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1 Introduction

In this note, we compute the soft masses in the minimal four-dimensional construction [1, 2]
of “gaugino mediation” [3, 4] (see also [5] for a recent discussion). The model is presented
in figure 1. The chiral superfields Q, Q are the matter fields of MSSM, L, L is a single pair
of “link fields” in the bifundamental of G'syr, X Gsar,, whose VEV breaks this product
group to the diagonal Standard-Model (SM) gauge group, Gsys, and T, T is a single pair
of messengers, which couple to the spurion of SUSY-breaking, .S, whose scalar components

get VEVs,
S=M+06°F, (1.1)

as in Minimal Gauge Mediation (MGM). The superpotential of the model takes the form
W =STT + K(LL —v?), (1.2)

where K is a Lagrange multiplier superfield, introduced to set the VEV of the link fields
to v.



Figure 1. Quiver diagram for our setting.
For simplicity, we first take Gsas, X Gsar, to be U(1); x U(1)2.1 Let us introduce the
two dimensionless parameters z and y:

F My
T =
Y M

M2 My = 21)\/9% +g2, (1.3)
where m,, is the mass of the massive combination of gauge bosons of the broken U(1); x
U(1)2, and g1 2 are the gauge couplings of U(1); 9, respectively. The parameter z is a
measure of the SUSY-breaking scale, F//M, relative to the messenger scale, M, while y
interpolates between MGM (as y — oo) and minimal gaugino mediation (when y < 1).

We thus refer to this model as “Minimal gaugino-Gauge Mediation” (MgGM).

The main result of this note is the following. The soft scalar masses (at the messenger

scale) in this theory, m?;, are obtained by adding to the two-loop integrands in [6] the
common factor,
m? 2
2 2\ — v
f(k ,mv) = <k2 _ m%) s (14)
namely,
d*p d*k
2
g 6 1.5
mi= [ o5 i (D1 (15)

where ([6]) in the integrand is the same as for MGM in [6], and the momentum k amounts
to the one on the massless propagator in each of the two-loop diagrams. The SM coupling,
Je, is given in terms of g1 » by

1_t,1 (1.6)
92 g 4 '

When v is much smaller than M, eq. (1.5) implies that mf; has a suppression factor of order
v?/M? relative to MGM, while f — 1 if v — oo, in which case one recovers the results of
MGM [6, 7]. On the other hand, the gaugino masses, mg, are as in MGM, with the SM
coupling given by (1.6), for any v.

This note is organized as follows. In section 2, the theoretical setting is introduced.
In section 3, the two-loop graphs contributing to the sfermions mass are discussed, and in
section 4 they are evaluated. In section 5, we present the soft masses for MSSM, and in
section 6 we discuss our results. Finally, in a couple of appendices, we list some technical
details about the evaluation of the gaugino and sfermion graphs.

!The generalization to G'sar = SU(3) x SU(2) x U(1) is simple, and will be presented in section 5.



2 Theoretical setting

We consider the setting in figure 1, discussed in the introduction. The matter fields are
taken with charge +1, with the following sign choice:

D,Q = 0,Q+ig1A,Q,  D,T=0,T+igAT, (2.1)
DuL = 8,L +igiA, L —igs A} L.
The potential is the sum of D and F terms:
Vp = gj (QQT —Q'Q+LLT - ET£>2 + 92% <—LLT + DL+ 7T — TW)Q , (22)
Vi = |LL —v?* + |KL|? + |KL> + |ST|* + |ST)? + |TT + F|*.
The VEVs of the scalars are:
L=L=wv, K=T=T=Q=Q=0, S =M.
2.1 Tree-level masses

After the VEV insertion, the following term gives mass to a combination of the two U(1)’s:

Al — g2\ 2
g14, — g2 u) (2.3)

VG + g3

which gives m, = 2v \/ g2 + g2 for the combination of the two vectors which gets a mass.

20%(g1 + ¢3) (

The part of the Lagrangian corresponding to the scalar masses reads:

. M? F 6T
(6T* 6T) < - M2> <5f*> + 200K |2 (2.4)

~ 92 + 92 ~ ~
+02|6L 4+ 6L|* + 71 ) 20%(0L + 6L* — 6L — 0L*)?.
(6L—5L)
V2
same scalar takes the same mass m, as the gauge boson (it is in the same supermultiplet).
The scalar messengers T = (T & T*)/+/2 get mass squared m3 = M? + F.
The piece corresponding to the fermion masses is:

WV2(gi A1 — g2X2)(br, — ¥3) — (Mrpq + v; + vibrabr) + c.c. (2.5)

The combination

The imaginary part of the scalar is eaten by Higgs mechanism; the real part of the

_ gaA1 + g1he

g = , (2.6)
Vi + 63
remains massless at tree level, while
AL — goA ;-
)\B:igl 12 9222’ 77:¢L T,Z)L7 2.7)
Vi + 93 V2

mix to make the following Dirac fermion

o ()\B)oz
"= ( (') ) ’ .

whose mass is m,. Finally, the fermionic messengers ¢, ¥ get a mass my = M.



2.2 Gaugino couplings
In Weyl spinor notation, the gaugino couplings with the @, Q,T,T hypermultiplets are:
—igaV2 (TURA; = T"Prda = TUsX;s + g, ) (2.9)
~ig1V2 (QUHAT — Q7oA — QU + Q™A ) -

After some manipulations these couplings are:

1 *AK * )k
Vo + 2 (91924 (VT X% — ¥pAa) + 9192T- (V7 X4 + Y7 Aa) (2.10)
1792
+95 T4 (YpAp — ¥7AE) — BT- (VPN + 7Ag))
\/2 *oy ok * )k
+ o, L@ (9192054 + gfibQ)\B) +c.c..
91 T 92

It is useful to write some of these couplings in Dirac notation; the following spinors are
introduced for this purpose:

o (wna [ W (O
T—<( })a>7 Q <( Z})a>’ Am <()\Z)> (2.11)

The couplings involving A\yr, wor and Q, T, T_ are:

Q

1+4°
e <\/2Q(4_JQ 27 Ay + Teorys Ay + T(DT)\M> +c.c., (2.12)

where g, is defined in (1.6), while the couplings involving the Dirac spinor x (2.8) are:

1

1++° 1— 1
5 . o <\/29%QwQ +7 kS + 5Ty (wT QL. wr % Iic> (2.13)
Vi + 63 2 2

2
1-— 1
—ggT, <(DT 275 K + W —;75 Iic>> + c.c..

Here k¢ is the charge conjugate spinor of k:

Kc — (77)04
<()‘*B)d> . (2.14)

3 Calculation of the sfermion masses

The aim is to generalize the two-loops calculations by Martin [6] in minimal gauge medi-
ation. These graphs come in three different classes: there is a graph due to the exchange
of scalars, some graphs which are due to the exchange of gauge bosons and a graph which
is due to exchange of gauginos. In this section we examine each of these contributions
separately.



Figure 2. Graph corresponding to the contribution due to D-term (on the left at infinite v, on the
right at finite v).

3.1 Scalar graph

The graph corresponding to the contribution due to scalar exchange is shown in figure 2.
The two ®* interactions

92QQ*(TLT* +TiT-),

of the minimal gauge mediation case are replaced by four ®? interactions.
The detailed form of these interactions is:

6Lr — 0L . 6Lr — 0L
—2?1(9? R\/Q Q" + g3 R\/Q &

where L = v + (6Lg + i6L;)/v/2 and L = v + (6Lg + i6L;)/+/2. Notice that this cubic
vertex couples just with the eigenvector of the mass matrix whose mass is m,, (1.3). So the

(T, T* + T_Tj‘_)> : (3.1)

propagator that must be inserted between each couple of vertical cubic vertices is
i
k2 —m2’

In the v — oo limit the usual ®* interaction is recovered, with the diagonal U(1) effective

coupling constant g2. A direct evaluation gives:

_2/ d*p  d*k 1 1 1 [ 4g2g30° 2 )
(2m)* (27)4 (k — p)2 — m2 p? —m?2 k2 \ k2 — m2 _
d4p d4k‘ 1 1 1
= —2g; 12 2
it (2m)t (2m)1 (k — p)? — m2 p2 — 2 j2d B2

d*p d*k
[ ot s (D 5

where f is given in (1.4). This proves the claim in eq. (1.5) for the scalar graph.

3.2 (Gauge boson graphs

The graphs which give the contribution due to the exchange of gauge bosons are shown in
figure 3. In the case of minimal gauge mediation [6], which corresponds to the v — oo limit
of our setting, only the contribution of a massless gauge boson must be taken into account.

In our more general setting, we can introduce the following mass eigenstates:
AA PAL+ g A 4B QA — A2

, _ , (3.3)
VR4 8 Vgl



Figure 3. Graphs corresponding to gauge boson exchange. In the minimal gauge mediation case
there is just the contribution from a massless gauge boson; in our setting the contribution of both
the massless and the massive gauge bosons must be taken into account.

The combination Af} is massless, while AE get a mass m, due to Higgs mechanism. The
covariant derivatives of () and T' in the new variables are:

- 2
. 91 B
D,Q = 9,Q +ig.ATQ + ABQ (3.4)
I 1 e )
Ve +a
D,T = 9,T +igo AT — 95 By
pt = Ou e )
N e A

where g, is defined in (1.6).

Let us denote with k£ the momentum on the gauge boson propagators. Three kinds
of graphs must then be taken into account: the one with two massless Af} propagators,
the ones with two massive AE exchanges and the ones with one massless and one massive
propagators. The contribution of the last kind of graphs comes with a relative minus sign
with respect to the first two; the result is:

dtp d*k k%)? 2k
[ ot ot 0 (15 o) = e ) (3.5)
(27T) (277) (k - mv) (k - mv)
Here ([6]) is the same as the integrand for MGM in [6], while the expression in the second

2

parentheses gives the common factor f(k% m?2

), where the momentum k corresponds to
the one on the massless propagator. This proves the claim in eq. (1.5) for the gauge boson

graphs; the detailed evaluation of the graphs is presented in appendix B.
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Figure 4. Contribution due to the mediation of the massless gaugino.
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Figure 5. Contribution due to the mediation of the dirac fermion k.

3.3 Gaugino graphs

The contribution due to gaugino exchange is given by three classes of graphs, one for the
combination of the two gauginos that is massless at tree level, one for the combination that
gets a tree-level Dirac mass, and a mixed one. It is very useful for the evaluation to use the
Feynman rules given in [8] for Majorana fermions and for interactions with explicit charge
conjugate spinors.

We first recall the evaluation of the gaugino graph in MGM. The contribution due to
T_ is shown in figure 4; the contribution due to 7' is similar.? The evaluation gives:

w / d'p dk TR PESRE - p+my)
T ) @m)t 2n)t (62)3((k - p)? — m2)(p? —m3)

_4 4/ d*p  d*k 2(k? — kp)

- (2m)* (2m)* (k2)2((k = p)* —m})(p* —mY)
In the case of MgGM there is the same diagram, corresponding to the exchange of the
massless gaugino A4, weighted by g* = g2.

There is also a diagram corresponding to the exchange of the Dirac fermion x (see
figure 5):
4g* / d*p d*k 2k(k — p)

©J @mt2m)t (k2 —md)((k —p)® —m})(p* —mi)
Finally, there are also mixed diagrams which exchange both A, x, as shown in figure 6.
They have a minus sign with respect to the previous ones, and they all give the same
contribution; the total is:

84l / d'p d'k 2k(k — p) .
© ] (2m)t 2m)t (82 = m2)(2) (k- p)? = m2) (2 — m2)

2There are some extra +-s factors which at the end give rise to the same evaluation, with the replacement

m— — M.



\(1-y,)/2 (192
K
Ay K Ay
777777777777 wQ e e wQ e
(1-y9/2 (1+y,)/2 (1-y)/2 (1+y,)/2
g e
(1+y,)/2 W 41 (1+y)2 i Wr £
© Ay i Au
777777777777 wQ e e (’OQ e
(1-y9/2 (1+y)/2 (1-y)/2 (1+y,)/2

Figure 6. Mixed contribution due to the combined action of Ay, k.

All in all, the sum of the three kinds of diagrams is:?
(k‘2)2 2]{32 >

4 d*p  d*k 2(k? — kp)
it | (2m)1 (2m)4 (k2)2((k — p)? — m)(p* — m3) <1 TR —m2 T (k2 —m2)

which gives the same factor inside the integral as for the other contributions. This completes
the proof of eq. (1.5).

4 Evaluation of the integrals

In this section, we write the integrals for the sfermions mass in a notation similar to the
one in [9]; we pass to Euclidean variables, and define

(M1, .., Mip, [Mat, ..., Map,|M31, ..., M3p,) (4.1)
/ dik diq ﬁﬁﬁ 1 1 1
7Td/2 7Td/2 P k2 + mi q2 + m%] (k o q)g + m%l .

In this notation the integral that should be evaluated in order to compute the sfermions

mass is:

(gmiy/ (4m)?) (=(mafm |0, my, my) — (m|m—[0,m,, my) (4.2)
—4(myg|m |0, my, my) — 2(mg|m_|0, my, my) + 4(m4 |ms|0, my, my)
+4(m_|m |0, my, my) — dm (my [m[0, 0, my, my)

—4m? (m_|m_0,0,m,, m,) + Sm?c(mf]mf]0,0,mv,mQ

+4(mi - m?‘)<m+|mf|0a 0’ My, mv> + 4(m% - m?‘)<m*|mf|0’ Oa My, mv>) :

Note that this is obtained from the result in [6] by adding the last two entries in each term:
([6]) — ([6], 00, m00).

3More manipulations with this integral are presented in appendix B.



We will use the following expression taken from [9], with the convention d = 4 — 2e:

1
(molmalma) = _ o (mg{mo, molma|mz) +m(ma, mi|mo|ma) +mj{ma, ma|molma)) .
(4.3)
The basic object to compute then is
1 1/2—~—logmd
(mo,molml\m2> = 9 + / 7 1m0 (4.4)
2e €
2 s 2 2 2 1
oyt T (2v — 1) log mg + log” mg — 9 + h(a,b).
The function h is given by the integral [9]:
! 2 I 2
h(a,b):/o dm<1+Lig(1—u)—1_M2logu>, (4.5)
where the dilogarithm is defined by Liy(z) = — 01 Mlog(1 — xt), a = m?3/md, b=m3/mi,
and b1 )
ar + -
/’[/2 = . (4.6)

z(1—x)
For a = 0, the function h simplifies to h(0,b) = 1 4 Lig(1 — b). It is also possible to write
an analytical expression:

B logalogh a+b—1(_. U2 . U2
h(a,b) =1 — 5 - A <L12 (— 1)1) + Liy <_u1> (4.7)

g2 41 1 1
0} 0} O — 0}
4 S V1 4 S ul 4 & U1 4 S (%) 6

where y
1+b—a+t VA
A=1-2a+b)+@—b?%, ws= " ; ,
l1—-b+a+VA

5 .
The integrals with two massless propagators are infrared divergent and so a mass m,. must

V12 =

be introduced there as an infrared cutoff; this artificial parameter will disappear at the end
of the calculation. A useful relation [6] is:

r(1+2 1 1-21 2 2
(malmp|me, me) = (1+ e)( N ogm; T

0 2 . +1- 6 (4.9)

Fy(m?,m3) — 2Fy(m2ym2) + (—2 + 2F (m2, m2) log m? + log? mz>) ,

where
_aloga —blogh _alogQa—blogzb
Lis(1 — — bLig(1 —
Fy(a.b) — a Lis( b/a) — bLis( a/b)

a—2b ’
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Figure 7. Contour plot for s(z,y). On the right we zoom on the regime near z = 1 and small y,
and we find that the sfermion is tachyonic below the zero mass line.

for a # b and
Fi(a,a) =1+1loga, Fy(a,a) = 2loga+log?a, Fs(a,a) = 2. (4.11)

We can then use the following expressions [10] to relate the integrals to the known objects

(mo|m1|ma) or (mq, mg|mi|ma):

(ma|my|0) — (ma|msp|m.) _ (ma|mp|may, my)

<ma‘mb’07mv7mv>: R (4.12)

i m;
(ma|mp|my, my) +(malme|me, me) |, (malmp|mo) —(ma|my|me)
<ma‘mb‘m67mevmv7mv>: (m% —mg)Q +2 (m% _mz)?’
The sfermions mass can be expressed as:*
F\? /a2
2 e
2 _ Y < ) ), 413
wt=1 () (5) stew (113)

where z and y are defined in eq. (1.3); note that z < 1 (to avoid unstable messengers).

The analytic expression for s(z,y) is:
S1+ S2

1
s(@y) =, 5 <80 T Tt 35> + (z— —x), (4.14)

4The 4 factor is due to our choice of U(1) charges.

,10,
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Figure 8. Left: the function s(z,y), plotted along the z axis for y = 1,5,10,50. The top line
corresponds to the gauge mediation case (formally y — oc). Right: the same plot for y = 1/10.
The sfermion becomes tachyonic near z = 1.
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Figure 9. The function s(x,y), plotted along the y axis for 2 = 1/100. On the right we zoom on
the small y regime; the upper line corresponds to a quadratic fit on the values with y < 0.1, which
gives s ~ 0.1643 y? in this regime; this fit is a good approximation as long as m,, < M/3.

where

x 1 2z
— 201 log(1 — 9Li Li 4.15
o =20 +2) (logl1+0) -2 (T )+ g1 (7)) (1.15)
51 = —4a® — 2x(1 + z)log®(1 4+ z) — 2% Lis(2?),

2 2 1
59 :8(1+x) h< 4 >—4x(1+x)h<1ix,1+x> —4xh(y2,1+x)—8h(y2,1) ,
—2h<

1 1 14z 1
> 2:Uh< +‘T, 2>+2(1+x)h< tx Ex>
y y
sg = (1+2) ( <

Yy
55:2h(y 1+x

53

y? o v o v l-x
1+2z’ 1+x 1+2z’ 142" 1+2 ’
—2h (4%, 1) .

The expressions so(z) and s1(z) were simplified by using standard dilogarithm identities.
Note that in the y — oo limit only sy contributes; the result then reduces to the one in
minimal gauge mediation [6, 7].

Some plots of the function s(z,y) are shown in figures 7, 8 and 9. In particular, we

see that the sfermion is tachyonic in some regime in parameters space.

— 11 —



5 MSSM sparticle mass spectrum

In the case of the MSSM the result for the sfermions mass is:

F\? ar\2 7
2 ()¢l
ms 2 (M) r (47r> Clngs(z,yr), (5.1)
where

Y = ”;;r : Mo, = 2@\/(g§r))2 . <g§r))2’ (5.2)
(r)

with g; 5 being the couplings of G, , in figure 1, respectively; r = 1,2, 3 for U(1), SU(2),
SU(3), respectively, and

arz<(srf)”>2, Lo bt (5.3)

) W) W)

In eq. (5.1), C’f is the quadratic Casimir invariant of the MSSM scalar field f, in a normal-
ization where C3 = 4/3 for color triplets, Co = 3/4 for SU(2) doublets and Cy = 3Y?; n,
is the Dynkin index for the pair of messengers in a normalization where n,, = 1 for N + N
of SU(N), and ny = gYQ for a messenger pair with weak hypercharge Y = Qpm — 15 (we
use the GUT normalization for a1, as in [6]).

In the limit m, — oo the well known result of [6, 7] is recovered, with s = t(z) (see
the previous section):

t(z) = 1;29” <log(1+m) — 9Ly (1135) + ;Lig (12fx>> +(z——2).  (54)

The gauginos mass is instead the same as in minimal gauge mediation:

o, F
mg, = 4 3" 4@, (5.5)
where «a, are given in (5.3), and
1
ae) = (14 2)log(1 +2) + (1~ 2)log(1 — 7)) (5.6)

6 Discussion

In this note we computed the sparticle mass spectrum in Minimal gaugino-Gauge Medi-
ation (MgGM) as a function of the parameters x and y in (1.3). We have not studied
the Renormalization Group Evolution of the soft masses, and it should be interesting to
investigate how it affects the sparticle spectrum at the weak scale.

One peculiar result is that in low-scale gaugino mediation, the sfermions become tachy-
onic (at the messenger scale M) when the effective SUSY-breaking scale, F'/M, approaches
M. This occurs in a very small corner of the (x,y) plane, where it is likely that the RGE

- 12 —



flips the sign of m2. For small v, there are also important three-loop contributions [5], which
we ignored in this note; in particular, these may also cure the instabilities mentioned above.

The models studied here provide a particular class of General Gauge Mediation (GGM)
models [11] (although they do not fall into the class of General Messenger Gauge Mediation
(GMGM) models [12, 13]). Some possible generalizations of our work are the following.
First, one may define General gaugino-Gauge Mediation (GgGM) models and compute
their soft masses. In particular, it will be interesting to compute the soft masses in the
“Direct Gaugino Mediation” models of [5] and their generalizations, namely, in dynami-
cal realizations of MgGM and its generalizations in (deformed) SQCD. It should also be
interesting to find which of the parameters space of GGM is being covered, and to inves-
tigate the phenomenological aspects, e.g. constraints on the spectrum, the NLSP and the
experimental signatures for the classes of models above.

Note added. The result (1.4), (1.5) was generalized to an arbitrary SUSY-breaking
sector in [14]. See also the recent work [15].
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A One-loop gaugino masses

For completeness, the 1-loop gaugino mass is presented; it is given by the MGM one, with
the gauge couplings in the unbroken Ggps group. This is obtained from the sum of two
diagrams, one with the scalar messenger with mass m_ (whose coupling is proportional to
Aywr) and one with mass m. (whose coupling is proportional to Aps(7?)wr) running in
the loop:

2/d4k F k+ M
T ] (2m)% (k2 — M2+ F)(k2 — M2 — F) k2 —

/d/lxd/d‘*k 2F M
! Y — M2~ Fy —2))*

Going to Euclidean variables, the evaluation gives:

11—z
dx/ ,
47TM/ y)]\52

which after an integration gives the well known result (which is in egs. (5.5), (5.6) of this

(A1)

note). In the case of MgGM, the same formula applies with g = g. (1.6), since the gaugino
is in the gauge multiplet of the unbroken Ggps group.

,13,



B Evaluation of the gauge boson and gaugino graphs

Let us evaluate the graphs in figure 3 explicitly; Feynman gauge is used. The evaluation
of graph 1 is:

d* 1 d*k 1
293/ <2w2>94p2—m1/ 2y 2 T4 ) )

where f(k) is given in (1.4), and there is a symmetry factor S = 2. Here and below, a
Zm+7m_ is understood.

The evaluation of graph 2 gives:

B 4/ d*p d*k ((2p + k)k)?
e | (@m)t (2m)t (k2)3((p+ k)% — m2) (92 — m2)

:_94/ d*p  d*k ( I 1 >2pk‘+k2 k2 m2)
“J @t \pP-mi (p+k)P-mi) (K Y

_ 4 d'p d'k —2pk .

= —9. / (277)4 (Qﬂ)4 (k‘2)3((p + k)g _ mi) f(k‘ ,mv)
d*s d*k  —2sk + 2k?

=5 [ oy e ety T

d*s d*k 2
=52 | ooyttt 2 = ity T )

where at last we have done the change of variable s = p + k. So we have that the total
contribution of graphs 1 and 2 cancels, as in [6].

Graph 3 is very similar to graph 1, up to a numerical constant and negative relative
sign: there is a 4 coming for the g, g"", the symmetry factor is 2 and there is a 4 from the
two photon-scalar vortices. At the end the evaluation gives —4 times graph 1.

A similar strategy can be employed with graph 4:
4 4 2
E s gyt S ) o
(2m)* (2m)* (k*)2(p* = mL)((p + k)* — m)?
:94/ d*p d*k (R m?) ( 4 B 1
S @mrEemtt T TN (R)P(p? -mi) (R (p? —mi)((p+ k)2 —mi)

N 4m?i 4pk + 2k?
( )

K202 — md)((p + R)? —md) (K220 — m3)((p+ K)? — mid (B3)

The last term is zero because it is proportional to the integral

dp  d*k 2 1 1 B
/ Gyt (2 T (o2 <p2 ol T (k)R- mi> =0

The symmetry factor is S = 2.
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The evaluation of graph 5 is:
B 4/ d'p d'k R m?) Te(y" (K +p +mp)y* (P +mp))gup
2myt 2myt T ey 3 (p 4 k)2 — md)

g d4p d*k 8p(p + k) — 16m?
N / (om)t (2myt T gy 2(p2 — m3)((p + k)2 — m3)

dp  d*k 4 4
B gﬁ/ (2m)* (2m)* JOE ) ((kQ) 2(p* —m3) - (K2)2((p + k)2 — m7)

8mf 4
2+ R =mH>—m?) (B2 + k)2 —m3)(p? - m?) '

There is a symmetry factor S = 2.
Now let us check that graph 6 is zero (this is just in Feynman gauge, which is the one

used in the calculation):
s / d'p  d'k F02, m2) Pk Tr(y"(k +p+mp)y? (p+my)
(2m)* (2m)* (k2)3 ((k +p)? = m3)(p* — m3})
B 4/ d*p  d*k FRm2) 4 2(pk)? + (pk)k?* — k*p* + k2mfc
- (2m)* (27)* TR K23 (k + p)2 = M) (p? — )

Let us then subtract from that

g [ dp* d'k Akp
3 | eyt (ot T g —m2)’

which is clearly zero by symmetry. What is left is:

Lyt [ A dk ! hp
it m 2y T )<<k2> <<p+k>2—m§>+<k2>3<<p+k>2—m§e>>’

which vanishes (this can be shown by using the auxiliary variable s = p + k).

Finally, the gaugino graphs give:

o [ d'p o d TR R - g+ my)
162 [ oy (omt G255 g m2)(p? — m2)’ ¥

R 2(k? — kp)
=152 | (504 oyt 0205 — m2)(p? —m3) !

- d'p d*k 1 1
=35 (s G <<k2>2<p2 —md) (k= p)2 = ) — )
1 (m3 —m3)

Rk = p)2 = m3)  (K)2((k = p)? = m})(p? —m@) 1
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