3.29) to show that (5.13) yields (5.14)
upon using the weak coupling expressions (3.37).

We can also consider a susy-breaking effective potential which generalizes the a-
term. This potential also follows from the one-loop effective potential (5.10), by gener-
alizing (5.11) and (5.12) to include a background expectation value for Fy. It suffices to
work to O(Fg), dropping terms which are O(|Fg|?) and higher in visible sector F-terms
(keeping arbitrary order in hidden sector F-terms). Using the small F expansion expressions
in the appendix, the visible sector contributes

(Ca)visible -

SAB (Q,Qz)AB+O (|Fol). (5.15)

A AB
(Q,Fcéz) Lo

(|FQ|2)’ (Bl/2)é1§ible - - p

Using these as additional contributions in (5.10), we obtain an effective potential

that is similar to (5.13), but with the hidden sector BF?< AB iy (5.13) replaced with

1/2
Bf;ée AB —(Q, Fg)P /p?. Extracting the O(Fg) term, this gives a term in the visible
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sector soft-breaking effective lagrangian®’

Lyis D / d'00°k(Qe*Y, Q) D Foigh(Qe? . Q). (5.16)
This yields
ole ;4
I — d*p 4Bf 5 /D
FQaék(’Q‘2) - QACQ(FQ7 Q) / (277)4 2 9 / 9 g4‘§pole‘2 : (517)
@+ 7 g+ T

Expanding k(|Q|?) around the origin, k(|Q[2) ~ Ag|Q[*> + O(|Q[*), gives the A-term (5.8).

6 Susy relations and small susy-breaking expansions

6.1 Susy relations among current correlators, and gauge propagators

As shown in [21] , the current supermultiplet structure implies the relations (2.30),

(@*(T(p)I(—p))) = _4§i/2( P QA Q% (J() I (—p)))
= 8p*(Co(p®) — 4C1 2 (p°) + 3C1(p*)). (6.1)

Here we instead note that there are analogous relations for the gauge field propagators
1 - = o _
42 (@(D(p)D(=p)) = (AN (P)Aa(=p)) 5,2 (Q*(Q*(D(p)D(-p)))) =E(F*), (6:2)

where Z(p?) is as defined in (2.4). These relations are obtained from the susy-
transformations of the fields in the vector multiplet, e.g. [54]:

6¢D = EG™ O\ — £ O A, SeN = i€D — 0™ Evpy. (6.3)

The susy relations for the gauge multiplet are related to those of the current multiplet
by Legendre transform, since D < 6/8J, Ao <> §/67%, V), < §/05H.

Both (6.1) and (6.2) apply whether or not the J symmetry is spontaneously bro-
ken. In the case where the J symmetry is not spontaneously broken, the relations (6.1)
and (6.2) coincide with each other (to the relevant g? order), and they imply the rela-
tions (2.31) and (2.32) of [21]. When the J symmetry is broken, on the other hand, it is
the relations (6.2), and not the relations (6.1), which are relevant for computing the soft
susy-breaking terms, as in (2.13) and (2.14).

6.2 Connection with small susy-breaking limits

The above results can be connected with spurion-based methods when susy-breaking effects
are small. The idea is that

(@*(%) = H(Fsusy)loz + O(FIF?),  (Q*Q*(¥)) = 16{(¥)susy)lg2g2 + O(IFI*)  (6.4)

20SQuch a soft-breaking potential was considered in [52], and their result can be compared with the special
case where our Bl/g(pQ) is replaced with a momentum-independent constant m.
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where (%)susy denotes the quantity computed first in the limit of unbroken susy, and
then replacing the parameters with spurions, which can have susy-breaking #? and 6*
components. Applied to (6.1) this yields the following relations, which were originally
obtained in [17, 18]:

Com(P)lgz = =BS+OFIFP),  Ca&(0%)lgege = (C()AB 4C{5+3CP)+O(|F|).

(6.5)

The relations (6.5) remain valid in the gauge messenger case, where the symmetry

is spontaneously broken, and then the quantities C and B1 /2 above should be under-

stood as the sum of the regular and pole contributions. Consider, in particular, the pole
contributions. In the limit of unbroken susy, we have

_ (T TP _ (2,0)4°
p? p?

(Cpole)

susy

(6.6)

To leading order in small susy-breaking, the relation (6.6) is preserved, where we use a
spurion analysis, with chiral superfields ® = ¢+60?F. We are considering multiple spurions,
and could decorate ® with flavor and gauge indices, but we’ll suppress the indices. We

then have the superspace expansion
(M)A = (@, 8)47 = () AP+ 62(mi ) Pt et 88 (m )P (5md) AP, (6.7)

where we define

oy b 7F F ,F AB
(M) = (o 00", m{P = Ezg ¢3;AB, (5m3)AP = zi(bz ¢§;AB (6.8)
The relations (6.5) imply that
ole (5’ F AB
By AP = —( p2) + O(F|FP?), (6.9)
_ _ P\ AB
Chele AP — 4Cole AP 4 3Cpele AP = 2(F’pf) +O(|IF|"). (6.10)

These relations can be explicitly verified in the weakly coupled case, by expanding out
the pole contributions given in (3.33). We can also immediately verify them in the limit of
large p?, via the expansions (3.29).

But it is the susy relations (6.2) among the propagators, rather than the susy rela-
tions (6.1) among the current correlators, which are relevant for finding the soft breaking
terms in the gauge messenger case. Applying the relation (6.4) in the small susy-breaking

limit, we find the appropriate relations, analogous to (6.5):

$AB(p?) = Agfy’gz + O(F|F?), (6.11)
and 5
=48 (p) = 2 ALE 1922 + O(|F|Y), (6.12)
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where we have for the full (D4 (p)D?(—p)) propagator
1 AB
2= (e ) (6.13)
1+ QQCsusy

initially computed for unbroken susy, and then extended to depend on susy-breaking
spurions. We compute (6.13) to O(g?), using

~ ~ ~ M2 ~
gQCsusy — QQCpole _|_920reg _ pQV _|_920reg (pZ) (614)

susy susy susy

with the first term CO(g") and the second O(g?). The propagator then has O(¢") and
O(g?) terms:

pg AB p2 p2 AB
2 2~ 4
B = (o1 )+ (etare ) G580 (21 )] 00 @9
6.3 Hidden sector contributions to visible sector wavefunction Zg

The above expressions motivate considering the hidden sector contribution to the wave-
function Zg factor, which can be computed from the diagrams of figure 1, computed with
non-zero external momentum k, taking 0/0k? before setting £ — 0. In the limit of unbro-

ken susy, this gives
7 )1—225 e s a'p 1A“B(Z) (6.16)
Q g < rQtrQ [ (27)4 pt Tsusy p)- :

To leading order in the small susy-breaking limit, this relation is preserved as a rela-
tion in superspace, with both sides picking up #% and #% components. Comparing (6.16)
with (2.14) and (2.15), and using (6.4) and (6.11) and (6.12), we then have in the small

susy-breaking limit:
AQ = ZQ’gz + O(F’F’Q), ﬁlé = —ZQ‘929’2 + O(’F’4) (6.17)

With these relations, we recover the expected relations from spurion methods.
Consider first the one-loop O(g?) contribution to the Z-factor (6.16), which is obtained
by using the first term in (6.15). Doing the d*p integral using

d*p 1 1 A?
/ @) p2(p2 4+ m?) T 1gp2 M0 (6.18)

where A is the UV momentum cutoff, this term is

Acog? . M?
ZS) — SRI v,
872 A2

where for simplicity we take (M2)4P = §4'P' MZ. As a check, note that this same

result can be obtained from the one-loop effective Kéhler potential [50]

MM, M2
Tr MM, In < N ) — 2Tr MZ1n < AV>

(6.19)

)
K =

€

, (6.20)

3272 A2 2
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associated with integrating out massive chiral and vector superfields, respectively.
Since visible sector expectation values also contribute to the vector multiplet mass, we
take M‘Z/ — g%(Q,Q) + M\Q/,hid and, expanding around @ = 0,

2(% \A'B
(1 A’B/ g (‘1), ‘1))
Kex 2 167r2 Z Q.Q) ln< A2 ’
A'B/
2 2(F
D a5 Voo oy I 97 (2, )

= Zé?)(CI)7CI))QQ Zé)(@, Q) = g2 AcgIn ( A2 , (6.21)
where in the last line we took the broken contributions to satisfy (®,®)4 P =

(®, ®)64' ", This indeed agrees with the expression (6.19).
We can likewise consider (6.16) to two-loops, O(g*), by using the second term in (6.15).
Separating out the contributions from the massless G generators, and the broken G'/G

generators, respectively, this gives (with c2(rq) = cg and ea(r) — c2(rq) = Acq)

(2) 4 d4p 1 ~unbr p2 ? ~reg,brok . 2
ZQ = 29 (27‘(‘)4 p4 Csusy ( ) + ACQ M2 CsuS); (p ) : (622)
6.4 One loop a-terms and sfermion masses, in the small susy-breaking limit

Let’s consider first the one-loop contribution to Ag and m2Q, which are obtained from (6.17)
and (6.19). Using (M2)4P = ¢?(®,®)48 and the expansion (6.7), we obtain the one loop
A-term:

A 2 (6o, o)
AD I 2Ry 21, = I A h — \P0: 0] 6.23
0 82 n M| g2 g2 cQMy where My (B, o) ( )

Similarly, the one-loop contribution to mé obtained from (6.17) and (6.19) is

oy _ o wpp ((8:9)(F,F) - (6. F)(F,¢)\"" s

M = 1602 2 Ty L ) o0,
__F L (6R)FF) = (6, F)(F,9) !
= —semiea (T ) rourt 024

where in the second line, we simplified by taking the inner products of the expectation
values appearing in (6.24) to all be proportional to 648" The one-loop gauge messenger
contribution to the sfermion mass-squared is tachyonic, as is manifest from (6.24).

The result (2.38), in the special case when ((;_5, F) = 0, reduces to the small susy-
breaking limit of the §1/2 = O result (5.5). Writing m2, = m¥ +9dm3 and m3 = m} +dm?

1/2)
taking dm3 < m?, and 5m%/2 < mi. In this limit, (5.5) reduces to
2
2(1) . 9 Acq 2 2
(md)V) ~ Loz (O —40m3 ). (6.25)

Using the relation (3.25), the result (6.25) indeed agrees with (6.24) with El/g = 0.
As we have shown, the result (6.19) can also be obtained directly from the 1-loop
effective K&hler potential (6.21), so the result (6.24) for the one-loop mQQ at O(|F|?) can
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be viewed as a direct consequence of the one-loop Kahler potential. We see that the
common view that there are not one-loop contributions to mé applies to the M M, term
in (6.20), but generally not to the M‘Q/ term. In the appendix, we will verify more generally,
to arbitrary order in |F|?, that our results about the one-loop contributions to m2Q can
equivalently be re-derived directly from the one-loop Coleman-Weinberg effective potential.

6.5 One loop sfermion masses are suppressed for large goldstino pseudomod-
ulus vev

The numerator in (2.38) has an interesting property: it is constant along the goldstino
pseudomodulus flat direction. As proved in [30, 31, 68], all models of tree-level sponta-
neous F-term supersymmetry breaking (with canonical Kéhler potential) have a classical
pseudomodulus — that of the goldstino — which can be parameterized as

of = ¢y +aFy, (6.26)

where x is an arbitrary complex parameter, associated with the expectation value of
the superpartner of the goldstino, and QS? = (¢;) is chosen as a zero of the D-term for any
gauge interactions, with F? = (F,,). It was shown in [30, 31] that the classical D and F
terms are independent of the parameter z, in particular F;* = Fio, i.e. constant along the
goldstino pseudomodulus. In terms of the quantities appearing in (6.24), we therefore have

(67,647 = (8%, ") P +2(¢%, FO)AP 4+ (F, ¢°) 4P 4 |a*(FO, FO)(F*, ¢*) P
= (F,¢°)"P a(F0, FO)P (6.27)

from which it immediately follows that the numerator in (6.24) is constant along the
goldstino pseudomodulus

(67, 6°)(F=, F=)— (8%, F=)(F", ¢%))*F = ((8°, ¢)(F°, F*)— (8", F*)(F°, ¢"))*" .
(6.28)
If the goldstino pseudomodulus has a large expectation value, and if (F°, F?) # 0, then
the gauge group is (perhaps partially) Higgsed at some correspondingly large mass scale
M. This scale can happen to be parameterically much larger than the typical mass scale
of the superpotential. This is what happens in the inverted hierarchy model [3], where the
dynamically generated GUT scale is much larger than the mass scale in the superpotential,
and the large expectation values there are indeed along the goldstino pseudomodulus. It
follows from (6.28) that the numerator in (6.24) does not scale with that large scale M,
but is instead O(|1%]). In such cases, the one-loop contribution (2.38) to sfermion masses
is parameterically of the form

2 6
2\ 9 |1l 6.29
This has a |u/M|? < 1 parameteric suppression as compared with the two-loop con-
tributions,
24(2) 9 ? |l
~ . 6.30
(mQ) (16772> M2 (6.30)
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So, if |u/M|? < g?/1672, the one-loop contribution to sfermion m2Q could be negligible
compared with the two-loop contributions! This was briefly noted already long ago in a
comment appearing in [6] in the context of the inverted hierarchy type models, but no
explanation was given there (it was stated without calculation that a certain diagram
would be O(u®/M*), but other diagrams, which could have contributed at O(u*/M?),
were not considered). Here we have explained it as coming from the particular general
property of the goldstino pseudomodulus.

There can be pseudomoduli other than the goldstino (see e.g. [67]), and the cancella-
tion in (6.28) and above noted suppression of the one-loop m2Q would not occur for large

expectation values of those pseudomoduli.

6.6 Omne-loop gaugino masses and two-loop m2Q contributions

Consider the one-loop gaugino masses for the superpartners of the massless gauge fields,
and the two-loop sfermion m2Q, to leading order in a small susy-breaking expansion. We
have seen that these soft terms are given by

unbr ~unbr 2
Mo ~ —g2C M (O)]g2, (M) ~ ~Z e, (6:31)

gaugino

where Zg ) is given in (6.22). In both expressions, ésusy (p?) is promoted to superspace,
via replacing m?, — M2, as given in (6.7). We’ll now show how the quantities (6.31) can be
evaluated in terms of the coefficient ¢ of (3.7) which enters into the leading UV singularity
of the JJ OPE (2.42), in close analogy with how it worked in the non-gauge messenger case
discussed in [17, 18]. This will allow us to similarly connect, now for theories with gauge
messengers, with the expressions obtained in [35] using analytic continuation in superspace.

The relevant functions in (6.31) and (6.22) are of the general form

~ 5 c A2 p2 B
) 1672 . M‘Q/ + f(M‘Q/ y) (6.32)

where f(y) is a non-singular function, which is regular at y = 0 and satisfies

C

lim f(y) — — 2 Iny, (6.33)

yY—00 16
so the M‘Q/ dependence drops out for large p?. To give a concrete example, the unbroken

gauge group has both matter and gauge contributions, CU™7(p?) = Cunbrmatter(;)2) 4
Cunbrgauge(p2) where the gauge contribution is given by (4.6) with m? — M2 as (6.7),

d*k 1

(2m)* (k2 + M2)((p + k)2 + M2)’ (6.34)

éunbr,gauge(pZ) _ cgauge/

which is of the form (6.32) with ¢ = ¢8*"° given in (4.4). Our point here will be that
the quantities (6.31) can be evaluated knowing only the coefficients ¢ in (6.32) and (6.33),
without needing to know the detailed expressions like (6.34).
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Using the superspace expansion of M2, see (6.7) and (6.8), it follows from (6.32) that

~ d ~
Cloe(w) = ~(ygr2 *+9 g, F®) xClonn ()

=gz ) (87— mem) o, (g ) 69

The quantity 36m3 —mym, = ((F,F)(¢,¢) — (F,¢)($, F))/(¢,$)? is the same com-
bination appearing in the one-loop mé in (6.24), whose numerator is constant along the
goldsino pseudomodulus direction.

The one-loop gaugino masses for the superpartners of the unbroken gauge fields are
thus given, to leading order in small susy-breaking by (6.31) and (6.35) to be

2

Mo ~ =g C gay = 0) = 7, e, (6.36)

As we have already discussed, this one-loop O(F') term is generally non-zero, unlike
theories without gauge messengers where the gaugino masses are suppressed [28]. The
gaugino mass (6.36) and the a-term Ag in (6.23) are both given by a loop factor times

unbr

m,, and differ only in the group theory factor Acg vs ¢*"*". The more general difference
appears in (5.8) vs (5.9), but the 1/p? vs (p? + m%,)*1 propagator in the loop there has no
effect in the O(F') contribution here (as seen from (6.35), since y = 0 is determined from
¢, which itself can be determined from y — oo, where m%/ is insignificant).

Let’s now use the second line of (6.35) to evaluate the two-loop contribution to mé

in (6.31), using (6.22),
Y 2
Creg,brok] (y)> )
<y+1> 252

(6.37)
The C“"'" integral is easily computed upon using (6.35) and (6.33). The Creg:brok

2
> C on both sides of (6.35), i.e.

4

g o dy ~unbr
(mamz_%wyé meijMw+A%

integral is similar, upon replacing C — (yi{l

2 brok d/\ 1
Yy Creg,brok — _ ¢ ) +y f 5m% — mxmx
y+1 0202 167 dy 2
d dj/c\ cbrok y 2
7 2
+mxmxydy [y dy * 162 \y +1

~ 2 2 _
where f = (yfil) f and the last term comes from (4, In A/jg )2 (ngH)(;g + (6% — 62).
\4

So the integrals in (6.37) are all of total derivatives, and yield

. (6.38)

2 2
(sz)@) ~ 2 <1gﬂ2> {(ch”"br — Achbmk> mymy — (IR) - (;5m% - mxmx)] , (6.39)

(the sign flip of the "% term relative to the ¢*™" term is thanks to the extra contri-
bution from the last term in (6.38)). Here (/R) is given by contributions coming from the
IR region of the integral involving the term proportional to %6mg — My My, in (6.35),

(IR) = (coc™™ 4 Acgd® ) Inyrg 4 1672cq f* (y = 0). (6.40)
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The apparent IR divergence for y;r — 0 includes the renormalization of the one-loop
mQQ, see also (A.31), and again %6mg —mym, — 0 far along the goldstino pseudomodulus
direction. The coefficient of the m,my term in (6.39), upon using the relations crok = —p
and " = b — b = ematter _ 37(G') + 3T(@G), is coc™™" — Acgcl™oF = cob + b’ —2cqb'.
This result connects with that obtained by the method of [35], which is reviewed and
extended in appendix A.

7 Gauge messenger examples

7.1 A simple class of F-term breaking models

In this section, we will illustrate our general results for a simple class of models. Suppose
that the susy-breaking hidden sector has a symmetry group G’, with chiral superfields X,
¢1, and ¢g, in the singlet, r1, and rg representations of G’, respectively. We take the
reps ry, and rg to be real, with ry ® ry D 1 and r; ® ro D 1. To break susy, we take an
O’Raifeartaigh-type tree-level superpotential

W= JhX61- 61+ mér- b+ X, (7.1)

where ¢1 - ¢1 denotes the G’ singlet. The G’ symmetry group can be weakly gauged,
and used to mediate susy-breaking to a visible sector.

Such examples have been much studied in the old and recent literature. For example
we could take G = SU(N) and ry and ra to be adjoints, with the SU(5) case similar to the
inverted hierarchy model of [3], and the SU(2) case was considered in toy models for the
inverted hierarchy model in [25, 28, 29]. The general class of models (7.1) was considered
recently [47] as toy models for spontaneous R-symmetry violation: the theory has a U(1)g
symmetry with R(X) = R(¢2) = 2, and R(¢1) = 0, which is spontaneously broken by the
goldstino pseudomodulus (X) # 0 if n = g%/h? is sufficiently large [46, 47].

The G’ symmetry is either unbroken, if y = |hf/m?| satisfies y < 1, or is broken to a
subgroup, G’ — @G, if y > 1. Upon gauging G’, the theory with y < 1 does not have gauge
messengers, while the theory with y > 1 does. So we’ll here be interested in the case y > 1,
and we’ll take m and f to be real, and set h = 1. The vacua have (X) = X arbitrary at
tree level and

<¢1> ’ <¢1> = _U27 <¢2> - m <¢1>7 V= \/2(f - m2) - <F¢>2> = m<¢1>7
—(Fx) = m?, (Fp,) =0. (7.2)

The expectation value of the pseudomodulus Xy in the quantum theory depends on
the value of n = ¢g2/h?. If 1 is sufficiently small, then X, = 0, and if 7 is sufficiently large
then Xg is non-zero, and determined in terms of 1. So we’ll consider both the Xg = 0
and X # 0 cases, where the R-symmetry is either unbroken, or spontaneously broken by
X # 0, respectively. In either case, (¢1) # 0 breaks the G’ symmetry to some subgroup,
G, and (Fy,) # 0 means that there are gauge messengers.
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Since these examples are weakly coupled, it’s straighforward to compute the G’ currents
J and their correlators. In particular, the short distance OPE (2.42) has

2
Cmatter — Z TQ(ri)- (73)
i=1

Let’s now comment on gaugino masses, considering the case where r; = ra. In the
theory without gauge messengers, taking y < 1, the one-loop G’ gauginos remain massless
to O(F) (even if the R-symmetry is spontaneously broken by Xy # 0), as in (2.48), because

hX
7 ~ Indet 7: is independent of X. But in our y > 1 case the gaugino partners of
m
the unbroken G gauge fields do get a one-loop mass at O(F’), given by (2.49)
) _
g / (¢, F)
— TG)-T(G) Y 0,

where we take T'(r1) = T(ry) = T(G') — T(G), as in the example of [29]. This small-

susy-breaking result is a good approximation when Xy is large.

(7.4)

Mgaugino =

In the following two subsections, we’ll focus on the case G’ = SO(N), with the two mat-
ter fields in the representations r; = ro = N. For y > 1, the expectation values (7.2) break
SO(N) — SO(N —1). We'll first discuss in detail the case N = 2, where the group is com-
pletely broken. Next, we’ll discuss N > 2, where there are massless SO(N —1) gauge fields.

7.2 The example with G’ = SO(2) 2 U(1), a massive gauge field

In this section, we consider the simplest model of spontaneous susy and gauge symmetry
breaking. We could equivalently write the hidden sector theory in this case in a U(1)
notation as

W =fX+Xd1+01— + mo11pa + mooydr—, (7.5)

where the £ subscripts are the U(1) charges, and X is neutral. There is a messenger
parity symmetry, ¢;;+ <> ¢;— (this symmetry is ensured by Tr 7' = 0 in SO(2)), so no (J)
is generated at one-loop. To facilitate our later generalization to SO(N), we’ll stick with
the SO(2) notation, with superpotential (7.1), with fields qﬁga) and qﬁga), with SO(2) index
1 (02

a = 1727 a‘nd SO(Q) generator T - \/2 —Z O

. The vacua can be taken to be (X) = X

(the classically undetermined goldstino pseudomodulus) and as in (7.2), with in particular

<¢1>=<i§>, (62) == " o), —<F¢2>=<i”g”>, (7.6)

which are such that the SO(2) D-term vanishes, which minimizes the energy.
Since (¢1) # 0, the SO(2) is broken, and since (Fy,) # 0, there are gauge messengers.
The breaking order-parameters are

(0, Bo) = v* <1 + ‘ff ‘2>, (Fo, Fy) = m*v®, (¢, Fy) = —Xov*. (7.7)
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Once we gauge SO(2), the mass of the SO(2) = U(1) gauge field is
_ X2
mt = 6.0 = %0 (1+] 0 ) (78

The tree-level undetermined expectation value (X) = X is associated with the gold-
stino pseudomodulus and, as we have noted on general grounds, X indeed cancels in

(¢0, b0)(Fo, Fo) — (Fo, ¢o)(do, Fo) = v'm?®. (7.9)

It’s straightforward to work out the spectrum of the theory in components, using
Wess-Zumino gauge. We’ll discuss this spectrum first, before getting into the description
in terms of current-correlators. We consider arbitrary values of my /m, even with g < 1,
by taking sufficiently large v, via taking f sufficiently large.

The expectation value of the pseudomodulus Xy = (X) in the quantum theory depends
on the value of n = ¢g?/h? [46, 47], where g is the gauge coupling and h in the Yukawa
coupling of the cubic term in (7.5) (which we set to 1 here): if 7 is small, (X) = 0, and
for larger n we can have (X) # 0. For (X) = 0, the U(1)g symmetry of (7.1) is unbroken,
whereas for (X) # 0 it is spontaneously broken. We’ll now first consider the (X) = 0 case,
and next the (X) # 0 case.

This hidden sector theory has 5 chiral superfields, including the NG chiral superfield II,
which is eaten by the vector multiplet. The unbroken U(1)g symmetry for (X) = 0 implies
that one chiral superfield plays the role of the field ¥ in (3.26). Using (3.32) and (7.6),
and comparing (3.26) with (7.1), we identify II and ¥ as the fluctuation of the second
component of ¢; and ¢9 respectively,

M=¢®  w=06,  with myy=m (7.10)

(where the superscripts indicate the second component under SO(2)). In particular, Im(II)
is the (eaten) massless NG boson and Re(II), gives the real scalar with mZ, = m?, 4+ 2m?.

The complex scalar component of ¥ has complex mass-squared equal to 5m% 2 = m?. The
fermion components 1, and ¥y and the gaugino A all mix, as in (3.42), and the mass

2
1/2°

massless fermion. (This massless fermion, together with the massless goldstino, contribute
to saturate the 't Hooft anomaly Tr U(1)r = 2 of the theory with gauged SO(2); without
gauging SO(2), the 't Hooft anomaly is Tr U(1)g = 1 and the only massless fermion is the

eigenstates are as in (3.43): there are two gauginos, with mass \/m%, + om and one

goldstino.) In summary, the spectrum of the massive vector multiplet is given by where
V., contains the NG boson ~ Im(II) as the longitudinal component. The vector multiplet
thus has (at tree-level)

StrMQ‘vectormultiplet = _2m2- (711)

Of course the full theory has StrM? = 0, and indeed the complex scalar V| = g2)|
has mass-squared m?, and thus contributes StrM\% = 2m?, and so zeros out the contribu-
tion (7.11) of the vector multiplet. If we consider the theory in the limit my > m, the
massive vector can be integrated out to obtain a low energy theory satisfying (3.53).
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field Vi Re(1I) omy jotby +imy A, Yn

mass®  m2, =2¢*(f —m?) mi=mi +2m?* m3 :mi:m%/—i—mz
Table 1. The massive vector multiplet.
feld mX+ivel)  mel vivx 1)
\/2fme \/fom2 E
mass? 0s 2f —m?s @2f —-m®)r (2f)p (2f —2m?)p

Table 2. The remaining fields.

The spectrum of the remaining three chiral superfield degrees of freedom of the hidden
sector have net StrM? = 0 and are less interesting for our considerations here, but we nev-
ertheless record them for completness: where Og and (2f —m?)g refer to a supersymmetric
masses for the complete supermultiplet, and (2f —m?)p is the mass of the fermion compo-
nent, and (2f)p and (2f — 2m?)p are the masses of the real scalars Re(qﬁgl)) and Im(qﬁgl))
respectively. The (0)s multiplet is the goldstino and pseudomodulus supermultiplet. The
other fields in table 2 are very heavy, with masses much bigger than all other fields in the
spectrum; they have masses ~ g~2m? if we take f ~ m2(1+ g=2) (to get my ~ m) in the
g < 1 limit.

Let’s now re-derive the tree-level spectrum found above in terms of our general, current-
algebra based analysis. To do so, we consider the contributions of the current one-point
functions to CZ°°. We again first consider the case where (X) = 0, where there is an
unbroken U(1)g symmetry and consequently El s2 = 0. Using

JoV2Re(@?),  jo -, j, D v2ulm(¢{?) (7.12)

we can directly compute the associated pole contributions, which are given by the general
expressions (3.33). The result is

2 2 2
2 pole . My 2 ~pole My, 2 ~pole _ My,
g CO - pg + 2m27 g 01/2 - p2 + m27 g Cl - p2 ) (713)

up to O(g?) loop corrections. In short, there are simple poles, at p*> = dm?2, with
2

5m%/2 = §6mg = m?. (In particular, and as is always the case, 6’1/2 does not have a
pole at p? = 0, despite the presence of the massless fermion in (3.43).) Using (7.13) we
immediately obtain the (Landau gauge, Minkowski space) gauge field propagators

p2 _ 2m2

iDD) = +0(g°),

p2 — m%, — 2m?

2 2
. N p-—m Pac
iMaha) = ) ) < ) > +0(g%),

Cpr-mi-m2 \ p
, 1 pHp” 2
(VEVYY = (g‘“’— >—|—(’)g , 7.14
vy = (T ) o) (714)

with the pole locations as expected based on our earlier discussion table 1 of the gauge
multiplet spectrum.
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We consider coupling the above theory to a visible sector, with SO(2) charged matter,
Q. For simplicity, consider the case of a single SO(2) doublet @, with tree-level superpo-
tential?! Wy, = p@QQ, where p is a supersymmetric mass term. Because of the unbroken
U(1)r symmetry, there is no induced Ag term, i.e. no off-diagonal B,, mass term for the
scalars . The one-loop soft mass-squared for the ) scalars is given by the expression (5.5),
which here gives

2 2,6 2
2 _ 9 e (MCMVY 9 2, (m, +m?)* 7 15
"G T o2V n( m$ > 3or2""V <m?,(mv +92m2) ) (7.15)

which is always negative, tachyonic; as a function of x = m?/ m%/, which characterizes
the relative susy-breaking of the gauge messengers, (7.15) starts at zero for z = 0 (the
unbroken susy limit), and decreases with x. For small susy breaking, m?/m? < 1, (7.15)

can be approximated as in (6.25),

2 2

(6mi — 45m%/2) -9 2

m2 (1) g m
1672

0~ (my > m). (7.16)

In the large susy-breaking limit, m?/m?2, > 1, (7.15) becomes

6 2 [§

2
%(1)%_9 2 m __ 9 29(f_m2)] m
mQ 327T2mv n <2m?/> 327T2g (f m ) n 16g6(f—m2)3 ) (mV < m)
(7.17)

In particular, taking g < 1, we obtain mé ~ —3(g?/32r*)m? Ing~2. (The result in
this limit was emphasized in the recent, independent work [42]).

Let’s now reconsider all of the above in the theory with (X) # 0 (which, as mentioned
above, is realized if g?/h? is sufficiently large). This has the interesting new effect of
spontaneously breaking the U(1)g symmetry, and indeed we find that it leads to Bf;ée £ 0.
We redo our calculations with

(X) =Xo, (¢2) = o <w> , (7.18)

m \ 0

where we still define v = \/2(f — m?). The mass of the SO(2) gauge field is then

given by
2
> . (7.19)

The NG chiral superfield II is read off from (3.32) and the vevs (7.6), and there is also
an analog of the field ¥ in (7.10), generalized now to Xy # 0:

'Xo

my = g*¢o{T, T}¢o = g*v* (1 +

Xo

Mg = 2060w g 4 206, (7.20)

*'We assume that |p| < |m/, to justify using the massless 1/p* propagator in the loop integral for mg
and Ag, though it’s straightforward to generalize the expressions to include the () masses.
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Taking X to be real for simplicity, we find upon using the general expressions (3.33)

2
G202 (02 +m?) + 28 (0 + XE + 4m?)]

9255016 = 2 2\ (12 2 2,9 )
(p? + m2)(p? + 2m?2) + X2p
SRS
91 = (P2 +m2)2 + X2p? )
2Ol _ mz%/’ gQEf;’ée _ PP Xo(p? + X3 +22m2) (7.2)
v (P + )2 + X3

Note that CN'gOle and CN'f;)ée are not of the simple, single-pole form (3.23), but each can be
written as a sum of two simple pole terms. The poles of (7.21) are at p?> = —m2,,., where
Mstate 1S the mass eigenvalue of the appropriate state in the O’Raifeartaigh model with X, #
0 (and f > m?). For example, the poles of both CN'f;)ée and Ef%e in (7.21) are at the masses
of the fermionic components of ¢; and ¢9, given by m%/Q = 1(|Xo2 £ /| X3| + 4|m|2)2.
It is also easily verified that these satisfy (3.29) in the large p? limit, with susy-breaking
parameters given by (3.37), which we have already evaluated in (7.7).

It is, in principle, straightforward to use the above expressions in our general formulae,
to compute the sfermion masses and the Ag term. But the required momentum integrals
are complicated to evaluate, even with a computer, and the resulting expressions would
not be very illuminating in any case. So we will just consider the results in the limit where
Xo > m ~ gv. In this limit, the supersymmetric contribution to the vector multiplet mass
is much larger than the susy-breaking mass splittings, so the spectrum is approximately
supersymmetric. Indeed, in this limit, (7.21) gives low-momentum (p? < m?) pole behavior
which is approximately supersymmetric, with ég‘)le ~ OP9° ~ 5’f ole s prote;

1/2 /2"
2 2 2
2 ~pole my, ~pole my, Spole m= Xpole
g Cr7° ~ , ~ , B~ _ CYr. (7.22)
0 p>+ (2m*/X?) 127 p2 4+ (m4/X2) 1277 X 1/2

Since the theory is approximately supersymmetric in this limit, we can use the small-
susy breaking approximations of section 6. The one-loop contribution to the visible sector
sfermion m% is approximately given by (2.38),

2 6

)0~ = F, (GOEDGRED) o 9 T
(mg) 3972 (.02 3972 | X[t (7.23)
The one-loop A-term is given by (6.23), which gives
2 Iy F 2 X, 2

Q¥ 1672 (5,6) ~ T16m2 |Xol2

The two-loop m2Q in this limit is given by the approximation of (6.39) (neglecting

the term 36m3 — myimy, — 0, *™" = 0 (SO(2) is completely broken), Acg = 3, and
ok = _p = 23:1 Ty (¢,) = 2) to be again tachyonic and given by

2 2
(m2)? ~ —2 g MMy R —2 g° ml” . (7.25)
@ 1672 XX 16m2 ) | Xol?

This and (7.23) illustrate the general point that, for sufficiently large goldstino pseu-
domodulus Xy, the one-loop (mé)(l) can be insignificant compared with (mé)@).
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7.3 The SO(N) — SO(N — 1) gauge messenger models

We again consider the model (7.1), now taking ¢; and ¢y in the N dimensional represen-
tation of an SO(N) gauge symmetry. For y > 1 the vacua are given by (7.2), with
w w mu
0 Xo | o . 0
(¢1) = ;o (d2) =— , o —(Fy) = (7.26)

m

where we take D4 = 0 to minimize the energy. This is compatible with (2.2) since
FTAT = 0; again, this is general for O’'R models. The G/ = SO(N) symmetry is broken
to G = SO(N — 1) by (¢1) # 0, and (Fj,) # 0 implies that there are gauge messengers:
the broken SO(N)/SO(N — 1) gauge fields have a susy-split spectrum. The unbroken
SO(N — 1) gauge multiplets are massless at tree-level. The SO(N — 1) gauginos get a one-
loop mass in the theory with (X) = X # 0. When we couple this hidden sector to a visible
sector, say a chiral superfield @ in the N of SO(N), we’ll obtain sfermion contributions
coming from both the unbroken SO(N — 1) gauge fields, and also the broken gauge fields.
We’ll initially consider the Xg = 0 case, and next Xg # 0.

We choose a basis in which the first N — 1 generators are broken, (TA/)bc =
(i/V2) (0104741, — Oe10ar41), for A’ =1... N —1. The gauge boson mass matrix is then

(7.27)

(m%/)AB _ {g2v25AB ifA<N-1
0

otherwise

Briefly, the tree-level mass spectrum of the other states are as follows. There are three
superfield’s worth of degrees of freedom which are exactly as in table 2, one being the
massless goldstino and pseudomodulus superfield. The other fields are associated with
the broken generators, and give a spectrum which is IV — 1 copies of that discussed in the
SO(2) case, with N —1 fields, A’ =1...N —1,
4 = g+ — oS with  dmy sy = m, (7.28)
which are the NG supermultiplets, and the ¥4" supermultiplets which couple to them as
in (3.26). The real scalar partners of the broken SO(N)/SO(N —1) gauge fields come from
the N —1 scalars 0 = Rell?', with mc = mv +2m?. The gaugino partners of the massive
SO(N)/SO(N — 1) gauge fields have m3 = m} + m?, and come from N — 1 copies of the
spectrum (3.43). (This also gives N —1 massless fermions which are related to the unbroken
U(1)r symmetry of the theory with (X) = 0: together with the goldstino and the massless
SO(N — 1) gauginos, saturate the 't Hooft anomaly Tr U(1)g = Tr U(1)} = [SO(N)| + 1
of the theory with SO(N) gauged.)
Now consider our current-algebra based approach, using the J components

JY 5 VaRe(@ ), A o —iop™TY A S V200, Im(eM ), (7.29)

from which one can calculate the following tree-level current correlation functions:

~pol
CAB pole _ {CgoeéAB A<N-1
p -

(7.30)
0 otherwise
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where C2'® are the same as in the SO(2) case above:

2 2
925«pole _ my 925’{’0le = my . (7.31)

2
2cpole _ my,
9 o /2 7 p2 42 p?

Cp2 4 2m?’

From (7.30), one immediately obtains the broken gauge field propagators,

2 2
. A'B (p*—2m%)  up 2
Z<DD> _pz_mQ _2m25 +O(g )7
2 2
3 — 5% p-—m Paa 2%
iMara)V B = P — 2 ;‘;5” + 0(g?),
. 2> 1 p“py 1/
e A LR )] (7.52)

where A’, B' < N — 1 run over the broken generators. The poles of these propagators
agree with the spectrum described in the previous paragraph.

Now consider the susy-breaking effects for visible sector matter, considering the case
of a field @ in the fundamental of SO(N). For (X) = 0, the unbroken U(1)r symmetry
ensures that the gauginos of the unbroken SO(N — 1) gauge group remain massless. Also,
for (X) = 0, this is in the class of models with single-poles, where we can simply apply (5.5)
to give the one-loop contribution to the sfermion soft-breaking mass

2

(mé)(l) = 1(95712 Acgmi [In(mi + 2m?) — 4In(mi +m?) + 3In(m3)] (7.33)

which is tachyonic. The fundamental of SO(N) has ¢a(N) = J(N —1). When we break

SO(N) — SO(N —1), Q decomposes as N — (N — 1) +1, with co(N — 1) = (N —2) and
¢2(1) =0, 80 Acg = 3, 3(N —1) for the SO(N — 1) fundamental and singlet, respectively.
(The sum on broken generators is T4 T4 = ydiag(N —1,1,1,...).)

The two-loop contributions to the sfermion mé can be computed from (5.6), using
expressions for Cp%Y (p?); the expressions are similar to those in the appendix of [13]. In
the small susy-breaking limit m%/ > m?, this result can be approximated as in (6.39), with
my = 0 for Xy = 0 thanks to the unbroken U(1)r symmetry.

Let’s now consider the theory when (X) = Xy # 0 in (7.26), which spontaneously

breaks the U(1)gr symmetry, yielding By, # 0. The broken generators have Ef/,f " pole _

Bf;ée(pQ)éA/B,, with Bf%e(pQ) given by the same expression as in (7.21) for the SO(2)

. . ~A'B’ = !/ . =~ . .
case. Likewise, G B pole _ cipolesA'B , with Cpole given by same expressions (7.21). As

in the SO(2) case, one could in principle (numerically) evaluate the p integral to compute

the visible sector sfermion mé and Ag, but here we will again simply comment about

the limit where the pseudomodulus vev Xy is very large, |Xo| > |m|. In this case the

SO(N)/SO(N — 1) gauge fields are ultra-massive, with relatively small mass splittings.
The gaugino masses in this limit are given approximately by (7.4) to be

sow-1) _ 9% (0, F) _ g% Xolm|?

V) & SRS : 7.34
gaugino 1672 (6,¢) 1672 |Xo|? (7.34)
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The one-loop A-term is given approximately by (6.23) to be

92 (0. F) ¢ Xolm/[?

Apg =~ A - ~— . 7.35
T em T (5,9) T 8m T X (73
The one-loop mQQ is approximately given by (6.24) to be (as in (7.23))
2 6
2\(1) o _ 9 A m
(mg) 162 2@ X4 (7.36)
The two-loop m2Q is given by (6.39) (with ™" = b -V = —1, F = —p =
2—-3(N —2)):
2
(m2)? ~ 2 g° (—ca(rg) + (BN — 8)Acq) il (7.37)
@ 1672 | Xo[2

which is non-tachyonic for large enough N. For rg = N then ¢s(rg) = 5(N — 1) and
Acg = 3, 5(N —1) for the SO(N — 1) fundamental and singlet, respectively.

7.4 Example: the Fayet Iliopoulos model

We now consider a U(1) gauge theory with hidden sector matter fields ®1 of charge +1,
and visible sector matter fields QQ+, of charge +1. The superpotential is W = Wyq + Wais,
with Wxig = m®,®_ and Wys = MQLQ_. Clearly, the separation of the fields into
hidden and visible sectors is artificial — they’re just two flavors of a whole model — but
we’ll nevertheless consider first the hidden sector, and next its effect on the visible sector.
We'll consider the model with ¢g2¢ > m? and M? > m? (where we take £, m, and M to
be real and positive for simplicity). The condition g?¢ > m? ensures that the U(1) gauge
group is Higgsed, resulting in gauge messengers. The condition M? > m? ensures that it’s
a hidden sector @ field, and not a visible sector @) field, which gets an expectation value.
The need to take M > m is a peculiarity of this example, making it contrary to the usual
setup of heavy hidden sector and light visible sector fields. Also, because the gauge field
D term is crucial for supersymmetry breaking, we can not reliably analyze this example
by first setting the gauge coupling to zero.
For g%¢ > m? the vacuum has

(®4) =0, (P_)=wv; hence (Fp,)=—-mv, (Fp_)=0, (7.38)
where the EOM is satisfied for v given by
2,2 _ 2 2 _ 1 o
gt =g —m = ,my (7.39)

where we gauge rotate v to be real. The hidden sector contribution to the U(1) gauge
current gJ = 0T/0V is J =&, &, — ®_d_ + £. The D equation of motion implies that

m2
(D) = —g(J) = —g& + gv* = — . (7.40)
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which satisfies the relation (2.2), relating (D) to the F-terms. In discussing the 2-point
functions, such as CN'O, we need to redefine with supercurrent to have vanishing expectation
value, 7' = J + (J).

The U(1) gauge group is Higgsed and, since charged matter has a non-zero F-term
in the vacuum (7.38), there are gauge messengers. The J' current correlation functions
can be computed using the (3.33), where now there is a D-term contribution in (3.34). As
noted after (3.35), the D-term contribution is g-independent, and this is seen explicitly
from (7.40), D~ = g?(J) = —m?. Using (3.33) then yields for the hidden-sector correlator
functions . e .

9206201@ _ p;/’ 920{201@ _ p;/’ 920{2/056 _ p2 +Vm2, (7‘41)

where 55016(1)2)’8 pole location is at p?> = 0 thanks to a cancellation between the

non-zero F' and D term contributions in (3.34). It follows from the fact that there is an

unbroken tree-level U(1)g symmetry under which R(®;) =2, R(®_) = 0 (it is anomalous,
but preserved perturbatively) that

Byjy =0. (7.42)

In particular, the susy-breaking parameters (3.29) are

Fy, F
5m% _ 0’ 5m%/2 _ ( 0 0) _ m2, e ( 0?¢0) —0. (743)

X (¢o, ¢0)
These do not satisfy the F-term specific relation (3.25), because of the D-term contri-
bution.
Using (7.41) in (3.8) etc. yields the vector multiplet propagators, with
2 P+ m2

An(p?) = Ai(p2) = P A 2) = .
o(p”) 1(p) 1/2(P7) p% +m2 +m?

= , (7.44)
p* +mi,

The poles give the vector multiplet spectrum (which of course can also be obtained by
the standard analysis of the tree-level lagrangian in components, as in e.g. [54]): mQC = m%/
(because dm3 = 0 in (7.43)) and the two gauginos are degenerate with each other (since
m, = 0), with m%\l = m?@ = m{, + m®. The O(g*v?) contributions to the masses are

supersymmetric, and the vector multiplet has StrM? = —4m?.

(The remaining fields
consists of the goldstino, the would-be NG boson, and a complex scalar with squared mass
2m?, so the entire spectrum has StrM? = 0.)

We now couple this hidden sector to the visible sector fields Q4. At tree-level, the
fermion components of (J+ have supersymmetric mass M, and the sfermions have mass-

squareds M? + m?, where the latter includes the tree-level sfermion susy-breaking mass
(my )0 = £m? (7.45)

coming from the D-term (7.40). So we need M? > m? if we want (Q+) = 0 (this is just
the statement that it’s the lighter of the two U(1) flavors which gets the expectation values
as in (7.38)). At one-loop, the visible sector sfermion masses are given by (2.4) and (2.7),
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appropriately modifying the 1/p? in (2.7) to account for the tree-level ) masses (which are
here not negligible) in the internal propagators in figure 1:

dp < p? 1 4(p*+m?) 1 3 )

2 (1) —~ 2

m ) + . (746
(mQ.) g/(27r)4 p>+mZ p?+ M2 £m?  p>+mi+m?p?’+M?  p>+m?, (7.46)

Since we use Landau gauge, there is no contribution from diagram D4 in figure 1, only
from diagram D5, so M doesn’t enter in the last term. There is also a one-loop correction
to the tree-level result (7.45), from the running of the FI D-term between the mass scales
VM2 +m?2 and VM2 — m2.

We can consider this model for arbitrary values of the ratio m?/m? € [0,00]. In
the limit where my is the largest mass scale in the problem, we can integrate out the
massive vector. Since it has a nearly susy spectrum in this limit, there is an approximately
supersymmetric low-energy effective theory, with F-term susy breaking. (In terms of the
gauge invariant X = @, ®_, Kioy ~ XX — 16 2(XX)2, Wipw ~ mX.) In this limit,
we can compare (7.46) with the result obtained from the 1-loop effective Kéhler potential

1 M}
KW = o TeMy I, Y) D 25 (19P)(1Q+ +1Q-P), (7.47)

where ME = 2¢*(|®1|* + |®_|* + |Q4+ > + |Q—|?) and

2 2 2
1 g l9P+[* + 9P|
Zo,=1+2Y) =1+ o n( 2 ). (7.48)
Using the F-term in (7.38) gives
2 2 2
~2,(1 g |Fo,| g
fige = —Zolpp=—g 5 3 ==g M (7.49)

8 Conclusions and outlook

Looking to possible model building applications, we have seen that gauge messengers have
some potentially useful, and also potentially problematic, differences from non-gauge mes-
senger models. Some of the useful differences have already been discussed in the literature.
Tachyonic two-loop contribution to sfermion més at the messenger scale sounds suspicious,
but need not be fatal if the gaugino masses are sufficiently large to drive the RG running of
m2Q to positive values at low energy (via the running in (2.20)). (One might worry about
a stripe phase at short distances; we will not consider this issue further here.) This is
what happens in the scenario envisioned in [32], where the extra gauge fields of SU(5)gur
are gauge messengers. There the squarks start off with tachyonic 2-loop m2Qs7 which are
driven positive in the IR by the gaugino masses. The sleptons, on the other hand, start off
with non-tachyonic 2-loop mQQ at the messenger scale, which is fortunate as their weaker
RG running could have been insufficient to drive them positive in the IR. The result is
a compressed spectrum of superpartners in the low-energy spectrum, which can alleviate

little hierarchy tunings.
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These earlier studies, however, did not include the one-loop tachyonic contributions
to mQQ. The helpful RG running effect from (2.20) is of 2-loop order (since the gaug-
ino masses are 1-loop), which can be insufficient to compensate for an initially tachyonic
one-loop tachyonic contribution to m2Q, even for the squarks. Sleptons also get tachyonic
one-loop mé, and can again end up tachyonic in the IR. Fortunately, as we have discussed,
the one-loop m2Q contribution can be suppressed, in models analogous to the inverted hier-
archy [3], where the group is Higgsed at a scale my > V'F, by the large expectation value of
the goldstino pseudomodulus. The one-loop result, mg ~ —(g*/167%)|u|° /my;, is then po-
tentially small compared with the two-loop RG running effect, m2Q ~ (g?/167%)2|u|t /m3,,
and the sfermions could end up non-tachyonic in the IR.

From a bottom-up perspective, the bottom line of general gauge mediation [13] is that
all visible sector soft terms have a fixed dependence in terms of six parameters: the gaugino
masses are given by the three B,(0) where a = 3,2,1 for SU(3) x SU(2) x U(1) (the B,(0)
are complex, but a hidden sector symmetry, e.g. CP, is imposed to avoid CP violating
phases), and the sfermion masses are given by three real parameters, denoted in [13] by
Ag, which we’ll here rename (reserving A for A-terms), and define them as

_ d4p 1: 2
E, = / it 2 =) (8.1)

27T)4 p2

with E, = O(g2). With this notation, the general gauge mediation result [13] is

3
m2Q D 29302(7@3 a)E,. (8.2)

a=1

Because the 5 sfermion masses depend on the three parameters F,, they obey the two
sum rules Tr m?U(1)y = Tr méU(l)B—L = 0 at the messenger scale [13].

In BSM theories with additional gauge fields, there are additional contributions
to (8.2), involving additional parameters, see e.g. [69] for discussion. For example, if the
SM fields are charged under an additional massive U(1)’, the sfermion masses are modified
from (8.2) by an additive shift,

4
5m2Q = nggﬁewEnew, where Erew = / (;ZW]))4 plg Enew(pQ)a (8.3)
where ¢(Q) is the charge of @ under U(1)’. This is the case whether or not the U(1)
is a gauge messenger, the only quantitative difference is the g2, order of Eyey, and the
fact that gauge messengers tend to have Fyo, < 0. The addition of the new parameter
Few would violate the above sum rules — with a single new parameter ey, one sum rule
would remain. Since gauge messenger models involve new BSM gauge fields, they introduce
additional parameters like Ey ey, and thus violate the sum rules of [13]. In examples where
the gauge messengers are like the SU(5)quT/SU(3) x SU(2) x U(1) gauge fields, the analog
of (8.3) is
5m2Q = ¢*Ac(rq) Eyew- (8.4)
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As we have discussed, gauge messengers also introduce A-terms already at one-loop
order, which we’ll parameterize in bottom-up fashion as

4
AQ = 92AC(TQ)AneW7 Apew = _2/ (;lﬂ_]))4 plg Eg@?(ﬁz)- (8'5)

Each broken gauge group factor having gauge messengers thus introduces an addi-
tional parameter A,ey. These parameters are generally complex, which could introduce
problematically large CP violating phases. But the same mechanism which eliminates the
phases of the gauginos, e.g. CP symmetry in the hidden sector, can ensure that the Apey
are real.

As we have mentioned, we can also apply our methods to models where the susy-
breaking sector is coupled to an intermediate messenger sector, by some additional gauge
interactions. An example of this is the model of [33], where the SU(2) gauge fields of the
3-2 model act as gauge messengers to the intermediate sector of the doublets ¢;. (And
the one-loop tachyonic masses that we have discussed generally here correspond to the
one-loop, negative StrM? found in the example of [33]).
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A Susy breaking, spurions

A.1 Soft terms; the Higgs mechanism

The supersymmetric effective action, to two derivatives, is
- 1
Sﬁw:i/d%KX®¥VAM—F/lﬁdWK¢)+47@0W@Wm)+aa, (A1)

where d®z = d*zd*@, d5z = d*zd?*# and “ + c.c.” always refers only to the complex
terms. The soft terms can be written (using the notation of [52]) as

Ssoft = /d8z {929_2?((@62‘/, D) + HQE(@eQV, D) + c.c.)]

+ / (T () + L F@)WaIW) + coc. (A.2)

There is a redundancy in this description [52, 70], and we’ll absorb W(@ into a holo-
morphic addition to K. The soft term k affects the solution of the auxiliary field F
equations of motion:

Fi= —K9(W; + k;), (A.3)
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where the hat is a reminder that F? has been solved for in terms of the other fields.
The matter contribution to the scalar potential is then

Vi = —K + K (s + W) (s + W5) = Vs 4 volt, (A.4)

The A terms can be regarded as coming from E, as k ~ AQQTeQO +....

Now consider the quadratic terms for a massive vector multiplet:
Lousy D / d*o m3v? + 111 / d2OW W + c.c., (A.5)
where the components of the vector multiplet are [54]
V =C +ifx + 6>°N — 05™0v,, + i6%0[\ + ;&m X+ ;QQéQ(D - ;DC) +cc.. (A6)

For my # 0 in (A.5), the dynamical fields consist of the massive spin 1 field v,,, the
real scalar C, and two fermions A\, and 4. (The sign of the m{ term in (A.5) is correct,
because V2|pge = —30,0™ + ... [54].) C and y are rescaled by a factor of my to have
canonical kinetic terms and mass dimension, and C', v,,, A, and x all have supersymmetric
mass my (with the y and A fermions getting mass by paring up).

We can add the soft breaking mass terms, dmg, m,,my, for the gauge multiplet
1 _
Leots D / d49(—2m2v(5m39292v2 +m,mP0?V?) + / d?0 my0*W2 + c.c.. (A.7)

The mass eigenvalue m¢ of the propagating real scalar and the mass matrix M), of
the fermions (Aq, Xo) are

mé = mi + om3, My, = <:nn\)/\ :Z:) , (A.8)
and the minus sign of the dm3 term in (A.7) yields a positive contribution to mZ
in (A.8). The diagonal components my and m, in (A.8) break the U(1)g symmetry under
which R(X\) = —R(x) = 1. We can also have mixing with fermions from the matter sector,
which in the simplest case we can represent as a single additional fermion 1, writing the
mass matrix as e.g.
0 my 0
my  my O0my |,
0 omy 12 0

where there is an unbroken R-symmetry if m, = 0.

In the Higgs mechanism, the mass terms proportional to mf in (A.5) and (A.7)
arise from spontaneous symmetry breaking. We start with the gauge invariant matter
kinetic terms

LD / A0V @, (A.9)
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and consider the effect when we take constant non-zero (®) = ¢o + 02Fy. We ex-
pand €29 in the grassmann components (A.6), and expand in C (assuming (C') = 0 for

simplicity). Then (A.9) yields
LD / dO(ME)ABYVAVE, (A.10)

where A and B are adjoint indices and M‘% is given by the superspace expansion (6.7)
and (6.8). For F-term breaking, and non-zero F-terms, 5m% > 0. As we’ll soon explain,
the sign flip of the §m? term between (6.8), where M3 O +3m3,6m30262, and (A.7), comes
from integrating out the auxiliary fields; it’s essentially the same sign flip as how £ D +|F|?
becomes V' O +|Fy|? upon solving the F EOM for Fy.

Let’s first note that the auxiliary field N plays no interesting role: the term linear in
N4 vanishes by gauge invariance, because V4 couples to the conserved current J4, with
D274 = 0. Indeed,

_ 36290 "
LD (FO 90 A (bo)N + c.c. (All)
and (FOTA6290<;50> = 0 when F{ is determined from a superpotential, since

FyTA4e29(C) ¢ = > Wi(T4),,60; = 0 by gauge invariance of W (®;). So, regardless of
whether or not one chooses Wess-Zumino gauge, the N4 equations of motion always give
(N4 = 0.

Now let’s consider the D# auxiliary fields. Upon adding the term £ O %DADA coming
from the gauge kinetic terms in (A.5), the D? equation of motion gives

~ 1- 9e29¢ _ B
D4 = — 50 54 P0= —900T¢o — 29°6o{T*, TP} C” + O(C?) (A.12)

where the hat is a reminder that D is solved for in terms of the other fields. We

solve for (C) by setting (0L/0C) = 0, and we’ll suppose that (C) = 0 for simplicity. The
variation of the terms in £ linear in C' yields

29T Fy 4 (m2)AB(DP) =0, (A.13)

as found long ago [28]. See [33] for discussion and an example with FyT4F, # 0.
Upon replacing D4 — ﬁA, LD —5ZA)A1A7A, with the correct sign to correspond to Vp > 0;
expanding this term to quadratic order in C gives C4 its supersymmetric mass-squared
terms m%,, as in (6.8), with correct (positive, non-tachyonic) sign.

The susy-breaking C' mass component 5m% in (A.7) coming from expanding the kinetic
terms (A.9) initially looks like a tachyonic contribution: Ly, O (Fe?$“F). But this is an
artifact of the fact that we still need to include F;W; superpotential terms to account for
how (F) = Fy # 0, as is familiar from how it happens that Vz = +|W’|?. Doing this,

LD —(Fo@QgCFo) = —(FQFQ) — 4g2(F0{TA,TB}F0)CACB + ... (A14)
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The susy-breaking contribution to m% is thus non-tachyonic:

 R{TATPYR

(m3)? = (mi )P+ ()P, @)=

(A.15)

with m, given by (6.8).

Finally, the fermions (As, x) have the mass matrix as in (A.8), with m;‘B given
by (6.8), which is R-symmetry breaking if non-zero. This interaction is needed to gener-
ate a one-loop A-term contribution. Including the hidden sector fermions, there are also
the terms

LD \/QZQQEZTA)\AT/JZ — \/2gETAXATJZ)Z' + W2J¢ﬂ/)] + h.c.. (A.16)

So the massive gaugino mass eigenstates are given by linear combinations of the original
fields A and y, mixed with the ;.

A.2 Analytic continuation in superspace

We denote the hidden sector fields by ®, and the visible sector fields by . Analytic
continuation in superspace [27, 35, 36] yields leading order susy-breaking effects, in the
small susy-breaking limit, by starting with the supersymmetric low-energy effective theory

L 1
Syis = /dSzZQ(<I>, P)Qe? Q + /dﬁz(W(Q) +  T(@)Wa W) + hec. (A.17)
and then allowing ® and ® to pick up susy-breaking 62 and 62 components. This yields
the soft terms:

AQ = (ln ZQ)’gz, mé = —(In ZQ)’ezgz, Mgaugino = (ln T)‘gQ, (A.18)

where (In Zg)|p2 = Zglg2/Zq| denotes the 6% component, and Zg| denotes the compo-
nent without 62 or 6.

The standard result in the literature are obtained by assuming that the hidden sector
fields decouple at a scale set by the expectation value of a single superfield (X) = M + 0F
(where X can be a spuion or actual field). As an example, the hidden sector can have
W = Zi]il()\iX + mz)q)lih Then the susy-breaking affects the visible sector by way of the
RG running to low-energy, down from the scale M. Using primes to denote quantities for
u > M, the gauge coupling beta function is affected as (¢t = Iny and a = g2 /47)

bl = 3T2(GI) — TQ(T’), b= 3T2(G) — TQ(T), (A.lg)

o )
dt b forp < M

d 1:{5’; forp > M
2m

where G’ is the gauge group and 7’ is the matter content above the scale M, and G and
r are those below. Matching the running 7 at the scale X gives a low energy 7 = 7(X) and

b )Xy = — “ AL (A.20)

myx = 927—|¢92 = A M’

@
471'(

where, for any quantity 2, we define AQ = Q' — Q to be the change below the scale
where the hidden sector fields are integrated out.
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The other standard expressions [27, 35, 36, 71] are one-loop A-terms given by

1 dinZp F F
_ 2 _ e F _
Ag =InZg(|X]%)]e2 = 2A 0 M= AVQM,

where we define dln Zg/dt = —2v¢ (our definition of 7¢, with this conventional —2

(A.21)

factor, introduces some superficial differences with the above references, but they all drop
out in the end) and the factor of § in (A.21) comes from (In|X|)|g= = 5 £, Similarly, the
two-loop (diagonal) sfermion soft masses are

B 1, Ff 9 g Q
ng = —1HZQ(\X!)!9252 = _2|M| <— 39; 5{ +2 dy; Bé - 9 Bi (A.22)

which is two-loop because v and 3 are each one-loop.

When there is no direct coupling of the messengers to the @ fields, in particular when
there are not gauge messengers, then 7&2 = 7@, so the one-loop A-terms (A.21) vanish,
Ag = 0 at the messenger scale M (and RG run to small, non-zero values at lower scales).
The two-loop sfermion mass (A.22) simplifies in this case to

_ L F 207 g* F 2
2 /

=— AB; =2 b—0b A.23
G = =l og: °7 CQ(TQ)(mw?)?( VI (A.23)
where in the last expression we used vg = —202(7“@)92 /1672, For this case, without

gauge messengers, b — b = ¢ > 0.

The literature also treats the gauge messenger case using the above formulae [27, 35,
36], assuming that there is a single susy-breaking chiral superfield spurion X. As we’ll
discuss shortly, this latter assumption is generally invalid, and leads to results that are
generally imprecise/incorrect. In particular, that assumption leads to the standard, but
incorrect, claim that m2Q vanishes at one-loop, even in the gauge messenger case. In any
event, the standard expression for the one-loop A-term at the messenger scale in the gauge
messenger case comes from using (A.21), with yq # 75, since ca(rg) # ca(rg), so

2
g F
A .
167279 0y

The standard expression (A.22) in the case of gauge messengers gives the two-loop

AQ =2 (A.24)

sfermion masses at the messenger scale to be

g4

F
(16r2) %, (A.25)

~ 2
=2

o (2(rQ)V + e2(rg)b — 2¢2(rg)t'))|

which is typically tachyonic [35].

We can also consider using these methods to obtain the leading effective potential in
the limit where some visible sector pseudomodulus has a large expectation value compared
with the susy-breaking scale. The leading order in small |F| one-loop effective potential in
this limit is well-known from the time of [3], coming from the wavefunction renormalization

of the tree-level vacuum energy of the hidden sector:

2
_ g
Ver(1Q) = Y- Zi(QDMEP = Y A m[QIAP = = ], 37 Acg, m[QIIEP, (A.26)
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where the last expression is the one-loop result for the case of gauge messengers, and
Awi(l) is the change in the anomalous dimension of ®; at the scale |@| where the gauge
group is partially Higgsed. The sign of the potential is such that ) has a runaway to
large expectation values, which is how the hierarchy is generated in [3]. Without gauge
messengers, the Higgsing pseudomoduli are instead first lifted at two-loops to leading order;
see [67] for discussion of how, more generally, gauge messengers lead to pseudomoduli
being lifted at one-lower loop order than would happen without gauge messengers. The
result (A.26) suggests that there must be a corresponding O(|F|?), one-loop mass term
(mQQ)(l) for the @ field near the origin. As we discuss, that is indeed true.

Let us now revisit the above results, correcting the literature by allowing for multiple
susy-breaking fields. We'll refer to them all as ® = ¢ + §?F (without writing explicitly
the flavor or gauge indices), which plays the role of X above. Generalizing the discussion
in [27, 35, the ¢ loop contribution to Zq is given by In Zg(®®) = Y, a’ 1 Py(aln(®, ®)),
where (®, ®) is some inner product. We now note that

(5.F)
(6.0)

and in particular [In(®, ®)]|y2g2 > 0 can be non-zero in general, unlike the case with a
single field X = M + 6%F. So the soft terms (A.18) get contributions

(In(®, ®)] |42 = (A.27)

_ O/ / aln ¢_7 F)
m2Q _ Zafpé(aln(¢7¢)) (¢a¢)(FaF)7_ (;b’F)(F,gb)
) (6,0)
/! _,F 75
+Z£:O/+1P£ (o 1n(, ¢))(¢ (¢,)<(b)2 2 (A.28)

The standard expressions in the literature are obtained upon specializing the inner
products to the case of a single field, e.g. (¢,#) — |¢|? etc., in which case the top line
of (A.28) vanishes.

So the top line of (A.28) are qualitatively new contributions, while the second line
of (A.28) are the appropriate generalizations of standard expressions. In particular, taking
¢ =1, the top line of (A.28) yields the one-loop contribution to mé,

1 5. ) (F, F) — (¢, F)(F,

and the second line of (A.28) yields the appropriate generalization of the standard

(A.29)

expression (A.22) for the two-loop mé, in terms of one-loop RG quantities. The top line
of (A.28), with ¢ = 2, generally yields a new, additional contribution to the two-loop mé,

similar to (A.29) with A’yg ) replaced with A’yg ),
The one-loop results can be seen directly from the one-loop effective Kéahler poten-

tial [50], see (6.20). The term from integrating out massive chiral multiplets does not
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contribute to (mQQ)(l), because In MJ M, = In M + In M, is the sum of a purely holomor-
phic and purely anti-holomorphic contribution. But the M‘Q/ term, from integrating out
massive vector multiplets, does contribute. Using

)AB

= (A B
(1) )AB (M7 ~ A Byl 9 Z, O{T4, T}
K§ o o 2§ )P T QA Tl - Y

ap (A.30)

this leads to the one-loop mQQ contributions as in (A.29),

(m7 M) =

(A (A P A\(AB) (5 1\ (AB)
QZCTI AB FF) B(¢ ¢) 'B) (F7¢) B(¢7F) B (A31)

167 (sz(AB))Q ’

where C (r;)AP = ({TA,T5})q (vecall that A, B are G adjoint indices, whereas c, d are

TrY T
in the representation r;) and the inner product notation is as in (2.39). The result (6.24)

is obtained upon taking the inner products (-, )47 = (-, )64 5.

B Relations among results

In this appendix, we demonstrate the equivalence of three methods of computing the ef-
fective potential where the methods are simultaneously valid. We first use the tree-level
current correlator coefficients to compute the one-loop potential, and show that this is
equivalent to the Coleman-Weinberg [72] potential. We then expand the one-loop poten-
tial to leading order in susy breaking and show that the effective K&hler potential yields
the same result. For simplicity, we take D =0 = [§1 /2 51 /2] throughout this appendix.

B.1 Small g: Coleman-Weinberg and current correlators

The one-loop effective potential for a visible-sector sfermion, @, is given in (5.10) and
reproduced here:

Tr [ d* ~ "B .
Vi =5 [ o 1+ ) =2t 0+ 2C2+ 7 i 4 21
(B.1)

For weak coupling, the C( ) = = CP° are given in (3.33). To compute this as a function
of @ (along a D-flat background), we use (2.51) and (5.12):

QWP
=

CAB + Q-independent. (B.2)

This makes it simple to compute the following scalar object:

0)
av(l) g4 1 1 4(1+9201/2) 3

Ql = Q Q P O + _ B.3
o0 2 )f 14920 (14+g2C0)2p2g B2 T 149201 (B.3)

We will similarly differentiate the Coleman-Weinberg potential and thereby avoid the
difficulty of extracting meaningless constants.
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The Coleman-Weinberg potential can be written as
d4

v = ;Tr/ (2;))4 [m (p?+ 223) —n (5 + D12, + 310 (* + m%/)] (B.4)

Note that the scalar and fermion mass matrices here are not the same as those in (3.34).
The scalar mass matrix is now (recall that we are taking D = 0)

M} = M + ¢TATA, (B.5)

The fermion mass matrix has to be expanded to include the gauginos. The mass-
squared matrix is

) - 2pAy F A
—y (w0 2 [MM 20T 9060 T4 —iv/2gTF
M), < 0 (m%/Q)T>’ my/2 ( iv/29FT 9%(do, ¢o) 80

Now let’s considering differentiating (B.4). The last term trivially agrees with the
corresponding term in (B.3) because g2C£O) = mi /p*. The derivative of the scalar contri-
bution in (B.4) involves the following.

1 O ns . 1 oort or4A 1
Tr o orArA =14 o 4 (B.7)
p2 + Mg 8Ql p2 + Mg an 8Ql p2 + Mg
Expanding this in g, we get terms such as
_ 1 1 . 1 oxA
A 24 BA~B
— T e . B.8
<p2+Mg p? + M2’ P2z >3QZ (B2
Using the identities,
oY _p0TA ~
2 _ B _ BrrAy
M; 0Q ~ 0 and T 0Q (QT"T"),, (B.9)
. . ~(0)AB . .
one finds that the series can be expressed in powers of C , giving
i 9 2 . 72y — QQ) 1
Q" Qi Trin(p® + Mg) = p2 Tr 149280, (B.10)

This shows that the scalar contribution of the Coleman-Weiberg potential agrees with
that in (B.3). We omit the similar but more tedious calculation for the fermionic contri-
bution.

B.2 Small F': the effective Kahler potential and current correlators

To leading order in susy breaking, the one-loop effective potential can be extracted from
the one-loop effective Kéhler potential. We will now demonstrate that the result obtained
in this way agrees with that from (B.1). First we reorganize the terms in C, /2. Starting
with the simplifying observation that the two blocks of the matrix contribute equally, and
then using the gauge invariance of the superpotential,

MTAp = (FTHT, (B.11)
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we find
~AB __ o1 mA B
C1Y8 = 24T 2 oo
_ 1 MM (MM)?
A B
= 2¢0T <p2 — p4 + p6 — ... | T ¢0
=B - ;2 FTAA, TP, (B.12)

where Ay /y = (p? + MM)~L. El /2 has a similar expansion. We use gauge invariance
again to find,

~ _ 2 _
B = =201 o g TOF = = 0T TF + O(FP) (B.13)

This is as much as we need for the effective potential to leading order in F'. Finally, a
similar set of manipulations reveals

8 Ao
L FTAA VTP R + O(|IF|Y). (B.14)

~ ~ 4 _
Co'? =P + " FTATPF —
0 1 pt p 1/2

These relations are compatible with the large p? limit expansions (3.29) (which don’t
rely on small I terms), and the relation (3.25) that dmg = 26m; o with F-term breaking.

If one now takes (B.12), (B.13), and (B.14) and uses them to expand the poten-
tial (B.1), one finds that the terms involving A1_/12 cancel. We can write the result in terms
of Ay = (p?* +m}) ! as

1 d4p 1 n Iy
Ve(ﬂ’=292/ (i 2 17 (FTPTAF + 2 FTATB 0 AF 6T F) + .., (B.15)

where the ellipsis includes constant terms and terms higher order in |F|.
Now consider the one-loop effective Kéhler potential, which can be written as

4 4
1 d*p 1 1 d*p 1
Ky = Tr/ (2m)1 p? 4+ M2 - 2Tr (2m) p? + MM + constant (B.16)

Recall that M‘% is the superfield version of m%/:
M = g [(¢,0) + 0%(F, ¢) + 0%(¢, F) + 0°6*(F, F)] , (B.17)

The second term in (B.16) is irrelevant in the case we are considering because our
visible-sector sfermions interact with susy-breaking only through the gauge interactions.
In manipulating the first term, it’s useful to define o = T4¢, f4 = TAF. The D-term of
K. can then be written as

d* _ _
Jaor) =g [ G5 [ = @D 4 2 aD AR O AL

1207 (ADAB B OACP PP (B.18)
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Now we can simplify this expression with the identity,
AP = AP, (ATY = p0 + 207067, (B.19)

and a few other manipulations that mirror those in the appendix of [45]. In particular,
we use (B.19) in the first two lines, rearrange to arrive at the third, then integrate by parts,
and finally we expand out A; and resum in terms of Aq.

[0k =24 | (;i@ [ (A3ABFE A 1262 (ADAB FEA, PP 14
+20 FPA3B 5P FOALP |
2 [ (jfj; [ (AABFEpA L (ADABFER (AT - ) A
+FPRYAT! - ) fOASY

:292/ d'p [AAB]FBA FA 42 d AABFBR | A
(2m)4 71 ! dp2 ! !

d*p B~
— _ 9,2 AB B A
= 29 /(27‘(‘)4A1 f Alf

d*p 1 _ _ _
= —9¢° / @f; .\ pzAfB (FTPTAF + 2 FTATP o AP 9o TTAF),  (B.20)

which is identical to (B.15).
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