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Abstract

We explore the parameter space of the minimal supersymmetric extension of the Standard
Model (MSSM), allowing the soft supersymmetry-breaking masses of the Higgs multiplets,
my2, to be non-universal (NUHM). Compared with the constrained MSSM (CMSSM) in
which m; o are required to be equal to the soft supersymmetry-breaking masses my of the
squark and slepton masses, the Higgs mixing parameter p and the pseudoscalar Higgs mass
my, which are calculated in the CMSSM, are free in the NUHM model. We incorporate ac-
celerator and dark matter constraints in determining allowed regions of the (u, m4), (1, Ma)
and (my /2, mg) planes for selected choices of the other NUHM parameters. In the examples
studied, we find that the LSP mass cannot be reduced far below its limit in the CMSSM,
whereas m 4 may be as small as allowed by LEP for large tan 3. We present in Appendices
details of the calculations of neutralino-slepton, chargino-slepton and neutralino-sneutrino

coannihilation needed in our exploration of the NUHM.
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1 Introduction

The hierarchy of mass scales in physics is preserved in a natural way if supersymmetric
particles weigh less than about a TeV. Many supersymmetric models conserve the quantity
R = (—1)38+L+25 where B is the baryon number, L the lepton number and S the spin.
If this R parity is conserved, the lightest supersymmetric particle (LSP) is expected to be
absolutely stable. The most plausible candidate for the LSP is the lightest neutralino Yy,
which is a good candidate [1] for the cold dark matter (CDM) that is thought to dominate
over baryonic and hot dark matter.

In this paper, we refine and extend the many previous calculations of the relic LSP
density in the framework of the minimal supersymmetric extension of the Standard Model
(MSSM). In particular, we expand the recent analysis of the MSSM parameter space in [2],
where we allowed non-universal input soft supersymmetry-breaking scalar masses for the
Higgs multiplets. Here we explore in more detail the constraints imposed by accelerator
experiments - including searches at LEP, b — sy and g, — 2 - and the cosmological bound
on the LSP relic density.

Before discussing our calculations in more detail, we first review the range of the relic LSP
density that we prefer in our calculations. An important new constraint on this is provided
by data on the cosmic microwave background (CMB), which have recently been used to
obtained the following preferred 95% confidence range: Qcpyh? = 0.12 + 0.04 [3]. Values
much smaller than Qcpyh? = 0.10 seem to be disfavoured by earlier analyses of structure
formation in the CDM framework, so we restrict our attention to Qcpawh? > 0.1. However,
one should note that the LSP may not constitute all the CDM, in which case Qpgp could
be reduced below this value. On the upper side, we prefer to remain very conservative, in
particular because the upper limit on €2;gp sets the upper limit for the sparticle mass scale.
In this paper, we use Qcpyh? < 0.3, while being aware that the lower part of this range
currently appears the most plausible.

The parameter space of the MSSM with non-universal soft supersymmetry-breaking
masses for the two Higgs multiplets has two additional dimensions, beyond those in the
constrained MSSM (CMSSM), in which all the soft supersymmetry-breaking scalar masses
mg are assumed to be universal. In the CMSSM, the underlying parameters may be taken
as my, the soft supersymmetry-breaking gaugino mass m;, that is also assumed to be uni-
versal, the trilinear supersymmetry-breaking parameters Ag that we set to zero at the GUT
scale in this paper, the ratio tan § of Higgs vacuum expectation values, the Higgs superpo-

tential coupling p and the pseudoscalar Higgs boson mass m 4. Two relations between these



parameters follow from the electroweak symmetry-breaking vacuum conditions, which are
normally used in the CMSSM to fix the values of p (up to a sign ambiguity) and m4 in
terms of the other parameters (1mg, mi /2, Ao, tan 3).

In the more general MSSM with non-universal Higgs masses (NUHM), the parame-
ters u and my4 become independent again [4, 5, 6]. Thus one may use the parameters
(Mo, m1)2, 1, ma, Ao, tan 3) to parametrize this more general NUHM. The underlying theory
is likely to specify the non-universalities of the Higgs masses: m; = sign(m?)|m;/mq| :
i = 1,2, so it is important to know how the different values of the m; map into the
(mo, m1)2, 1, ma, Ao, tan 3) parameter space, a point we discuss in Section 2. Furthermore,
this non-universality leads to new coannihilation processes becoming important, which are
discussed in Section 3.

We review and update in Section 4 the experimental and phenomenological constraints
on the MSSM parameter space that we use, applying them to the CMSSM. Then, in Section
5, we explore the NUHM parameter space. Previously, we gave priority to a first scan of
the extra dimensions of the parameter space, and postponed a complete discussion of the
NUHM at large tan3. Here we also show how our results in the (p,ma), (u, Mz) and
(M1 /2, mg) planes for tan 3 = 10 change at larger tan 3, concentrating on the behaviour of
the relic LSP density, but also incorporating constraints on the NUHM from accelerators. In
our discussions of these planes, we emphasize the novel features not present in the CMSSM,
such as the forms of the regions in which the LSP is charged, e.g., the lighter 7, regions where
the LSP is a sneutrino 7 (thus necessitating the inclusion of additional y —  coannihilation
processes), and the potential importance of Higgsino coannihilation processes. These are
not usually relevant in the CMSSM, where the relic LSP is usually mainly a B. Section 6
summarizes some conclusions from our analysis, including comments on the range of LSP
and pseudoscalar Higgs masses allowed in the NUHM.

The Appendices provide the information needed to reproduce our calculations of coanni-
hilation processes relevant to this NUHM analysis. In particular, Appendix A lists the MSSM
couplings we use, Appendix B extends previous results on neutralino-slepton coannihilation
to include left-right (L-R) mixing, Appendix C discusses chargino-slepton coannihilation

processes, and Appendix D concerns neutralino-sneutrino coannihilation.

2 Vacuum Conditions for Non-Universal Higgs Masses

We assume that the soft supersymmetry-breaking parameters are specified at some large

input scale My, that may be identified with the supergravity or grand unification scale.



The low levels of flavour-changing neutral interactions provide good reasons to think that
sparticles with the same Standard Model quantum numbers have universal soft scalar masses,
e.g., for the ey, iy and 7,. Specific grand unification models may equate the soft scalar
masses of matter sparticles with different Standard Model quantum numbers, e.g., (J, s, 5) L
and (€, /1, 7). in SU(5), and all the Standard Model matter sparticles in SO(10). However,
there are no particularly good reasons to expect that the soft supersymmetry-breaking scalar
masses of the Higgs multiplets should be equal to those of the matter sparticles. This is,
however, the assumption made in the CMSSM, which we relax in the NUHM studied here !.

One of the attractive features of the CMSSM is that it provides a mechanism for generat-
ing electroweak symmetry breaking via the running of the effective Higgs masses-squared m?
and m3 from My down to low energies. We use this mechanism also in the NUHM, which
enables us to relate m?(Mx) and m3(Mx) to the Higgs supermultiplet mixing parameter
1 and the pseudoscalar Higgs mass m 4. Therefore, we can and do choose as our indepen-
dent parameters p(m;) = p and ma(Q) = ma, where Q@ = (mz mz,)'/?; as well as the
CMSSM parameters (mg(Mx), mi/2(Mx), A, tan 3). In fact, in this paper we set Ay = 0
for definiteness.

The electroweak symmetry breaking conditions may be written in the form:

m%(Q) = mi(Q) + m3(Q) +21°(Q) + Aa(Q) (1)

and
2 mi —m3tan? § + $mZ(1 — tan® 3) + AlY @
tan23 — 1+ AP ’

where A4 and A/(}’?) are loop corrections [8, 9, 10] and my o = my2(m,). We incorporate

the known radiative corrections [8, 11, 12] ¢;,c2 and ¢, relating the values of the NUHM
parameters at () to their values at m:

mi(Q) = mi+a

m3(Q) = mi+e

MQ(Q) = P+ C - (3)

Solving for m? and m3, one has

mi(1 +tan®B) = m%(Q)tan® B — p*(tan® B + 1 — Aff)) — (14 ¢o + 2¢,) tan’ 8
~AA(Q) tan § — S (1 — tan® ) — A (4)

m

For models with non-universality also in the sfermion masses, see [4, 7.



and

m3(1 +tan®B) = m%(Q) — p*(tan® B+ 1+ Af)) — (1 4+ 2+ 2¢,)
~A4(Q) + ZmA(1 — tan® ) + A, )

which we use to perform our numerical calculations.

It can be seen from (4) and (5) that, if m4 is too small or p is too large, then m? and/or
m3 can become negative and large. This could lead to m?(Mx) + p*(Mx) < 0 and/or
m3(Mx) + p?(Myx) < 0, thus triggering electroweak symmetry breaking at the GUT scale.
The requirement that electroweak symmetry breaking occurs far below the GUT scale forces
us to impose the conditions m?(Mx) + pu(Mx), ma(Mx) + p(Myx) > 0 as extra constraints,
which we call the GUT stability constraint 2.

Specific models for the origin of supersymmetry breaking should be able to predict the
amounts by which universality is violated in miQ, which can be read off immediately from
(4, 5). Alternatively, for a given amount of universality breaking, these equations may easily
be inverted to yield the corresponding values of ;1 and m 4. In this paper, we plot quantities
in terms of p and m4.

In the CMSSM, to obtain a consistent low energy model given GUT scale inputs, we
must run down the full set of renormalization group equations (RGE’s) from the GUT scale
and use the electroweak symmetry breaking constraints which fix © and m,4. Consistency
requires the RGE’s to be run back up to the GUT scale, where the input parameters are
reset and the RGE’s are run back down. Many models require running this cycle about 3
times, though in some cases convergence may be much slower, particularly at large tan 3.
Indeed, there are no solutions for ;1 < 0 when tanf is large (2 40) because of diverging
Yukawas. In the NUHM case considered here, we have boundary conditions at both the
GUT and low-energy scales. Once again, the numerical calculations of the RGE’s must be
iterated until they converge. However, in this case, it is not always possible to arrive at
a solution, especially for large tan 3. In our subsequent calculations, we start by making
guesses for the values of my o(Mx) for use in the first run from My down to m,, and it can
happen that the iteration pushes the solution away from the convergence point instead of

towards it. Therefore, the first few iterations must be monitored for any potential blow-ups.

2For a different point of view, however, see [13].



3 Renormalization and Coannihilations in the NUHM
Model

The RGEs for the NUHM have additional terms beyond those appearing in the CMSSM,
and the resulting sparticle spectrum may exhibit some novel features, as we now discuss.
The new terms in the RGEs which vanish in the CMSSM involve the following combina-

tion of soft supersymmetry-breaking parameters [12]:

_ g
S = Zl(m% —m%+2(m%L —m%L —Qm%R +mZ~R —l—m%R)
+ (szng - m%BL - Qm%R + m%R + m%R)) (6)

Here Q;, L; are the first two generations left-handed sfermions, and Qs1, L are the third-

generation sfermions. These new terms appear as follows in the RGEs for the NUHM:

dm? 1
% = 53(3G Mg — gi MY + hi(m2, +mZ +mi+ A7)
+3h§(m§L+m~§R+m%+Az)—25)
dm? 1
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dm? 1 16
br 2072
= —(——gsM3; —
dt 872( 37373

4 4
§ngf +2hi(mG +mp +mi+ Af) + 39 (7)

where the M 53 are gaugino masses that we assume to be universal at the GUT scale.

In the CMSSM, with all scalar masses set equal to mg at the GUT scale, S = 0 initially
and remains zero at any scale [14], since S = 0 is a fixed point of the RGEs at the one-loop
level. However, in the NUHM, with m; # ms, as seen in Eq. (6) S # 0 and can cause the
low-energy NUHM spectrum to differ significantly from that in the CMSSM. For example,
if S < 0 the left-handed slepton can be lighter than the right-handed one. Also, m? and m3
appear in the Yukawa parts of the RGEs for the third generation (Eq. (7)), so NUHM initial
conditions may cause their spectrum to differ from that in the CMSSM. In the NUHM case,
depending on the parameters, we may find the LSP to be either (i) the lightest neutralino
X, (ii) the lighter stau 71, (iii) the right-handed selectron ¢ and smuon jig 2, (iv) the left-
handed selectron €7, and smuon iy, (v) the electron and muon sneutrinos 7. ,, (vi) the tau
sneutrino 7, or (vii) one of the squarks, especially the stop and the sbottom 4. Note that
in the cases that we consider here, the 7., are generally lighter than the v, in the regions
in which they are the LSP (that is, when m? < 0, cf. Eq. (7) and Fig. 2 of ref. [2]), unless
ma is very large (2 1000 GeV).

We assume that R parity is conserved, so that the LSP is stable and is present in the
Universe today as a relic from the Big Bang. Searches for anomalous heavy isotopes tell
us that the dark matter should be weakly-interacting and neutral, and therefore eliminate
all but the neutralino and the sneutrinos as possible LSPs. LEP and direct dark-matter
searches together exclude a sneutrino LSP [15], at least if the majority of the CDM is the
LSP. Thus we require in our analysis that the lightest neutralino be the LSP.

Nevertheless there are new coannihilation processes to be considered when one or more
of these ‘wannabe’ LSPs is almost degenerate with the lightest neutralino. These include
X— T, X — €L — iz, X — €r — iRy X — Veyy X — X' — X* coannihilations and all possible
combinations °. However, not all of these combinations are important as they are significant
only in very small regions for a particular set of parameters. For this reason we do not
include, for example, the sneutrino-slepton coannihilation in our calculations.

We include in our subsequent calculations neutralino-slepton xy — 0 17,7, 18], x — X' —

3We neglect left-right (L-R) mixing for the first two generations of sfermions, so the right-handed selectron
and smuon are degenerate. Here and elsewhere, by ‘right-handed’ sfermion we mean the superpartner of
right-handed fermion.

4A squark LSP is possible only if |Ag| is large, a possibility we do not study in this paper.

®Again, because we set Ag = 0 here, squark coannihilations are not important, but see [16] for a calculation
of neutralino-stop coannihilation.



X* [19], X = ey, X' — £ and x* — £ coannihilations®. The X’ (co)annihilation rates can
be derived from the corresponding x (co)annihilations by appropriate mass and coupling
replacements. Details of our calculations are given in the Appendices. Following a summary
of the relevant couplings in Appendix A, in Appendix B we update the neutralino-slepton
coannihilation calculation of [17] to include L-R mixing. These are not very important at
relatively low tan 3 but are potentially important for large values of tan 3. These improved
coannihilation calculations were in fact already used in [21], but no details were given there.
Appendix C provides chargino-slepton coannihilation processes, whilst Appendix D deals

with neutralino-sneutrino coannihilation processes.

4 Summary of Constraints and Review of the CMSSM
Parameter Space

We impose in our analysis the constraints on the MSSM parameter space that are provided
by direct sparticle searches at LEP, including that on the lightest chargino x*: m,+ 2 103.5
GeV [22], and that on the selectron €: mz & 99 GeV [23]. Another important constraint is
provided by the LEP lower limit on the Higgs mass: my > 114.4 GeV [24] in the Standard
Model”. The lightest Higgs boson h in the general MSSM must obey a similar limit, which
may in principle be relaxed for larger tan 3. However, as we discussed in our previous
analysis of the NUHM [2], the relaxation in the LEP limit is not relevant in the regions of
MSSM parameter space of interest to us. We recall that my, is sensitive to sparticle masses,
particularly mj, via loop corrections [25, 26], implying that the LEP Higgs limit constrains
the MSSM parameters.

We also impose the constraint imposed by measurements of b — sy [27], BR(B —
Xey) = (3.11 £ 0.42 £+ 0.21) x 107*, which agree with the Standard Model calculation
BR(B — X v)sm = (3.29 +0.33) x 10~* [28]. We recall that the b — sy constraint is more
important for u < 0, but it is also relevant for p > 0, particularly when tan [ is large, as we
see again in this paper.

We also take into account the latest value of the anomalous magnetic moment of the
muon reported [29] by the BNL E821 experiment. The world average of a, = 3(g, — 2)
now deviates by (33.9 £ 11.2) x 107'% from the Standard Model calculation of [30] using
ete™ data, and by (17 £ 11) x 107'% from the Standard Model calculation of [30] based on

6See [20] for recent work which includes all coannihilation channels.
"In view of the theoretical uncertainty in calculating my, we apply this bound with three significant
digits, i.e., our figures use the constraint my > 114 GeV.




7 decay data. Other recent analyses of the eTe™ data yield similar results. On some of
the subsequent plots, we display the formal 2-0 range 11.5 x 107 < da, < 56.3 x 1071,
However, in view of the chequered theoretical history of the Standard Model calculations of
a,, we do not impose this as an absolute constraint on the supersymmetric parameter space.

As a standard of comparison for our NUHM analysis, we first consider the impacts of the
above constraints on the parameter space of the CMSSM, in which the soft supersymmetry-
breaking Higgs scalar masses are assumed to be universal at the input scale. In this case, as
mentioned in the Introduction, one may use the parameters (my 2, mg, Ao, tan §) and the sign
of u. We assume for simplicity that Ay = 0, and plot in Fig. 1 the (m4 /2, mg) planes for certain
choices of tan 3 and the sign of . These plots are similar to those published previously [31],
but differ in using the latest version of FeynHiggs [26] and the latest information on a,
discussed above.

The shadings and lines in Fig. 1 are as follows. The dark (brick red) shaded regions have
a charged LSP, i.e. 7y, so these regions are excluded. The b — svy exclusion is presented
by the medium (dark green) shaded regions. The light (turquoise) shaded areas are the
cosmologically preferred regions with 0.1 < QA% < 0.3. The regions allowed by the E821
measurement of a, at the 2-o level, 11.5 x 1071° < da,, < 56.3 x 10717, are shaded (pink)
and bounded by solid black lines. Only panel (a) and (d) have regions allowed by a,. The
near-vertical (red) dot-dashed lines are the contours m;, = 114 GeV, and the near-vertical
(black) dashed line in panel (a) is the contour m,+ = 103.5 GeV (though we do not plot
this constraint in panels (b,c,d), the position of the chargino contour would be very similar).
Regions on the left of these lines are excluded.

We see in panel (a) of Fig. 1 for tan § = 10 and p > 0 that all the experimental constraints
are compatible with the CMSSM for my /o ~ 300 to 400 GeV and mg ~ 100 GeV, with larger
values of m;/, also being allowed if one relaxes the a, condition. In the case of tan 3 = 10
and p < 0 shown in panel (b) of Fig. 1, valid only if one discards the a, condition, the my and
b — s7v constraints both require m;/, 2 400 GeV and mg 2 100 GeV. In the case tan 3 = 35
and p < 0 shown in panel (c) of Fig. 1, the b — sy constraint is much stronger than the m,
constraint, and imposes my/, 2, 700 GeV, with the Q,h? constraint then allowing bands of
parameter space emanating from mg ~ 600,300 GeV. Finally, in panel (d) for tan 5 = 50
and p > 0, we see again that the m;, and b — s7v constraints are almost equally important,
imposing my /5 %, 300 GeV for mg ~ 400 GeV. As in the case of panel (a), there is again a
region compatible with the a, constraint, extending in this case as far as my,, ~ 800 GeV
and mg ~ 500 GeV.
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Figure 1: The CMSSM (my /2, mg) planes for (a) tan3 = 10 and ¢ > 0, (b) tan3 = 10
and pp < 0, (¢) tan = 35 and p < 0 and (d) tan3 = 50 and p > 0, assuming Ay =
0,m; = 175 GeV and my(my) %5 = 4.25 GeV. The near-vertical (red) dot-dashed lines are
the contours my, = 114 GeV as calculated using FeynHiggs [26], and the near-vertical (black)
dashed line in panel (a) is the contour my= = 103.5 GeV. The medium (dark green) shaded
regions are excluded by b — s7, and the light (turquoise) shaded areas are the cosmologically
preferred regions with 0.1 < Q,h* < 0.3. In the dark (brick red) shaded regions, the LSP is
the charged 71, so these regions are excluded. In panels (a) and (d), the regions allowed by
the E821 measurement of a, at the 2-0 level, as discussed in the text, are shaded (pink) and
bounded by solid black lines, with dashed lines indicating the 1-0 ranges.



5 Exploration of the NUHM Parameter Space

Following our discussion of the CMSSM parameter space in the previous Section, we now
discuss how that analysis changes in the NUHM. We extend our previous analysis [2] in two
ways: (i) fixing tan 3 = 10 and g > 0, but choosing different values of x and m4, rather
than assuming the CMSSM values, and (ii) varying tan 3 for representative fixed values of
and m4. We make such selections for three projections of the NUHM, onto the (m1/2, my)

plane, the (i, m4) plane and the (u, Ms) plane.

5.1 The (m;/5, mg) Plane

Panel (a) of Fig. 2 shows the (my/2,mg) plane for tan 3 = 10 and the particular choice p =
400 GeV and m, = 400 GeV, assuming Ay = 0, m; = 175 GeV and mb(mb)% = 4.25 GeV as
usual. Again as usual, the light (turquoise) shaded area is the cosmologically preferred region
with 0.1 < Q,h? < 0.3. There is a bulk region satisfying this preference at my 2 ~ 50 GeV to
350 GeV, mg ~ 50 GeV to 150 GeV. The dark (red) shaded regions are excluded because a
charged sparticle is lighter than the neutralino. As in the CMSSM shown in Fig. 1, the 7 is
the LSP in the bigger area at larger my /o, and there are light (turquoise) shaded strips close
to these forbidden regions where coannihilation suppresses the relic density sufficiently to
be cosmologically acceptable. Further away from these regions, the relic density is generally
too high. However, for larger m,/, there is another suppression, discussed below, which
makes the relic density too low. At small m,/, and mg the left handed sleptons, and also the
sneutrinos, become lighter than the neutralino. The darker (dark blue) shaded area is where
a sneutrino is the LSP. Within these excluded regions there are also areas with tachyonic
sparticles.

The near-vertical dark (black) dashed and light (red) dot-dashed lines in Fig. 2 are the
LEP exclusion contours m,+ > 104 GeV and mj, > 114 GeV respectively. As in the CMSSM
case, they exclude low values of m,/,, and hence rule out rapid relic annihilation via direct-
channel A and Z° poles. The solid lines curved around small values of m; /2 and mg bound
the light (pink) shaded region favoured by a, and recent analyses of the eTe™ data.

A striking feature in Fig. 2(a) when my, ~ 500 GeV is a strip with low Q,h?, which
has bands with acceptable relic density on either side. The low-Q,h? strip is due to rapid
annihilation via the direct-channel A, H poles which occur when m, = my/2 = 200 GeV,
indicated by the near-vertical solid (blue) line. Analogous rapid-annihilation strips have
been noticed previously in the CMSSM [32, 21|, but at larger tan 3 as seen in Fig. 1. There,

they are diagonal in the (mq/2,mg) plane, reflecting a CMSSM link between mqy and m4
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Figure 2: Projections of the NUHM model on the (mi,2,mg) planes for tan B = 10 and
(a) p = 400 GeV and m, = 400 GeV, (b) p = 400 GeV and m, = 700 GeV, (c)
w = 700 GeV and m, = 400 GeV and (d) p = 700 GeV and m, = 700 GeV, assum-
ing Ay = 0,m; = 175 GeV and my(my) %5 = 4.25 GeV. The near-vertical (red) dot-dashed
lines are the contours m, = 114 GeV as calculated using FeynHiggs [26], and the near-
vertical (black) dashed lines are the contours my+ = 103.5 GeV. The dark (black) dot-dashed
lines indicate the GUT stability constraint. There are two such lines for each panel and only
the areas in between are allowed by this constraint. The light (turquoise) shaded areas are the
cosmologically preferred regions with 0.1 < Q,h* < 0.3. The dark (brick red) shaded regions
is excluded because a charged particle is lighter than the neutralino, and the darker (dark
blue) shaded regions is excluded because the LSP is a sneutrino. In panel (c) there is a very
small medium (green) shaded region excluded by b — sv, at small my 5. The regions allowed

by the E821 measurement of a,, at the 2-0 level, as discussed in the text, are shaded (pink)
and bounded by solid black lines.
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that is absent in our implementation of the NUHM. The right-hand band in Fig. 2(a) with
acceptable Q, h? is broadened because the neutralino acquires significant Higgsino content,
and the relic density is suppressed by the increased W*TW ™ production. Hereafter, we
will call this the ‘transition’ band, which in this case is incidentally coincident with the
right-hand rapid annihilation band 8. As m, /2 increases, the neutralino becomes almost
degenerate with the second lightest neutralino and the lighter chargino, and the y — x’ — x*
coannihilation processes eventually push Qxh2 < 0.1 when m;/ 2 700 GeV. We note that
chargino-slepton coannihilation processes become important at the junction between the
vertical bands in Fig. 2(a) and the neutralino-slepton coannihilation strip that parallels the
m, = mz, boundary of the forbidden (red) charged-LSP region.

There are two dark (black) dash-dotted lines in Fig. 2(a) that indicate where scalar
squared masses become negative at the input GUT scale for one of the Higgs multiplets,
specifically when either (my(Mx)? + u(Mx)?) < 0 or (mao(Mx)? + u(Mx)?) < 0. One of
these GUT stability lines is near-vertical at m;/, ~ 600 GeV, and the other is a curved line
at my/ ~ 150 GeV, my ~ 200 GeV. We take the point of view that regions outside either of
these lines are excluded, because the preferred electroweak vacuum should be energetically
favoured and not bypassed early in the evolution of the Universe, but a different point of
view is argued in [13].

Thus, combining all the constraints, the allowed regions are those between the my, line
at my ~ 300 GeV and the stability line at m,/, ~ 600 GeV, which include two rapid-
annihilation bands, some of the transition band and the junction between the bulk and
coannihilation regions around m;/, ~ 350 GeV, mg ~ 150 GeV. If one incorporates also the
putative a, constraint, only the latter region survives. We note however, that if the 7 data
were used in the g — 2 analysis, the constraint from a, only excludes the lower left corner of
the plane and large values of m;/, and mq survive at the 20 level.

Panel (b) of Fig. 2 is for u = 400 GeV and m, = 700 GeV. We notice immediately that
the heavy Higgs pole and the right-hand boundary of the GUT stability region move out
to larger my/, ~ 850,1050 GeV, respectively, as one would expect for larger m,. At this
value of m 4, the transition strip and and the rapid annihilation (‘funnel’) strip are separate.
However the latter would be to the right of the transition strip and hence the Q, h? bands on

both sides of the rapid-annihilation strip that was prominent in panel (a) have disappeared,

8 As the neutralino acquires more Higgsino content, annihilation to W+ W~ production increases, whilst
fermion-pair production decreases (except for t£). Around my/, ~ 625 GeV, there is a threshold for hA, hH
production, which decreases QXhQ to ~ 0.08, not far below the preferred range. However, the decrease in
fermion production quickly raises Q, h? again for larger my /2. There is a very narrow stripe with Qh? <0.1
of width dmy /5 ~ 2 GeV, which is not shown in the figure due to problems of resolution.
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due to enhanced chargino-neutralino coannihilation effects. Panel (b) has the interesting
feature that there is a region of m;,, ~ 300 to 400 GeV where my = 0 is allowed. As
discussed in [33] this possibility, which would be favoured in some specific no-scale models of
supersymmetry breaking, is disallowed in the CMSSM. The small-mq region is even favoured
in this variant of the NUHM by the putative a, constraint.

Panel (c) of Fig. 2 is for 4 = 700 GeV and m, = 400 GeV. In this case, we see that
the rapid-annihilation strip is back to my/, ~ 500 GeV, reflecting the smaller value of m,,
whereas the transition band has separated off to large m; 9, reflecting the larger value of
1. However, this band is excluded in this case by the GUT stability requirement. GUT
stability also excludes the possibility that mg = 0. In this case, the putative a, constraint
would restrict one to around m; /5, ~ 400 GeV and mg ~ 100 GeV.

Finally, panel (d) of Fig. 2 is for u = 700 GeV and m, = 700 GeV. In this case, the
rapid-annihilation strip has again moved to larger m, o, related to the larger value of my,,
and the transition band at large m; , is again excluded by the GUT stability requirement.
The bulk region has disappeared in this panel, reflecting the fact that the values of p and m 4
here has strayed away from their values in the bulk region for the CMSSM. GUT stability no
longer excludes my = 0, and this possibility would be selected by the putative a, constraint.

We now turn, in Fig. 3, to the impact of varying tan 3, keeping pu = 400 GeV and
m, = 700 GeV. For convenience, panel (a) reproduces Fig. 2(b) with tan § = 10. In general
as tan [ is increased, two major trends are visible. One is for the region excluded by the
requirement that the LSP be neutral to spread up to larger values of mg, and the other is
for the a, constraint to move out to larger values of m;/, and my.

Specifically, we see in panel (b) of Fig. 3 for tan 5 = 20 that, whereas the heavy Higgs
pole at my /5 ~ 850 GeV essentially does not move, the 7; LSP and coannihilation strip lying
above the excluded charged-LSP region rise to larger mg. This has the effect of excluding
the mq = 0 option that was present in panel (a). At low my 2, the m; constraint is stronger
than the GUT stability and other constraints. The a, constraint would allow a larger range
of my, than in panel (a), extending up to ~ 550 GeV.

Continuing in panel (c¢) of Fig. 3 to tan § = 35, we see that the minimum value of mg has
now risen to ~ 200 GeV. We also see that the b — s7 constraint is now important, enforcing
myse > 300 GeV in the region preferred by the relic density. Because of this and the my,
constraint, the GUT stability constraint is now irrelevant at low my o, whereas at high m; /,
it has vanished off the screen, and is in any case also irrelevant because of chargino-neutralino
coannihilation. The a, constraint would now allow part of the cosmological band on the left

side of the rapid-annihilation strip. These trends are strengthened in panel (d) of Fig. 3 for
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tan 3 = 50, where we see that mg, mi/, 2 400 GeV because of the b — sy constraint, and

a, would allow mg < 1100 GeV along the transition band.

5.2 The (u,m4) Plane

We now analyze the range of possibilities in the (i, m4) plane for various fixed choices of
mq /2 and my, first choosing tan 8 = 10. Panel (a) of Fig. 4 displays the (1, m4) plane for
myse = 300 GeV, my = 100 GeV. As we saw in Fig. 1(a), there is a CMSSM point with
p > 0 that is compatible with all the constraints for these values of m,,, and mg. The
corresponding CMSSM point for i < 0 in Fig. 1(b) is, however, incompatible with the m,,
and b — s constraints, as well as the putative a, constraint. The CMSSM equivalent points
are shown as crosses in panel (a) of Fig. 4, and have (u, m4) ~ (£390,450) GeV.

As usual, there are dark (red) regions where there is one or more charged sparticle
lighter than the neutralino x so that y is no longer the LSP. First, there are ‘shark’s teeth’
at |u] ~ 300 GeV, my < 300 GeV in panel (a) of Fig. 4 where the 7; is the LSP. At small
|pe|, particularly at small m4 when the mass difference m3 — m? is small, the 7z mass is
driven small, making the 7; the LSP °. At even smaller |u|, however, the lightest neutralino

10 In addition, there are

gets lighter again, since m, ~ p when p < M; ~ 0.4m;)
extended dark (red) shaded regions at large |u| where left-handed sleptons become lighter
than the neutralino. However, the electron sneutrino 7, and the muon sneutrino 7, (which
are degenerate within the approximations used here) have become joint LSPs at a slightly
smaller |u|. Since the possibility of sneutrino dark matter has been essentially excluded by
a combination of ‘v counting’ at LEP, which excludes m; < 43 GeV [34], and searches for
cold dark matter, which exclude heavier 7 weighing < 1 TeV [15], we still demand that the
LSP be a neutralino x. The darker (dark blue) shaded regions are where the sneutrinos are
the LSPs, and therefore excluded.

To explain the possible spectra better, we plot in Fig. 5 some sparticle masses as functions
of pu, with other parameters fixed. In particular, we plot the neutralino mass m, (dark solid
curve), the chargino mass m,+ (dark dashed curve), the lighter stau mass mz, (light sold
curve), the right-handed selectron mass m;_ (light dashed curve), and the sneutrino masses
my and my; (thin solid and dashed curves respectively). We have omitted the curve for

my, , which is very similar to the sneutrino curves, for reasons of clarity. In both panels of

9Note that the ¢z and fip masses are also driven to small values, along with the 7x, and in fact there are
small regions where the degenerate er and g become the LSP.

1%We note that regions in Figs. 4(a,b) and 7(b) at small |u| and m 4 are excluded by the LEP slectron
search [23]. However, these regions are all excluded by other limits, such as GUT stability, the LEP chargino
limit [22] and b — s, and so are not shown separately.
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Fig. 5, we have fixed most parameters as in Fig. 4(a). Fig. 5(a) is for my4 = 200 GeV, and
we see that the lighter stau and the sneutrinos are lighter than the neutralino for very large
values of |p|. As |u| is decreased, there is a small window in which 7, is the LSP. The curious
behaviour of the stau mass curve at large |u| is due to a large and negative value for S which
drives mz, down while driving mz_up (cf. Eq. (7)). For large values of |u|, the lighter stau
is mostly left-handed, whilst it is mostly right-handed for smaller || < 1000 GeV. When
|| < 400 GeV, both the stau and the right-handed selectron are lighter than the neutralino
until |p| is very small and the neutralino becomes Higgsino-like, with its mass scaling as .
The ‘shark’s teeth’ in Fig. 4(a) correspond to the range around |u| ~ 200 GeV where the
lighter stau is the LSP, with the right-handed selectron slightly heavier.

In Fig. 5(b), we have fixed m4 = 600 GeV. Here, one sees a similar pattern of masses
at large |u|. However, at small |u| the lighter stau and right-handed selectron are much
heavier, so the neutralino remains the LSP. This reflects the fact that ms = 600 GeV is
above the tips of the ‘shark’s teeth’ in Fig. 4(a). It is clear that the sizes of these ‘shark’s
teeth’” must depend sensitively on the NUHM parameters, as seen in the other panels of
Fig. 4 and subsequent figures.

Returning to panel (a) of Fig. 4, we see strips adjacent to the 7, , LSP regions, where
neutralino-sneutrino coannihilation is important in suppressing the relic density to an accept-
able level. Appendix D presents details of our calculations of 7 — x coannihilation channels.
We consider here only 7. and v, for which the effects of m., m, and L-R mixing in the slep-
ton mass matrix are negligible, leading to some simplifications compared to the 7, (whose
inclusion would have little effect on our figures). The inclusion of neutralino-sneutrino coan-
nihilation in panel (a) squeezes inwards slightly the coannihilation strips. As we see later,
the effect of neutralino-sneutrino coannihilation is more noticeable at larger tan 3. Again as
usual, the light (turquoise) shaded regions are those for which 0.1 < Q, A% < 0.3.

The thick cosmological region at smaller p in panel (a) corresponds to the ‘bulk’ region
familiar from CMSSM studies. Note that this region is squeezed outward near the ‘shark’s
teeth’ by the neutralino-slepton coannihilation. Extending upward in m,4 from this bulk
region, there is another light (turquoise) shaded band at smaller |u|. This is the transition
band, where the neutralino gets more Higgsino-content and the annihilation to W*W~
becomes important, yielding a relic density in the allowed range, as happens in the focus-
point region [35] in the CMSSM. For smaller |u/, the relic density becomes too small due to
X — X' — xT coannihilations, and the chargino-slepton annihilations described in Appendix
C must be taken into account where this strip meets the neutralino-slepton coannihilation

strip discussed earlier. The LEP limit on the chargino mass excludes a strip at even smaller
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|| where the relic density would again have come into the cosmologically preferred region.
There are also horizontal bands of acceptable relic density when my ~ 250 GeV, that are
separated by strips of low relic density, due to rapid annihilation through the A (indicated
by solid (blue) lines) and H poles.

Underlying the cosmological regions are dark (green) shaded regions excluded by b — s+,
which are more important for p < 0, as expected from previous analyses. Also important
is the my, constraint, calculated using the FeynHiggs programme [26], which excludes the
option < 0 in panel (a) of Fig. 4. The putative a,, constraint would also exclude the y1 < 0
half-plane, while allowing all of the > 0 parameter space for this particular choice of tan [,
my 2 and my.

The darker (black) dot-dashed lines in Fig. 4(a) indicates where one or the other of the
Higgs mass-squared becomes negative at the input GUT scale. We see that these constraints
exclude much of the cosmological region still permitted, apart from the ‘bulk’ region and
part of the ‘transition’ region for small 1 > 0.

We conclude from Fig. 4(a) that moderate positive values of p < 700 GeV are favoured
and my4 is unlikely to be very small, though there is a very small allowed region below
the rapid A, H annihilation strip where m 4 ~ 230 GeV. The cosmological relic density lies
within the range favoured by astrophysics and cosmology in a large fraction of the remaining
NUHM parameter space for g > 0, generalizing the CMSSM point that is indicated by the
CTOSS.

The notations used for the constraints illustrated in the other panels of Fig. 4 are the
same, but the constraints interplay in different ways. In panel (b), we have chosen a larger
value of my 5. In this case, the dark (red) shaded ‘shark’s teeth’ at moderate |;| and small
ma where the LSP is charged have expanded greatly, and are flanked by pale (turquoise)
shaded regions where neutralino-slepton coannihilation produces an acceptable relic density.
On the other hand, the dark (red) shaded and the darker (dark blue) shaded regions at
large |u| have moved out of the panel displayed, and one sees only parts of the adjacent
coannihilation strips. The relatively large value of m;/, keeps the rate of b — sy under
control unless my is small and g < 0. The chargino constraint is similar to that in panel
(a), whereas the my, constraint is irrelevant due to the large value of my/,. The putative a,
constraint would allow only a very small region in this panel, but without any cosmological
preferred region. Finally, we observe that the GUT stability constraint now allows larger
values of |p| < 1000 GeV and my4 = 300 GeV.

We now turn to panel (c) of Fig. 4, which is for tan 3 = 10,m/, = 300 GeV and

mgo = 300 GeV. In this case, the ‘shark’s teeth’ have disappeared, as have the neutralino-
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slepton strips at large || (due to the large value of mg). Negative values of p are excluded
by my, and partially by b — s, as well as by the putative a, constraint, which would permit
a strip with g > 0. GUT stability enforces u < 800 GeV, and also provides a lower limit
on my that is irrelevant because of the other constraints. In contrast, in panel (d) of Fig. 4
for my /2 = 500 GeV and my = 300 GeV, we see a similar ‘cruciform’ pattern for the regions
allowed by cosmology, but b — sy has only rather limited impact for u < 0 and my is
irrelevant: there is no region consistent with the putative a, constraint. In this case, myu
could be as small as the ~ 200 GeV allowed by the GUT stability constraint, and |u| could
be as large as ~ 1100 GeV.

We now discuss the variation with tan 3 shown in Fig. 6, keeping fixed m; /2 = 300 GeV
and my = 100 GeV, and starting (for convenience) in panel (a) with the case tan /s = 10
shown previously in panel (a) of Fig. 4. Increasing tan (3 to 20 in panel (b), we note that the
‘shark’s teeth’ are somewhat expanded, whereas the regions at large |u| and/or m4 where the
lightest neutralino is no longer the LSP change in shape. The allowed cosmological region
is bounded at larger m4 by one where the LSP is the 71, and at larger |u| by one where
the LSP is a sneutrino: these different regions had shapes similar to each other in panel (a).
As usual, neutralino-slepton coannihilations - as calculated in Appendix B - and neutralino-
sneutrino coannihilations - as calculated in Appendix D - suppress the relic density close to
these boundaries, and the relic density is within the preferred range over most of the region
outside the ‘shark’s teeth’ and the chargino exclusion for ms > 2m,. As in previous cases,
b — sy and my; together exclude the option pu < 0, which would also be disfavoured by
a,. The p > 0 region surviving all the constraints when tan 8 = 20 lies between the GUT
stability constraint at u ~ 600 GeV and b — sy constraint around p ~ 350 GeV, and has
130 GeVS my <900 GeV.

When tan 5 = 35, in panel (c¢) of Fig. 6, we find no consistent electroweak vacuum for
a large (polka-dotted) region with u < 0, and the condition that the LSP not be the 7
excludes a broad swathe with small ;4 > 0. The condition that the LSP not be a sneutrino
provides an upper bound g < 1500 GeV. The my, constraint imposes m4 2 120 GeV and the
b — s7 constraint excludes a region at large i and small m 4. The GUT stability constraint
allows only a narrow sliver of p ~ 700 GeV for 120 GeV < my < 200 GeV, where the lower
bound comes from the LEP Higgs search. This reach is not compatible with a,. Here, the
predicted discrepancy with the Standard Model is in excess of that allowed at the 20 level
by the g — 2 experiment.

In the case of tan # = 50, shown in panel (d) of Fig. 6, the problem with the non-existence

of a consistent electroweak vacuum extends to most of the p < 0 half-plane, as shown by
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the polka dots. The regions excluded because the LSP is either the 7; or a sneutrino hem in
a small region with > 0. The region that survives all the experimental and cosmological
constraints is similar to that for tan § = 35, but extends to somewhat larger m 4 and broader
. Once again, these regions are not compatible with the g — 2 result.

Another series of plots for different values of tan § is shown in Fig. 7, this time for the
fixed values m; /5 = 500 GeV and mg = 300 GeV. All of these have the ‘cruciform shape’ of
cosmological region familiar from panels (¢, d) of Fig. 4. The my, constraint is irrelevant for
this larger value of my /5, but much of the parameter space for y < 0 is excluded by b — s7,
particularly for larger tan 3. Likewise, a, consistently favours ;1 > 0. One of the GUT
stability constraints requires |u| < 1200 GeV, the exact value increasing slightly with tan (.
The other GUT stability constraint requires m4 2 300 GeV for tan 3 = 10, but weakens for
larger tan (3, becoming irrelevant when tan 3 > 35. As in Fig. 6, the absence of a consistent
electroweak vacuum also becomes a problem for u < 0 when tan 3 > 35. Finally, we see in
panel (d) of Fig. 7 that small values of positive p are disallowed because the LSP becomes
the 71. As in Fig. 6, values of my4 as low as allowed by the Higgs search are consistent with
all the constraints for tan § > 35, as long as p has a suitable positive value. Unlike the
case shown, in Fig. 6, here the entire p > 0 half-plane is within the 20 range for a, when
tan 8 = 35 and 50.

5.3 The (i, Ms) Plane

Panel (a) of Fig. 8 displays the (i, Ms) plane for the choices tan 3 = 10, my = 100 GeV
and my = 500 GeV. We restrict our attention to the region allowed by the GUT stability
constraints, which is roughly triangular, extending from the origin to vertices at (u, Ms) =
(£1500,600) GeV. Within this region, there are two large triangular regions with My 2
300 GeV and either sign of u that are excluded because the LSP is not the lightest neutralino.
Also, a band around the 1 = 0 axis is excluded by the LEP chargino constraint, regions with
M, < 250(300) GeV for p > (<)0 are excluded by the LEP Higgs constraint, and most of the
surviving p < 0 region is eroded by the b — s constraint. In the lower corners (for both signs
of ) the LSP is a sneutrino and we see the effects of x — & coannihilation running alongside
these regions. However, these regions are in conflict with the GUT stability constraint.
Much of the remaining area of the plane is consistent with the cosmological relic den-
sity constraint, mainly along strips where neutralino-slepton is important. These terminate
around M, ~ 450 GeV, where rapid annihilations through the direct-channel A, H reso-

nances cut down the relic density. The putative a, constraint would favour p > 0 and
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23



1, 120 B=10, Mg = 100 Gev, mp = 500 Gev
1 .

tan =10, M= 100 GeV, M, = 700 GeV

M, (GeV)
M, (GeV)

....

-2000 -1000 0 1000 2000 -2000 -1000 1000 2000

M, (GeV)

M, (GeV)

H (GeV)

Figure 8: The NUHM (p, Ms) planes for tan 5 = 10, (a) mo = 100 GeV and m, = 500 GeV,
(b) my = 100 GeV and m, = 700 GeV, (¢) mg = 300 GeV and m, = 500 GeV and (d)
mo = 300 GeV and m, = 700 GeV, assuming Ag = 0,m; = 175 GeV and my(my)35 =
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M, < 350 GeV.

The above constraints interplay analogously in panel (b) of Fig. 8, for my = 100 GeV and
my = 700 GeV. We note, however, that the GUT stability limit has risen with my4 to above
800 GeV, and that the tips of the non-neutralino LSP triangles have also moved up slightly.
The neutralino-slepton coannihilation strip now extends up to My ~ 640 GeV, where it is
cut off by rapid A, H annihilations. We also see the ‘transition’ band at lower M,. In fact,
this region with y > 0 is the one favoured by all constraints including a,,.

In panel (c) of Fig. 8, for my = 300 GeV and m4 = 500 GeV, the triangular GUT
stability region is very similar to that in panel (a), whereas the non-neutralino LSP triangles
have moved to significantly higher M, reflecting the larger value of my. The regions where
the cosmological relic density falls within the preferred range are now narrow strips in the
neutralino-slepton coannihilation regions, on either side of the rapid A, H annihilation strips,
and the ‘transition’ bands. This tendency towards ‘skinnier’ cosmological regions is also
apparent in panel (d), where mg = 300 GeV and m4 = 700 GeV are assumed. In both
these panels, the b — sy constraints disfavours ;1 < 0 and small my4, whilst the putative a,,
constraint would favour p > 0 and small m 4.

We now explore the variation of these results with tan 3, as displayed in Fig. 9 for the
choices my = 100 Gev and m, = 500 GeV. Panel (a) reproduces for convenience the case
tan # = 10 that was shown also in panel (a) of Fig. 8. When tan = 20, as seen in panel (b)
of Fig. 9, we first notice that the GUT stability region now extends to larger M;. Next, we
observe that the triangular non-neutralino LSP regions have extended down to lower Ms. As
one would expect on general grounds and from earlier plots, the m; constraint at low M, is
weaker than in panel (a), whereas the b — s constraint is stronger, ruling out much of the
otherwise allowed region with ¢ < 0. The allowed region with p > 0 is generally compatible
with the putative a, constraint.

Panel (c) for tan 8 = 35 again shows the feature that no consistent electroweak vacuum
is found over much of the half-plane with ;1 < 0. The GUT stability constraint now allows
M; < 1000 GeV. The non-neutralino LSP region is no longer triangular in shape, but now
requires i 2 800 GeV. This happens as the regions with light left-handed slepton at low
M, meet with the ones with light right-handed slepton at higher M;. There is a minuscule
allowed region for u < 0. The residual regions with relic density in the preferred range for
i > 0 are limited to strips in the neutralino-slepton coannihilation regions, and on either
side of the rapid A, H annihilation strip. All this preferred region is compatible with the
putative a, constraint.

A rather similar pattern is visible in panel (d) of Fig. 9 for tan 5 = 50. The most
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noticeable differences are that the absence of a consistent electroweak vacuum is even more
marked for p > 0, and that the putative a, constraint would suggest a lower limit M, 2

350 GeV, whereas lower values would have been permitted in panel (c) for tan 5 = 35.

6 Conclusions and Open Issues

We have provided in this paper the tools needed for a detailed study of the NUHM, in the
form of complete calculations of the most important coannihilation processes. However, in
this paper we have only been able to scratch the surface of the phenomenology of the NUHM.
Even this exploratory study has shown that many new features appear compared with the
CMSSM, as results of the two additional parameters in the NUHM, but much more remains
to be studied. For example, we have not studied the NUHM with a nonzero trilinear coupling
Ag. Nevertheless, some interesting preliminary conclusions about the NUHM can be drawn,
though many questions remain open.

The lower limit on the LSP mass m, in the CMSSM has been much discussed, and it is
interesting to consider whether this could be greatly reduced in the NUHM. The top panel
of Fig. 10 compiles the bounds on m, for the various sample parameter choices explored
in this paper. We focus on the case p > 0, which is favoured by m, and b — svy as well
as the dubious g, — 2 constraint. The solid (black) line connects the lower limits on m,
for the particular choice p = 400 GeV and m4 = 700 GeV shown for the four choices of
tan §# in Fig. 3. This lower limit is provided by m; for tan 3 = 10,20, but by b — sv for
tan § = 35,50. The CMSSM lower bound on m, is indicated by a thick (blue) line. We see
that this CMSSM lower bound on m,, is similar to that in the NUHM when tan 8 = 10, but
weaker when tan 8 = 50 because of the different behaviour in the CMSSM of the b — sv
constraint in this case.

For tan 8 = 10, we also indicate by different black symbols the lower bounds on m,, for
the other choices of (i, m4) studied in Fig. 2, namely (u, m4) = (400,400) GeV (square),
(i, ma) = (700,400) GeV (diamond) and (p, ma) = (700,700) GeV (star). The two latter
lower bounds are significantly higher than in the default case (u,ma4) = (400,700) GeV,
due to the impacts of the GUT stability condition and the Q,h? constraint, respectively.
In none of the NUHM examples studied was the lower limit on m, relaxed compared with
the CMSSM, though this might be found possible in a more complete survey of the NUHM
parameter space.

We also show in the top panel of Fig. 10 the upper bounds on m, found in the NUHM for

the various parameter choices explored in this paper. The (red) dot-dashed line is the upper
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Figure 10: Top panel: Bounds on the LSP mass m, found in the NUHM for the particular
parameter choices displayed in Figs. 2 and 3. The solid (black) line is the lower limit on m,,
for (u,ma) = (400,700) GeV, The (red) dotted line is the upper bound for the same values
of (11, ma), but without imposing the putative g, — 2 constraint, and the (green) dashed line
shows how this upper bound would be strengthened if the g, —2 constraint were imposed. The
symbols shown for tan f = 10 mark the lower (g, — 2 upper, overall upper) limits on m,, for
(u, ma) = (400,400) GeV (squares), (1, ma) = (700,400) GeV (diamonds) and (u,m4) =
(700,700) GeV (stars). The thick (blue) lines correspond to CMSSM upper and lower limits.
Bottom panel: Lower bounds on ma for (mq/2,mg) = (300,100) GeV (solid black line) and
(M1 /2, mg) = (500,300) GeV (dashed red line). The extra symbols for tan 3 = 10 are lower
bounds for (mq2,mg) = (500,100) GeV (upper point) and (300,300) GeV (lower point).
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bound for p = 400 GeV and m, = 400 GeV, as obtained without imposing the putative
g, — 2 constraint. The upper bound on m, is attained in the rapid-annihilation strip where
my < ma/2. Also shown in Fig. 10, as a (green) dashed line, is the strengthening of this
upper bound that would be found if the g, — 2 constraint were imposed. This constraint
would not strengthen the upper limit for tan 5 > 35. We also show as a thick (blue) line the
CMSSM upper limit on m,, implementing the g, — 2 constraint. We see that it is similar
to that in the NUHM for tan 8 = 10, 20, but is weaker for higher tan 3. The CMSSM upper
bound would be much weaker still if the g, — 2 constraint were relaxed, because of the
different behaviours of the rapid-annihilation strips in the NUHM and CMSSM, as seen by
comparing Figs. 1 and 3.

For tan = 10, we also show in the top panel of Fig. 10 the upper bounds that hold with
and without g, — 2 for the other three choices of (4, m4) made in Fig. 2, using the same
symbols as for the lower bounds (squares, diamonds and stars, respectively). The largest
upper bound is for the choice (u,m4) = (700,700) GeV, for which there is an extension of
the allowed region along the coannihilation tail, extending up to the GUT stability line.

In the second panel of Fig. 10, we summarize the lower limits on m,4 found in the
NUHM models that we have studied. The solid (black) line is for the choice (mq/2,mg) =
(300, 100) GeV displayed previously in Fig. 7. The lower bounds shown for tan 5 = 10, 20
are compatible with g, — 2, but we find that no region would be allowed by g, — 2 in the
cases tan 3 = 35,50, as seen in panels (c¢) and (d) of Fig. 7. The (red) dashed line in the
second panel of Fig. 10 is for the choice (m4/2,my) = (500,300) GeV shown previously in
Fig. 6. In this case, we find that no region would be allowed by g, —2 for tan 8 = 10, whereas
the lower bounds for tan 8 = 20, 35,50 are compatible with g, — 2. The extra symbols for
tan 3 = 10 correspond to the other choices (m/2,mg) = (500,100) GeV and (300, 300) GeV
shown in panels (b) and (c) of Fig. 4, at m4 = 308 GeV and my = 224 GeV, respectively.
We note that neither of these choices satisfies the g — 2 constraint.

An interesting feature of the second panel of Fig. 10 is the fact that the lower bounds coin-
cide for tan 3 > 35, and correspond to the lower limit established by direct searches at LEP.
For comparison, we note that in the CMSSM for (142, mo) = (300, 100) GeV one would have
my = 449,424, 377,315 GeV for tan § = 10, 20, 35, 50, whilst for (m4/2, mg) = (500, 300) GeV
one would have m, = 762,720, 639,526 GeV for tan 3 = 10, 20, 35,50. We conclude that
the NUHM allows m 4 to be considerably smaller than in the CMSSM, particularly at large
tan (3.

This brief survey is no substitute for a detailed study of the NUHM. However, we have

provided in the Appendices the technical tools required for such a study, and in this Section

29



we have presented some preliminary observations based on a cursory exploration of the

NUHM. This has already provided some interesting indications, for example that it may
prove difficult to relax significantly the CMSSM lower bound on the LSP, but that m 4 may

be greatly reduced. In our view, it would be interesting to pursue these questions more

deeply in a detailed study of the NUHM, a project that lies beyond the scope of this work.
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Appendix A: Couplings used in the Calculations

Here we list the couplings used in the calculations. For clarity, we have not written fac-
tors such as 7, v’s and momenta. These are taken into account in the calculations of the
amplitudes squared in the other Appendices.

Couplings for chargino-slepton coannihilation:

Cle_W_;; = 0
Cf,,,l,;i— = (g2m0/(V2myy cos ) Uiy sin 0 — g5 Uiy cos b
C;%j—;}j—z = g2/ cosby (=Vii Vi1 — ViaVia /2 + 631 sin® Oy,)
C%—ﬁ—z = gy/cos by (—Uj Uy — UpUia/2 + ;1 sin® 0y,
CE—Z—Z‘ = g2/(2cosby)(cos* O, — 2sin*dy,)
OZPZ![; = go/(2cosby)sin b, cos b,
C)%__W_E = 0
C;?;fwjl = (game/(V2my, cos 3))Usa sin 8y — goUyy cos 0,
C)?;—w—?z = (gamu/(vV/2my, cos 3))Usg cos by + goUsy sin b,
izt = —€
Yoty = ©
C)%_;T_H = —g,(ViaUsa/V2 cos a + VioUsy [V/2sin )
Cf};jfﬂ = —go(ViiUia/V2 cos a + VioUyy /V/2sin )
C;%j—}j—h = g (ViaUsa /V/2sin o — VioUs /V/2 cos @)
C%fijfh = gg(VglUlg/\/isinoz - ViQUH/\/ﬁcosoz)
Cr_y_z. = Gomz/costy(1/2— sin? 0, ) cos(a + 3) cos® 0,
—gomy [ cos By, (—1) sin? 0y, cos(a + 3) sin” 6,
—gomy [ (my cos B) cos a
+gam/ (my, cos () (usina + Ay cos a) sin 6, cos 0,
Cr_y_z, = g2mz/cosby(1/2— sin® Oy, cos(a + 3) cos O, (— sin 6;)
—gomy/ cos By, (—1) sin? @y, cos(a + 3) sin O, cos O,
+gamy/ (2myy cos B)(usin o + Ay cos ) (cos® 6, — sin’ ;)
Cr_p s, = —gamyz/cosby(1/2 — sin? 0y, ) sin(a 4 3) cos® O,
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+gom/ cos Oy, (—1) sin? 0y, sin(a + 3) sin® 4,
+gom7 [ (my cos B) sin a

+gamie/ (my, cos ) (p cos a — Ay sin «) sin 6 cos 0,
—gam [ cos By (1/2 — sin? Oy, sin(a + 3) cos 6,(— sin 6;)
+gom/ cos Oy, (—1) sin® 0y, sin(a + 3) sin 6, cos
+gamy/ (2myy cos B)(p cos a — Agsin ) (cos® 6, — sin® )
92(Vi1Uia/V/2sin 4 VioUst /V/2 cos 3)
—g2(ViUia/V/2sin B + VipUr1 /V/2 cos B)
—gamye/(2my, ) (10 — Ay tan )

cos 0y(ga/V2(Niy + tan 6y, Nyp )

+ sin 0y (— g2 /V2myNis / (o cos 3))

cos 0y(—ga/V2myNiz/ (myy cos 3))

+ sin 0y(— g2 /V2(2) tan 6y, Ny )

~g2/V2

92(NxVii — NuVia /V2)

92(NiaUr1 + NigUy2/V/2)

92/ (V/2my Ymy tan 3

—g2(NiVit + (Niz + Nig tan 6, ) Via/v/2) cos 3
—ga(NisUry — (Nig 4+ Ny tan 3)Ur2/+/2) sin 8
—92V1

game/ (V2my, cos B) Ui

—go/V/2 cos b,

—gamy, /V2(sin(23) — m?2 tan §/m?2,) cos 0,
+game/ (V2mu ) (n — Agtan §) sin 6,

Couplings for neutralino-sneutrino coannihilation:

CYHfoW

Ch-w-w =

gamyy cos(ff — )

gamy sin(f — )
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—g2m/ cos By (1/2) cos(f + )

gamz/ cos By, (1/2) sin(f + «)

—g2/ cos by (1/2)

93/2

go COS Oy

—92/\/§

garm ] cos By cos( — a)

gamz/ cos By, sin(f — «)

293/ (cos® Oy )(1/2)

—ga/ cos O (Tsy — Qy sin® iy )

g2/ cos b, Qg sin? 0,

—g2/(2cosOy)

—gamy/(2my ) sin o/ sin 3

—ga2my/(2my) cos a/ sin 3

—92Vaa

—g2/V2(Nig — tan 6, Nyy)

—gam/ cos Oy (1/2) cos(a + [3)

gamz/ cos Oy, (1/2) sin(a + )

—92mw/\/§

—g2(mu cos(f — a) —my /(2 cos by ) cos(26) cos(6 + )
—g2(my sin(3 — a) + my /(2 cos Oy) cos(25) sin(5 + «))
92/2 c08(28)(=2(1/2) + (1/2)/ cos® i)

—3gam /(2 cos by, ) cos(2a) cos( + )

gamy /(2 cos By, )(2sin(2a) cos(f + a) + sin(F + a) cos(2a))
—gamy /(2 cos by )(2sin(2a) sin(5 + «) — cos(f + «) cos(2a))
—3gam /(2 cos By,) cos(2ar) sin(f5 + «)

92/2((1/2)/ cos® O (— cos(2av)))
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95/2((1/2)/ cos? by, cos(2ar))

g5/2sin(2a)((1/2)/ cos® Oy,)

gam /(2 cos By,) cos(23) cos(5 + a)

—gamy /(2 cosBy,) cos(23) sin(5 + «)

92/2((1/2)/ cos™ Oy cos(253))

g2sin(8 — a) /(2 cosby,)

—gacos(8 — ) /(2 cos by )

92/ (2 cos by, ) (N;yN14 — NisNy3)

—g2/(2cos Oy )(NiyyN1g — NizNy3)

~92/V2

—92/\/§

—g2/V2(sin 0,2 tan 6, Ny )

—gg/\/i(cos 0.2 tan 6y, N11)

—gg/\/(z(cos 0o (— Ny — tan by, Nyq))

—g2/V2(—sin 6, (—Nyy — tan 6, Nyy))

92(—1/V2N1,Vis + Nip Vi)

92(1/V2N13Uss + NioUsp)

92/2((N13(N;j2 — Nj tan6y,) + Nis(N1a — Nip tan 6y, )) sin «
+(N14(Ny2 — Njp tan 0y, ) Nig(N12 — Nypp tany,)) cos «)
G2/2((N;3(N12 — Ny tan 6y, ) + Nig(Nie — Nip tanf,,)) sina
+(N;a(Niz — Nyptan 0y,) + Nig(Nig — Nip tanfy,)) cos o)
92/2((N13(N;j2 — Ny tany,) + Nis(N1a — Nip tan 8y, ))(— cos )
+(N14(Niz — Ny tan 6y, ) Nig (N2 — Nyj tan6y,)) sin )
92/2((Ni3(N12 — Nip tan6y,) + Ni3(Nge — Nip tanfy,))(— cos «)
+(Nig(N1g — Nyp tan 0y) + Nig(Nye — Njp tanfy,)) sin @)
92/2((N13(N;j2 — Nj tan6y,) + Nis(Nia — Nip tan 6y, )) sin 3
+(N14(Ny2 — Njp tan 0y, ) Nig(N12 — Nyp tan by, ) ) (— cos (3))
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Ch o s = 92/2((Nis(N1z — Niy tan ) 4+ Ni(Nig — Ny tan 6y,) ) (— sin 3)
+(Ni4(N12 — N11 tan OW) + N14(Ni2 — Nil tan Hw)) COS ﬂ)
Cospr = —g2/V2sin(20)

CQL?*E*H+ = —g2(NuuVir/1/2(Nig + Ny tan 0y,)Vig) cos 3
C%*;Z*H+ = —g2(N13Uin — /1/2(N12 + Niy tan 0y )Uss) sin 3

Appendix B: Neutralino-Slepton Coannihilation with L-
R Mixing

We list below some modifications and additions to the slepton-slepton and neutralino-slepton
coannihilation channels previously given in the Appendix of [17]. There the lighter sleptons
were assumed to be pure partners of the right-handed leptons, which is a very good approxi-
mation for CMSSM when tan (3 is small. Here, we include L-R mixing and denote the lighter
sleptons by (1, denoting ¢ = e, i, 7. The obvious change needed is then replacing 7y in [17]
with ;. Furthermore, the presence of the left component entails some modifications in the
couplings and opens up some new channels. We note that L-R mixing had already been

included in some of our previous work [21, 2]. Our convention for the slepton mixing angle

571 - cosbl, sinb, EL
<£72>_<—sin04 cosé’g><(7R> (B1)

The sign of mgo must be kept in all of the formulae below.

18

00— WHW -

There are two additional channels:
I1I. t-channel 7, exchange
IV. point interaction

The couplings fi, fo and f5; are modified, while fs remains the same.

fi = (=gamy cos(B — a))(gamy/ cos Oy ((1/2 — sin? By,) cos(B + ) cos? b,
+sin? Oy, cos(B + ) sin? 0;) + gam / (myy cos 3)(— cos )
—gamy/(my, cos 3)(—Ag cos a — psin ) sin 6, cos 6;)

fo = (—gomysin(B — a))(gamy/ cos Oy ((—1/2 + sin? 6y, sin(B + a) cos® 6,
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—sin? O, sin(3 + ) sin® 6;) + goam /(myy cos ) sin
—gamy/(my, cos 3)(Agsin a — p cos ) sin 6, cos 6y)
fs = (—g2c0s6,/V2)’
fi = —g5cos’0,/2
fs = (g2cosby)(—ga/ cosby (sin® y — cos®6,/2))

_ 8 6, 2 4.4 2.6 8 6 4.2
TixTr = (mgl — 4mt71mW + 6m£~1mW — 4m£~1mw +my, — 4m€~1u + 4mglmwu

4

2 2
+4mg my,

6 4,2 2 2
u — 4my,u + 6m; u” + 4mg my,

u? 4 6mp,u? — 4m371u3
) (i (m2, — w)?)
TovxTry = (12ml, —4m? s+ s)/(4m?)
TixTm = (— 6m m —20m m —6m —I—m s+2m m s—|—5m s—|—4m m t
+4mit + SmZIqu + 8mibhu — leyl su — 2m?2,su — 4m?2 tu — 2m> u’
+su’)/(2my, (my — s)(m3, —u))
TixTin = (—6m§1m€V — 20m§71 — 6mS, +m} 5+ 2m; m s+ 5my, s + 4m} m t

+4mit + 8m§1m§‘,u + 8mihu — 2ml;13u — 2m2, su — 4m2tu — 2miu’

+su®) [ (2my, (i, — s)(mg, — u))
TxTry = (—6m;%1 m%v — 20m371 mév — 6m€v + mz%ls + 2m§~1 m%vs + 5m€vs + 4m%1m3‘,t
+4mit + 8m§1m‘2,vu + 8mibhu — sz su — 2m?2,su — 4m?2 tu — 2m> u’

+su?) [ (2my, (mg, — u))

TuxTy = (64m4 m4 m2 + 64m2 m6 m2 — 16m4 m2 m25 — 32m§1mévmis

2 2.2 4 2

—16mS,m s—|—4m My, m2s® 4+ 4m},m>s 2mglmwm§t—28m%1mévmit

—2mS mit + m~ mzst + 2m2 m? m?2st + 5miy,m%st + 2m2§1m§‘,m§u

2 4 2

—36m m m u+2m m u—m~m23u—|—14mgm 2
01 Z 01 w

2 4
mysu + 11m;,my,su

—4m?2,m2s*u + 4m~ m? m2tu 4 4mpmitu — 2m2 mistu — 2m2,m>2stu

—4m m2 m2u2—4m m u? +2m m2su —|—2m m2su —2m my, 2 tu?
+m3stu® + 2my,miu’ — misu’) [ (2my,m (m5 — s)(mp, — u))
TuxTy; = (— 64m —64m m —|—16m m s+32m m s+16m s—4m m252

—4m, % + 2mglmwt + 28m€~1mwt +2m8 t — mgl st — 2mglmwst — bmy, st
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4,2 2.4 6 4 2,2 4
—2my; my,u+ 36mg my,u — 2my w4 my su— 14mg my, su — 1lmy, su

+4m?2, s%u — 4m§-1 m? tu — 4m tu + Qm%1 stu + 2m?, stu + 4m§~1 m2u’
+4miu? — 2m371 su® — 2m? su® + 2m2 tu? — stu® — 2m2u® + su®)
/(2my, s(m3, — u))
TxTyy = (12my, —4m? s + s2)/(4mi (m% — 5))
ToxTry = (12m}, — 4mi s + s%)/(4my,(m; — s))
TovxTy = (=12mim2t + m2s’t + 12mim2u — m2s%u) /(dmhm2 (m2 — s))
TovxTyr = (12mit — st — 12mi,u + s°u) /(4m’,s)

T]? = fiTixTi+ f3ToxTa + f3TinxT + [ TvxTy + [2TvxTy + [ Toix T
+2f1foToxTn + 21 fsToX T + 2 f1 faTix Ty + 2 f1fsTix Ty + 2 fo f3TuxTm
+2fo faTuxXTry + 2fo fsTuxTyv + 2 f3 faTiuxTiy + 2 f3 fsTinxTv
+2fufsTv}Ty + 2 f1fe TixTvi + 2 fa fe TuxX T + 2 f3 feTarx Ty
+2fafeTrvxTvi + 25 fe TyX T (B2)

0l — 27

Besides the ¢, exchange (III and IV in [17]), we also have /, exchange, written here as VI
and VII.

V1. ¢-channel 7, exchange

VIL u-channel exchange

The couplings fi, ... f5 are modified, and we have new fg and f; couplings.

fi = (—gamycos(B—a)/cosby)(gamy/ cos by ((1/2 — sin? by, cos(B + a)
cos? Oy + sin? Oy, cos(B + ) sin® ;) + gam /(my cos B)(— cos a)
—gamy/(my, cos B)(— Ay cos a — psin ) sin 6, cos 6y)

fo = (—gamysin(B — )/ cosby)(gam,/ cos by ((—1/2 + sin® by, sin(8 + )
cos? 0y — sin® Oy, sin(B + ) sin® 0;) + gam /(myy cos 3) sin
—gamy/(my, cos 3)(Agsin o — p cos ) sin 6, cos 6y)

fs = (—g2/cosby (sin®6,, — cos®6,/2))?

fi = (—g2/cosBy(sin® 0y, — cos®6,/2))?
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fs
fo

J7
Tyix<Tvi

TvixTvn

TvixTvn

TixTy

TuxTyr

TinxTyr

TrvxTvi

TyxTy

—2g5/ cos” Oy (sin” Oy + cos” 6,(1/4 — sin”6,,))
(—(g2/ cosBy) cos Oy sin 0,/2)?
(—(ga/ cosBy,) cos O sin 04/2)2

(m§ —4m} m + 6m — 4m§~1mg +md — 4m?1t + 4m§1m§t

41
+4ml71mzt — 4mZt —+ 6mglt2 + 4mz~lmit2 + 6méét2 . 4m%1t3 . 4m§t3
)/ (m (m2, — £)%)

(mfz —4m§m2 +6m4m4 —4m m +md —4m u+4m m2u

4 3

+4m mu—4mu+6mu—|—4mm +6m 4mu—4m

+ut)/(m(m7, —u)?)

(mf;l + 12mg m? + 38m4 m; + 12771%1771(2i +ms — 4m§1mz :

5 — 24m§;1mzs
—4mSs + 4ms* — 2m - 14m mat — 14m371m§t —2mSt + 4m§1mist

2

+4mlst + m%1t2 + QmZImth + mzt2 — 2m2~1u — 14m§1mz :

U — 14m§~1mzu
—2mSu + 4m§;1 m2su + 4m’isu + 4m;§1 tu + 16m§;1 mitu + dmjtu

—4m? stu, — 2m3;1t2u —2mitiu + m4 u® + 2m§1m§u2 +miu? 2m tu
—2mZtu’ + t°u®) /(my,(m3 — t)(m3 — u))

(—szmi — 20m§~1mz — 6mZ + mgls + 2m§1m§s + bmys + 8m§~1m§t
+8mit — 2m§15t —2m2st — 2m2it? + st* + 4m§1miu + 4miu — dmitu)
J(@2mi(my — 5)(m2, — 1)

(—=6mj m3, — 20m3 my — 6m3 4+ mj s + 2m7 m>s + 5mys + 8mZ mit
+8myt — QmZ]St — 2m2st — 2mAt? + st® + 4m£~1mzu + dmiu — dmitu)
/(@miy(mi; — 5)(m, — 1))

(b, + (= 1) = 22 (% + 1)) (m (2, — £)(—m?, +1)))

(mg, +my +m; (6m3 —t — u) +tu —m3(2s + t +u))*
o2, o, — )

(—6m§1m§ — QOmglmi —6mS + m;%ls + 2m§~1m§8 + 5mys + 8m§~1m§t
+8mit — 2m§13t — 2mst — 2mat? + st® + 4m§1miu + 4miu — dmitu)

/(2m (mf, — 1))
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TixTyn = (—Gm%1 m2 — 20m§;1 my — 6mS + mz%ls + 2m§;1 mis + 5mys + 4m§;1 mit
+4mit + 8m§~1m§u + 8mju — Qm%1 su — 2m2su — dm>tu — 2miu® + su?)
@y — ), — u)

ToxTyn = (—6mj m% — 20mZ mjy — 6mS, + mj s+ 2mZ m3s + 5mys + 4mi mit
+4mit + 8m§1m§u + 8mipu — sz su — 2masu — dmitu — 2miu® + su®)

/(2m3 (mi, — 5)(mg, — u))

ToixTyn = (mz%l +my + mi;l (6m2 —t —u) +tu —m2(2s +t +u))?

Jm (2, — t)(m2, — )
TooxTon = —((mi, + (m —w)® = 2m2, (2 + ) (m(m?, —w)(—m2, + u)
TyxTyn = (—szmi — 20m§1mi —6mS + m;%ls + 2m§1m§s + bmys + 4m§1m§t

+4mit + 8m§1miu + 8miu — me;I su — 2m2su — 4mitu — 2miu® + su?)
/(2m3(mF, — u))

TP = [TxXT+ f5ToxTn + f3TinxT + fiTvxTy + [ TvxTy + f§TuxTn
+ f2TvuxTvn + 2f1 foTixTn + 2f1 f3TixTm + 2f1 faTix Ty + 2f1 fsTix Ty
+2f1f6TixXTvr + 2 f1f7TixTvn + 2 fo fsTuxTm + 2f2 faTnxThy + 2f2 fsTuxTy
+2 fo feTuxTv1 + 2 fa2 frTnxTvn + 2 f3 faTinxX Ty + 2 f3 fs Tinx Ty
+2f3fe TiuxTvi + 2 f3 frTinxXTvn + 2 fafsTiv}Ty + 2 fafeTrvxTn
+2 fa frTvXTvn + 25 feTvxTvt + 2 f5 frTvXTvn (B3)

bl — 7y

There is no change for this channel, except that 7 — l,.
There is no change for this channel, except that 7 — l,.
005 — Zh[H]

Besides the /, exchange (I and II in [17]), we also have £, exchanged, written here as IV and
V.
IV. ¢-channel 7, exchange
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V. u-channel /, exchange

The couplings are modified.

S

f2

fs
Ja

s

TivXTry
TyxTy
TixTy

TixTy

TuxTry

TinxTy
TinxTry

(—ga/ cos by (sin” By, — cos? 0,/2))(gam [ cos Oy, ((—1/2 + sin® Oy,)
sin[— cos| (8 + ) cos? ; — sin® B, sin[— cos] (5 + «) sin? 6;)
+gomj / (my, cos B) sin[— cos|a — gamg/(myy cos B) (A, sin[— cos]a

— 1 cossin]a) sin 6, cos 6;)

—(—ga/ cos Oy (sin® Oy, — cos® y/2))(gam,/ cos Oy ((—1/2 + sin? 0y,
sin[— cos] (8 4 «) cos? ; — sin® B, sin[— cos] (5 + «) sin? 6;)
+gomj / (my, cos B) sin[— cos|a — gamyg/(myy cos B) (A, sin[— cos]a

— 1 cossin]a) sin 6, cos 6;)

(—ga2/ cos By, (sin By, — cos? 0,/2))(—gam., sin[cos](B — a)/ cos By
(—go cos By sin 0,/ (2 cos Oy, )) (gam, / cos Oy, ((—1/2 + sin? Oy,

sin[— cos|(3 + ) (— cos 8 sin 6;) — sin” By, sin[— cos|(B + a) cos O sin O;)
—g2me/(2my cos 3)(Agsin[— cosor — p cos[sin]a) cos(20,))

(=) (—gacos by sin 0,/ (2 cos Oy )) (gam ;] cos Oy ((—1/2 + sin® f,,,)
sin[— cos| (8 4 ) (— cos 8 sin 6;) — sin® By, sin[— cos] (5 + «) cos O, sin ;)
—gamy/(2my, cos B)(Ag sin[— cos]a — p cos[sin]a) cos(26;))

(m+ (o — 0 — 200 (1), — 1)

(mt, -+ (2 — w)? = 2m2 (2 4+ w)/(m(m2, — u))

~((mt, + (m — 17 — 2m (m 4 1))/ (2, — 0)(-m2, 1))
(m3 +my +m? (6m} —t —u) +tu — m3(2s + t +u))

J(mm, — )2, — )

(m3 +my +m? (6m} —t —u) +tu — m3(2s + t +u))

J(mm, — )2, — )

(it + (2 — w)? = 2m2 (02 + )/ (2, — )2, + )
(t(t — ) +mZ (=8m} —t +u) +m3(2s — t +u))

J2m(m2 — 5)(m2, — 1)

Lo
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TinxTy

TivxTy

71"

((t —wu+m3 (8m} —t+u) +mi(—2s —t +u))

(
(mj +my +m? (6m} —t —u) + tu — m3(2s + t + u))
(o o2, = ), — )
SPTxTi + f3TuxTh + f3TixTin + fiTvxTy + f3TuxTy
+2f1foTexTn + 2 /1 fsTixXTm + 2 /1 faTix Ty + 21 fsTixTy
+2 fo fsTuxTm + 2 fo faTuxTry + 2fo fsTuxXTyv + 2f3 f2TinxThy
+2f3 fsTinxTy + 2 fa fsTivxTy (B4)

(105 — ~h[H]

There is no new channels, however the couplings are modified.

(L — ZA

S

fa

(€)(gam/ cos Oy ((—1/2 + sin? B, ) sin[— cos| (B + ) cos® O,

— sin? 0, sin[— cos](3 + a) sin? 6;) + gam?/ (myy cos (3) sin[— cos|a
—gumef (08 6) (Aqsin] — coslas — s cosfsin]a) sin By cos )
—(e)(gamy/ cos Oy ((—1/2 + sin® Oy, ) sin[— cos](3 + ) cos® O,

— sin? 0y, sin[— cos](B + a) sin® 0;) + gam}/ (myy cos B) sin[— cos|a

—gamy/(my, cos 3)( Ay sin[— cos|a — p cos[sin]a) sin 6, cos ) (B5)

We now have ¢- and u-channel /£, exchanges, written here as III and IV.

I1I. t-channel ¢, exchange

IV. u-channel , exchange

The couplings f; and f5 are also modified.

S

fa

(gam/ cos Oy ((—1/2 + sin® 6y, sin(8 + ) cos® §; — sin? Oy, sin(3 + «) sin® 6;)
+gom7 /(my cos B) sin o — gamy/ (my cos 3)(Agsin a — i cos o) sin 8 cos 6;)

(—g2cos(a — B3)/(2 cos by ))
(gam/ cos Oy, ((1/2 — sin® by,) cos(3 + ) cos® O, + sin® Oy, cos(B + a) sin® b;)

—gomi; /(M cos 3) cos a — gamy/ (M cos B)(—Ag cos a — g sin ) sin 0 cos 6;)
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fs

Ja
Tirx T

TivXTry
TinxTry
TixTi
TuxTm
TixTy

TixTry

71”

00— 00

(—gasin(a — 3)/(2cos b))

(=92 cos Oy sin by /(2 cos O ) (—game/ (2muy ) (Ag tan § — 1))
(—g2 cos O sin 0y / (2 cos Oy ) ) (—game/ (2muy ) (A tan 5 — 1))
(mg, + (m3 —1)* = 2mg (m3 +1))/(m3(m7, —1)*)
( 2
(

-

mi, + (mg —w)* = 2mg (m; + u))/(m3(mg, — u)?)

mi +my +m? (6m —t —u) +tu—m>2(2s +t +u))

1

4
14
4
01
4
14

J(mz(mg, —t)(mg, —u))

(=my + m3s +m? (= 3m2 —I—s)—l—mit—st—kmi(—mgl—3mi—|—t)
)

+2miu) / (m (my, — 8)( —1))
(—mj +mis+ mt71( +5) +myt — st + mi(—mgl —3m2 +1)
+2mu) [ (m (my — 8)( —1))

(—mi+mis+m§1(—3mz+s)+2m t+miu — su+m?(— m%l—?)mi

+u))/(m(my, — s)(m, — u))

(—mj +mis+ m%l (=3m2 + 5) + 2mit +miu — su + mi(—m?1 —3m?
+u))/(m(my — s)(mf, — u))

[PTXT + f3TaxTin + f:)?'ﬂnx'ﬂn + [iTvxTrv + 2f1 f2TixT + 2 f1 f3Tix T

+2 1 TixTy + 2 fo fsTuxTin + 2 fo faTuxTv + 23 faTiuxThy (B6)

The s-channel A and H annihilations are neglected, due to the small Yukawa couplings for

leptons. The t-channel y exchange is modified, with more couplings introduced (K, K') —
(K., Ky, K, K}). The terms with m, were neglected in [17], but not here. The couplings fs.

and f3g are modified while f4. remains the same.

f3c

de
K,

Ky

(—ga(sin? Oy, — cos®6,/2)/ cos Oy ) (ga(1 — 4sin? Oy,) /(4 cos Oyy))
(—ga(sin® Oy — cos® 0/2) / cos O ) (—ga/ (4 cos b))

— sin 0, (gam/ (2muy cos ) Nig + g1 Nix) /V/2

— c08 Op(g2me / (2may c0s 3) Nis — (91 Nia + g2/2(Niz — Nix tan 0,,.))) /2
— sin 0, (game/ (2muy cos 3) Nig — g1 Nin ) /V2
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— o8 Op(—gamy/(2my, cos B)Nizs — (91N + g2/2(Njg — Ny tan OW)))/\/§

K, = —sinb(game/(2my cos B)Njs + g1Nj1)/V2
— cos O(game/ (2my cos B)Njz — (91Nj1 + g2/2(Nj2 — Nji tan 0w )/ V2
Ky = —sinb(game/(2my cos B)Njs — g1 Njt) /vV/2
— c08 0(—gami/ (2muy cos B)Njs — (91 Nj1 + g2/2(Nj2 — Nj1 tan6y,)))/v2
TiuxTy = (2f3deKa(—16m371m§ 4 4m§~13 +4mZs — s + 12 — 2tu + u?)

—l—fgc(Kf(—élmf;ls + 57 — AmGt — Amymgot — £ + dmju + dmemgou + 2tu — u?)
+Kb2(—4m%13 + 8% —dmit + Amgmgot — 2 + dmiu — Amgmgou + 2tu — u?)))
/((m7, = s)(m3o — 1))

TivxTy = —(f4C(K2(—4mZ~13 +52— 4m§t — dmymgot — 2+ 4m§u + dmymgou + 2tu
—u?) + K (—4mj s + s° — 4mjt + dmemgoet — t + dmiju — dmgmgou + 2tu
) (s(my — 1)

TyxTy = (2(KZKj(—mj —2mZ mi + 3my — mjmgo — 3mymgo + m?m;cg + 3m§m>~(?
_QmEmigm;{? — Qmmegm;{g + mf;ls —m7s + MeMges — MyMmgos
Tmgomges + m?;lt + 2mjt + mjt — memyot +- mgm;(?t + m?;lu —mju
+mgmgou — mymgou — tu) + K} K KKy (—2mg — 4mg mi + 6my + 2m3 s
—2m3s + 2m>~(?m>~(?s + 2m§1t — 4migt + 2mit + 2m§;1u — 2mju — 2tu)
—i—KgKf(—m;%l — Qm%Im? + 3my + 4m?m)~<? — 4m§’m>~<g - 4m?m>2?m>22
—l—m%ls —mjs — MeMgos + Mmgmgos + Mmgomgos + m?;lt + 3mit + mymsot
_mgm;{(;t + m%lu —miu — MeMgou + mymgou — tu)
HEL K + KoK (KoK + KoKy ) (—mis — mgomgos + mg t + mit
+mj u— mju — tu) + (K. K + K Kp) (KoK, — Ky Kp) (4mgmsgo
+4m§m)~<§; — MgMmgos — mgmx?s + mgmxgt + mgm;(?t — MeMmgou — mgmx?u)
+(K. K, — Ko K}) (K K, — K,K;)(2mymgomgo 4 2mjt)))

i J
2 2
/(M50 =) (=m0 +1))
IT)? = TuxTim + TivxThv + Z TyxTy + 2TinxTy + 2 Z(’EHX% + TivxTy) (B7)

,J %
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Lty — ff
When f is a fermion other than a lepton or t quark, again the s-channel h and H annihilations

can be neglected. We separate the channel lef — 1y because it has t-channel chargino

exchange. The couplings f3. and f34 are modified while f4. remains the same.

fae = (—ga/ cosby(sin? by — cos? 0,/2))(g2(—2T4 + 4Q; sin?by,) /(4 cos b))
fsa = (—g2/ cosby (sin? 6y, — cos®0,/2))(g2(2TY) /(4 cos b)) (B8)

flﬁf — Uyl
With (5 we have ¢-channel chargino exchange.

III. s-channel Z annihilation

IV. t-channel X(1,2) exchange

fs = (—ga2/cosby(sin® by — cos®0,/2))(—ga/(2cosby))
fa(@) = (ggmg/(\/_mw cos B)Usg sin 0y — goU;y cos )
TiuxTm = (—4m s + 8%+ 2tu — t* — u?) /(s — m2)?
TvxTvy = (= z s —mj t —mi u+mj +tu)/((t—m%)(t—m%))
TuixTry = —(=2m} s +1/2s* +tu—1/2t> = 1/2u) /((s — m2)(t — m?(j))
TP = fiTuxTin + Y f1(0) f1(5) TivxTiv + 2f3 Z f4(3) TixTry (B9)

i.j
glgT e tf
The couplings fia, foa, f3c and f34 are modified while f,. remains the same.
fia = (—gamysina/(2my sin 3))(gam((1/2 — sin® 6y,) cos(8 + a) cos® 6,
+sin? Oy, cos(B + ) sin? 0;) / cos Oy — gam7 cos a/ (my, cos 3)

)

)
—gamy(—Ay cos a — psin ) sin 6, cos 0,/ (my, cos
( sin(8 + a) cos® 6,

)
foa = (—gamycosa/(2myy sin 3))(gam,((—1/2 + sin? 6y,)
—sin? O, sin(3 + ) sin® 6;) / cos Oy + gamy sin a/ (myy cos 3)
—gamy(Agsin o — i cos ) sin 6, cos b,/ (my, cos 3))

fze = (—ga(sin? Oy, — cos®0,/2)/ cos Oy ) (go(—1 + 8/3sin® ;) / (4 cos Oyy))
faa = (—ga(sin® 6Oy — cos?0,/2)/ cos by )(ga/ (4 cos b)) (B10)
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0,0 — hh

The couplings are modified. Channels IV (t-channel ¢ exchange) and V (u-channel ¢ ex-

change) are now summed over ¢, and 272, with appropriate propagators.

S

2

fs

fa(1)

f1(2)

f5(1)

f5(2)

7|?

(—3gam cos(2a) sin(a + 3)/(2 cos Oy ) (gam((1/2 — sin® by,) cos(B8 + )

cos? 0y + sin? Oy, cos(B + a) sin” 6;)/ cos Oy, — gamy cos o/ (my, cos 3)
—gamy(—Ay cos a — psin ) sin 6, cos 0,/ (my, cos 3))

(gamz(cos(2a) cos(a + ) — 2sin(2a) sin(a + 3)) /(2 cos Oy))

(gam((1/2 — sin Byy) cos(B + ) cos? B + sin® Oy, cos(3 + «) sin ;) / cos Oy,
—gom3 cos o/ (my, cos B) — game(—Ag cos a — psin ) sin 0y cos 0,/ (my, cos 3))
(95/2)((—1/2 + sin® fy;,) cos(2ar) / cos? By, — m7 sin® a/(m2, cos® 3)) cos® O,
+(g5/2)(— sin? B, cos(2a)/ cos® By, — m7 sin® a/(m?, cos® 3)) sin? 0,
(gam((1/2 — sin® Byy) cos(B + ) cos? B + sin® Oy, cos(3 + «) sin® ;) / cos Oy,
—gom3 cos o/ (M, cos 3) — gamye(—Ag cos a — psin ) sin 0, cos 0,/ (my, cos 3))?
(gam, cos By sin 0,((1/2 — sin? By,) sin(3 + ) — sin® Oy, sin(B + «))/ cos Oy
—gomy(Agsin o — g cos ) cos(26y) /(2myy cos 3))?

(g2m((1/2 — sin Byy) cos(B + ) cos? B + sin® Oy, cos(3 + a) sin® ;) / cos Oy,
—gom3 cos o/ (M, cos B) — gamye(—Ag cos a — psin ) sin 0, cos 0,/ (my, cos 3))?
(gam, cos By sin B,((1/2 — sin? By,) sin(B + ) — sin® Oy, sin(B + «))/ cos Oy
—gomy(Agsin o — g cos ) cos(26y) /(2myy cos 3))?

FPTxXTi + f3TaxTn + f3ToxTin + D (f1(0) f2() TvxTry + f5(i) f5(5) TvxTv)

Z'7j

+2f1 foTixTu + 2 f1 fsTix T + 2 Z(f1f4(i)7}><7}v + fifs(3))TixTy)
+2 fo f3Trx T + 2 Z(f2f4(i)7ﬁ><7}v + fofs(1)TuxTy)

+2 Z(f3f4(i)7}11><7}v + f3f5(O)TiuxTyv) + 2> f4(0) f5(5) TivxTy (B11)

0,

48



(0 — hA[HA]

Besides the s-channel Z annihilation, we have ¢- and u-channel ¢, exchanges.

II. ¢-channel (5 exchange

I11. u-channel /5 exchange

The coupling f;

is also modified.

fi = (—g2cossin)(a — B)/(2cos04))(—ga(sin® y — cos? 0,/2)/ cosfy,)
fo = (—game(Agtan B — 1) /(2my))(gam.((1/2 — sin® f,) sin[— cos] (8 + )
— sin® fy, sin[— cos](3 + a)) cos O sin 0,/ cos O
—gam(Agsin[— cos|a — p cos(sin]ar) cos(26;) / (2myy cos 3))
fs = (—game(Agtan B — 1) /(2my))(gam.((1/2 — sin® f,) sin[— cos] (8 + )
— sin® Oy, sin[— cos] (B + «)) cos O, sin O/ cos Oy
—gome(Agsin[— cos|a — pcos(sin]ar) cos(20;) /(2myy cos 3))
TixTy = 1/(m} —t)°
TuxTm = 1/(m3, —u)?
TixTy = (t—u)/((m} —s)(mi, — 1))
TixTm = (t—u)/((m} — s)(mf, —u))
TixTm = 1/((mg, — t)(m7, —u))
TP = [fTXT+ f5T0xT + f3TooxT + 2f1 f2TixTu + 21 fsTix T
+2 fo f3 T X7 (B12)
(0 — WHH

Besides the s-channel A and h annihilation, we have ¢-channel sneutrino exchange.

[II. ¢-channel 7, exchange.

The couplings f; and f5 are modified.

fi = (gam,((1/2 —sin®0y,) cos(B + a) cos® O + sin® Oy, cos(B + ) sin® ;) / cos Oy,

—gomi; cos a/ (my, cos 3) — gamy(— Ay cos a — psin a) sin 0 cos 0y / (myy cos 3))
(g2sin(a — 5)/2)
fo = (gamz((—=1/2 +sin?0y,)sin(B + ) cos? O, — sin? Oy, sin(B + a) sin® ;) / cos Oy,
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+gom3 sin o/ (my, cos B) — game(Agsin a — g1 cos o) sin 0 cos 0y / (myy cos 3))
(g2 cos(ar — 3)/2)

fs = (=92/V2c080;)(—gomy cos Op(—mj tan §/my, + sin(20))/V2
+game/(V2my ) sin Op(ju — Ay tan 3))

TuxTn = (mj + (m3, —t)* = 2m; (my, +1))/(m3, (m2, —t)?)
TxTor = (—my, +mis+ m%l(—?;ma, +8) +mit — st + mﬁﬁ(—m% —3m2, +1)

+2m?u) ) (m?,(m? — s)(m?,

t))

ToxTin = (—mi, +m? s+ m%l(—3m§‘, +8) + mi,t — st + mﬁﬁ(—m?;l —3ml, +1)
+2myu) / (my, (my, — s)(mg, — 1))
T = fITxXT+ f5TaxTo + f5Tox T + 2f1 foTixTu + 21 fsTixTin

+2 fo fsTrx T (B13)
0l — AA

The new channels are
IV.t-channel £, exchange
V. u-channel 0, exchange

The couplings are modified.

fi = (gam,((1/2 —sin®0y,) cos(B + ) cos? Oy + sin? Oy, cos(B + ) sin® 6;) / cos Oy,
—gomj cos o/ (myy, cos B) — game(—Ag cos a — psin ) sin 0 cos 0,/ (myy, cos 3))
(g2 c05(28) cos(a + B)/(2c0361)

fo = (gam,((=1/2 +sin®0y,) sin(B + a) cos® Oy — sin® Oy, sin(B + «) sin® 6;) / cos Oy
+gamy sin o/ (may cos B) — game(Agsin @ — i cos @) sin 0 cos 0/ (myy cos 3))
(—gam, cos(26) sin(a + B)/(2c0s6,,))

fs = 93/2((—1/2 +sin®fy,) cos(23)/ cos® By, — m7 tan® 8/m2,) cos® 0,
+¢2/2(— sin® O, cos(28)/ cos? by, — m? tan? 8/m?,) sin? 6,

fi = (=gamu(Astan § — p)/(2my))?

fs = (—game(Agtan § — p)/(2my))?

TvxTyy = 1/(mi —t)
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TyxTy = 1/(mi —u)?
TixTiy = 1/((m}; — s)(m}, 1))
TxTy = 1/((m} —s)(m3, —u))
ToxTy = 1/((m} — s)(mj, — 1))
TixTy = 1/((mj —s)(mf, —u))
TinxTy = 1/(m372—t)

TuxTy = 1/(m372 —u)
TP = fTxT+ f5TaxTu + f{TuxTin + fiTvx<T + 3 TuxTy
+2f1f2TexTn + 21 fsToxXTm + 2f1 faTix Ty + 21/ Tix Ty
+2 fo fsTuxTm + 2 f2 faTnxTry + 2 fo fsTaxXTyv + 2 f3 faTinxThy
2 f3 fsTixTy + 2 f4fsTrvxTy (B14)

00 — hH

The t- and u-channels ¢ exchanges are now summed over ¢, and 05 with appropriate propa-

gators. The couplings are

fi = (gam,((1/2 — sin®0y,) cos(B + a) cos® O + sin® Oy, cos(B + ) sin® ;) / cos Oy,
gam? cos o/ (my cos ) — gama(—Ay cosor — pusin ) sin 6 cos B (my cos )
(gamz(cos(2a) sin(a + ) + 2 sin(2«) cos(a + 3)) /(2 cos Oy))
fo = (gam,((—=1/2 + sin®0y,)sin(B + a) cos® Oy — sin® Oy, sin(B + ) sin® 0;) / cos Oy,
+gomi sin o/ (myy, cos B) — gamy(Agsin a — pi.cos o) sin 0 cos 0y / (myy cos 3))
(gamz(cos(2a) cos(a + 3) — 2sin(2a) sin(a + 3)) /(2 cos Oy ))
fs = g¢2sin(2a)((=1/2 +sin®0,,)/ cos? O, +m2/(2m2, cos? () cos® 0,/2
+g3 sin(2a) (— sin? Oy, / cos® Oy, + mj/(2m?, cos® 3)) sin® 0,/2
f1(1) = (gam,((1/2 — sin® ) cos(B + ) cos? O + sin? Oy, cos(3 + a) sin® ;) / cos Oy
—gomj cos v/ (Mmy, cos 3) — game(—Ag cos a — prsin ) sin 6, cos 0,/ (my, cos 3))
(gam((—1/2 + sin? 0y, ) sin(B + ) cos® Oy — sin® Oy, sin (8 + ) sin® 6;) / cos Oy,
+gom7 sin a/ (my, cos ) — game(Agsin a — i cos ) sin 8y cos 8y / (M cos 3))
)

f1(2) = (g2mz((—1/2 + sin®y) cos(B + a) + sin® by, cos(3 + a)) cos O, sin 0,/ cos O
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—gamy(—Ag cos a — psin ) cos(26,) /(2my, cos 3))
(gam((1/2 — sin? By,) sin(B + ) — sin® Oy, sin(B + «)) cos O, sin 0,/ cos Oy
—gamy(Agsin o — i cos ) cos(26,) /(2myy, cos 3))
(1) = (gam,((1/2 — sin? ) cos(8 + ) cos® O + sin? Oy, cos(3 + «) sin ;) / cos Oy,
gam? cos o/ (my cos ) — gama(—Ay cosor — pusin ) sin 6 cos By (my cos )
(g2 ((—1/2 + sin® O, sin(B + ) cos® §; — sin® Oy, sin(B + ) sin® ;) / cos Oy,
+gomy sin o/ (my, cos B) — gamy(Agsin a — i cos a) sin 0 cos 0y / (myy cos 3))
f5(2) = (g2m((—=1/2 +sin’byy)

—gamy(—Ay cos a — psin ) cos(26,) /(2myy, cos 3))

cos(3 + a) + sin® Oy, cos(B + a)) cos ; sin 8/ cos Oy

(gom,((1/2 — sin? B,,) sin(B + ) — sin? Oy, sin(B + a)) cos O, sin 0,/ cos Oy
—gamy(Agsin o — i cos ) cos(26,) /(2my, cos ﬁ))
|T‘2 = f1 TixTy + ngIXTI + ngHXTH + Z fa(2) fa(7) TovxTry + f5(2) f5(5) TuxTy)

2%

+2f1foToxTy + 2 f1 f3TixT + 22 Ji(fa()) TixTy + f5(1)TixTy)
+2 fo fsTrx Ty + 2 Z fa(fa(3) HXTV + f5(1) Tix1y)

+2f3 Z(f4( ) HIXTV + fs()TiuxTy) + 2 f4(3) f5(7) Tivx Ty (B15)

.J
(0 — HH

The ¢- and u-channels ¢ exchanges are now summed over ¢; and f, with appropriate propa-
gators. The couplings are
fi = (=3gym, cos(2a) cos(a + 3)/(2cosby))(gam,((1/2 — sin® fy,) cos(B + a) cos® b,
+sin? Oy, cos(B + ) sin? 0;) / cos Oy — gam cos a/ (myy cos 3)
—gamy(—Ay cos a — psin ) sin 6, cos 8,/ (my, cos 3))
fo = (gamz(cos(2a) sin(a + ) 4 2sin(2a) cos(a + () /(2 cos b))
(gam((—1/2 + sin? 0,) sin(B + ) cos® By — sin® Oy, sin(B + ) sin® 6;) / cos Oy
+gom3 sin o/ (myy, cos B) — game(Agsin a — picos o) sin 0, cos 6y / (myy cos 3))
fs = g5/2(—(=1/2 +sin®Oy;) cos(2a)/ cos? By, — mj7 cos® a/(m2, cos® B)) cos? b,
+g3 /2(sin? B, cos(2a) /(cos® By, ) — m3 (cos® @) /(m?, cos? 3)) sin®
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f4(1) = (gamz((1/2 — sin® B,) cos(B + a) cos® B + sin? By, cos(3 + ) sin? 8;) / cos O,y
—gomj cos v/ (my, cos B) — game(— Ay cos a — psin a) sin §, cos 0,/ (myy cos 3))?
f1(2) = (gamz((1/2 —sin® ;) cos(B + a)(— cos Oy sin O;) + sin? Oy, cos(B + a) cos O, sin 6;)
/ cos Oy — gamy(— Ay cos o — psina) cos(26,) /(2myy cos 3))?
f5(1) = (gamz((1/2 — sin® B,) cos(B + a) cos® B + sin? By, cos(3 + ) sin® 8;) / cos Oy,
—gam cos o/ (M, cos B) — gamy(—Ag cos o — psin ) sin 0, cos 0,/ (my, cos 3))?
f5(2) = (gamz((1/2 —sin® fy,) cos(B + a)(— cos Oy sin O;) + sin? Oy, cos(B + a) cos O, sin 6;)
/ cos Oy — gamy(—Ay cos o — psina) cos(26,) /(2myy cos 3))?
TP = ATxT+ fToxTn + f3 TaxT + D (fa(@) fa() TvxTie + f5(0) f5(5) TvxTy)
1,J
+2f1 foTixTu + 2 f1 fsTix T + 2 Z(f1f4(i)7}><7}\/ + fifs(3))TixTy)
+2 fof3TuxTm + 2 Z(f2f4(i)7h><7iv + fofs(1) TuxTy)
+2) (fsf1(0)TiuxTiv + f3f5(0)TiuxTv) + 2 f4(0) f5(5) TivxTy (B16)
i i
(0 — HYH

We have one new channel,

VI. t-channel 7, exchange

The couplings, except f4, are modified

S

f2

fs

fs

fe

= (gam,((1/2 — sin®y,) cos(B + a) cos® O + sin® Oy, cos(B + ) sin® 6;) / cos Oy
—gami cos a/(my, cos 3) — gamy(— Ay cos a — psin ) sin 8y cos 0/ (myy, cos 3))
(—ga(my cos(B — @) — m, cos(28) cos(5 + a)/ (2 cos b))

= (gom,((—=1/2 + sin®0y,) sin(B + a) cos? ; — sin” Oy, sin(B + ) sin® 0;) / cos Oy
+gomy sin o/ (my, cos B) — game(Agsin a — g cos a) sin 0, cos 0y / (my cos 3))
(—ga{rmu Sin(B — ) + m /(2 c056,) cos(26) sin(5 + )

= (—go(sin® Oy — cos®0,/2)/ cos Oy )(ga cos(20) /(2 cos Oy,))

= g3c0s(2B)(1+ (—1+2sin*6y,)/(2cos® Oy)) cos? 0, /2
—(g3 cos(23) sin® Oy, /2 + gamj tan® 3/(2m3,)) sin® 6,

= (—gymuy cos By(—m? tan B/m?, + sin(26))/V2
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TyixTy
TixTy
TuxTyy
Tix T
TrvXTyi
TyxTy
71*

2121 e M

+gomy sin (1 — Ag tan ﬁ)/(\/ﬁmw))2
1/(mz, —t)°

(=t +u)/(s(m, — 1))

1/(mg, —t)

FPTXT + f3ToxTn + f3TuxTm + fiTvxTy + [ETvx<Ty + fi ToxTn
+2f1 2 TixTn + 2f1 f3TixTin + 21 o TixThy + 2 f1 [5TiXTv + 21 feTix T

+2fa fsTuxTim + 2 fo fsTuxTry + 2 fo fsTax Ty + 2 fa feTuxTn

+2f3faTix}Tiv + 2 f3fsTiuxXTyv + 2 f3 fe TiuxTv1 + 2 f1 fs TivxTy

+2fafeTrvXTvr + 2 f5 fe Tvx Ty (B17)

The channels I. t-channel y exchange II. u-channel y exchange are modified as follows.

K,

Ky

TixTy

— sin By (game/ (2may cos B)Nis + g1 Nit )/ V2

— 08 0(game/ (2muy cos B) Nz + (—g1 Nit — g2/2(Niz — Ny tan6y,.)))/v/2

— sin 0y(game/ (2myy cos B)Nig — g1 Nin) /2

— 08 0y(—gamy/ (2muy cos B)Nig + (—g1Nit — g2/2(Nig — Niy tan6y,)))/v/2
— sin 0(gamye/(2myy cos B)Njz + g1 Nj1)/ V2

— 08 0y (gamy/ (2muy cos B)Njz + (—g1Nj1 — g2/2(Njz — Nji tan6y,)))/V2
— sin 0¢(game/(2my, cos )Nz — glel)/\/5

— c08 0y (—gamy/ (2myy cos B)Njs + (—g1Nj1 — g2/2(Nj2 — Nji tan6y,)))/ V2
(—2(4K K Ky Kymgomios

I (—my — 2mi mif + 3my — dmijmyo + dmiimgo — Amimgemo
—l—m%ls —mjs + MM S — MyMg0 S + MygoMgos + mi;lt +3mgt — mymgot

2 2
—l—mgm;(gt MG U — MU+ Memgot — memgou — tu)
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TuxTh

TixTn

2 12, 4 2, 2 4 3 3 2
+ Ky Ky (my, + 2m7 my — 3my + 4mymgo + Amymsge — dmymgomgo

_mgls +mjs — MyMges — MeMigos + MgoMyos — m%lt — 3mit + mymsot
—|—mgm>~(§;t — m%lu + mgu = Mymgou — mgm;(?u + tu)
HEKCK (—my — 2mE mi + 3my + 4mimge — 4m?m)~<§y — 4m§m)~<gm)~<g
—i—mf;ls — m?s — MyMmyzos + mymsos + Myomzos + mglt + Sm?t + mgm;(gt
_mgm;(?t + m%lu —miu — MMgOU ~+ MM U — tu)
—i—KgKf(mg1 + Zmzm? — 3mj — 4m2m>~(9 - 4m§m>~cg — 4m?m>~(9m>~(9
_mi;ls + m?s + MMz 5 + memgos + Mo M08 — m?;lt — SmEt — mgm;(gt
—mgmgot — Mg u A+ mju -+ mgmgou + mgmgou + tu)))
/(Mo — t)(=mo + 1))

i J
(—2(4KaKéKbKém>~(gm>~(?s
FKIRP (=mg — 2mi mi + 3my + 4mijmge — 4m§’m)~cg — 4m§m>~<?m>~<g
—l—m%ls —mjs — MyMgos + Myimges + Mgomgos + mi;lt — mit — mymsot
—l—mgm;{gt + m%lu + 3miu + MM — MMt — tu)
—|—K§Kf(m%1 + Qm%m? — 3my — 4m2m>~(g - 4m?m)~(g — 4m§m>~(gm>~(?
_mgls + m?s + Memgos + mgm;(?s + migmigs — m%lt + mgt + mgm;(?t

2
‘

+mgm>~(?t —mju— 3mju — MU — MMzt + tu)

—i—Kfo(—m;%l - 2m§1m§ + 3my — 4mi’m)~cg + 4m§’m)~cg — 4m§m>~<?m>~<g
—l—m%ls — m?s + MyMgos — MgMg0s + MOMg0s + mi;lt — mft + mgm;(?t
_mgm;(?t + m%lu + 3miu — MyMmgou + mymgou — tu)

+K K l?(mz%l + szm? — 3my + 4m?m>~<g + 4m§m)~<g - 4m?m>2?m>”<§?
—m%ls + m?s — Mo s — MyMyos + MOM S — m?;lt + m?t — mgmigt

2
¢

/((mfgg - U)(—mfgg +u))
(SKQK(;KbKémxgm;(?s +

2
_mémf(?t — My u— Imyu + memgou + mgm;(?u + tu)))

2 120, 4 2 2 4 3 3 2
Ko (—=Ky (2mg, + 4m7 mj — 6my — 8mymgo + Smymgo 4 8mymgomsgo

2 2 2 2 2
+2mg s + 2mys + 2mymgos — ngm;(?s — Qm)zgm;(?s — 8" —=2mgt —2m;t
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+2myemyot + 2mgm~qt + 2 — 2m371u —2miu — 2mymgou — 2mymgou + u?)) +
i J

KQK’Q(Qm + 4m? mg 6my; — Sm?mxg — 8m§m>~<§; - Sm?mxgm;@

+2ml718 +2m3s + 2mymgos + 2mgm)~(§)8 + 2m>~(9m>~(93 -5 - szt — 2mit

—|—2mgm~ot — 2mgm~qt + 2 — 2m2 u — Qm?u — 2m4m~?u + 2mgm)~<gu + u2) +

K K}? (2m + 4m? me 6m@+8mgmo—|—8mgmo 8m§m~om~o

%0
+2m3 s + 2mys — 2mymgps — 2memgos + 2mgomgos — s? —2mi t — 2mjt
—2mymgot + 2mgm>~(§;t + 2 - 2m§1u —2mju + 2memgou — 2mgm>~(§;u +u?) —
KyK2(2mg + 4m3 mi — 6my + Sm?m)z? — Sm?mx? + 8m§m~om~o_
—|—2m§15 +2m3s — 2mymgos + ngmigs — QmX?migs 2m - 2mit
—2mymgot — 2mgm>~<gt +2— 2m§1u — 2miu + 2memgou + 2mgm)~<gu + u?))
J((my — )2y — )

TP = Y (TxTi + TixTh + 27xTh) (B18)

1,J

@14@13* — (AyB

I. t-channel y exchange

Here my p = myas and my g =mps.

A(i) = —ga/V2(cosO(—Niy — tan 6y, Niy) + sin@4m 4/ (my, cos §)Nis)

B(i) = —gg/\/i(cosﬁAmA/(mW cos 3) N3 + 2sin 04 tan 0y, Ny )

C(i) = —ga/V2(cosOpmp/(my cos 3)Ni + 2sinfp tan by, Njy)

D) = —gg/\/i(cos Op(—N;2 — tan 0y, N;1) + sin Ogmp/(my, cos ) N;3)

TixTi = (A@)C(H)AG)CG)(=mimgomgo — mpmgomgo + mgomgos)
+A()C (D) A(G)D () (—mFmpmyo +mimpmgo + mpmgot)
LA BG)CG) mm amg + 2m amimss — mamgos — mamgou + mms)
+A(i)C (1) B(7) D () (—2mampmgomy o)
+A(1)D(i)A(7)C()(— mg/mBmig + mAmBm;(g + mBm;(gt)
+A(i)D(i)A(j) D(j) (2m%m3, — m%s — m%t — miu + m% — 2mimy, + mys
+miu —mY — mit + tu)

26



+A@@)D()B(7)C () (—2mampt)

+A()D(@)B(5)D(j)(m %mAmm + 2mAmQBm~o — mamgos — mamgou + mimx?)
+B(z’)(](z)A(y)C(g)(mimAm 0 + 2mampmy 0 — MAMgOS — MAMZOU + mi’:,m,zg)
+B()C(I)AG)D(G)(=2mamspt)

B)CWBUICU) 2, — ks — mkt — mku + s — 2, + s
+miu —m’ — mit + tu)

+B(i)C (i) B(j)D(j)(—mFGmpmg +mimpmygo + mpmgot)

+B(i) D(i)A(G)C (j)(=2mampmgomso)

+B(i)D(i)A(j)D(j)(mimAm o + 2mampmy 0 — MAMgHS — MaMNgoU + mimﬁ)
+B(i)D() B(7)C(j)(=m%mpmgo + mimpmgo + mpmgot)
+B(z’)D(i)B(j)D(j)(—mingmXo mymy 0150 + Moy os))

/(- mfgg)(t - mfgg))

> TixTy (B19)

I. t-channel x exchange

—g2/V/2(cos 04(—Nyjg — tan By, Ny1 ) + sin @am.a /(1 cos 3) Nis)
—g2/V?2
—92/\/5
— g2/ V/2(cos Op(— Ny — tan Oy, Niy) + sin 0gmp/ (my, cos 3) Ni3)
(—A@)(=B(j)m (D(i)m~g(20(j)m3m>~<g + D(j)(mi + 2mp +m% — s —u))
+C (i)
+A(j)
+C(7)
(—
)
)

(
(cos@ama/(my cos B) N + 2s8in 04 tan 6y, Ny )
(cosOpmp/(my cos 3)N;3 + 2sin O tan 0, Ny )
(

)
(DGt + C(GJmeg(mdy + 2y + = s = )

(D(i)mgo (D(j)mgo(m +mi; — s) + C(j)mp(my —m% +1))
(D) mamso(m’ — m 4 1) + C)omy — -+ ms + mt

2
mpg

+

2m + 1) +m? (2m3 — s—u)—l—m%ﬂ—tu))))
—B(i)(C(i)mgo (B(5)(C(j)mge (miy +mip — ) + D(j)mp(miy — m% + 1))
—A(j)ma(2D(y )mBm;(? +C(j)(m124+2m23+m%—s—u)))
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+D (i) (C(G)mp(=2A(j)mat + B(j)mgo(m% — m% + 1))
D) (A mamsg (= — 2, — % + 5+ ) + B()m — iy + mis + mie
+mip(=2m% + 1) + m3 (2my — s — w) + mu — tu)))))
J((t =2t )

7] = Y TxTh (B20)

le — Zg

Channel II (the ¢-channel / exchange) is now summed over /1 and Zg, with appropriate

propagators. Also added is the neutralino u-channel exchange.

fa(1,i) = —ga/V2(cosBy(— Ny — tan By, Nyy) + sin O/ (may, cos ) Nyg)
fa(2,0) = —g2/V2(=sin0y(—Niy — tan Oy Niy) + cos Oymy/ (my cos 3) Nis)
fe(1,4) = —ga/V2(cos ymy/ (1 cos ) Nis + sin 0y(2 tan 6y, Ny )
f8(2,1) = —go/V2(=sinfmy/(my cos 3) Nig + cos 0,(2 tan fy Nir))
fe(1) = —ga/ cos Oy ((—1/2) cos®  — (—1) sin® Oy

fe(2) = g2/ costy((—1/2) cosO;sinby)

fr = —g2/cosby((—1/2) — (—1)sin?0y,)
fr = g2/ cosby((—1)sin?6y)
for(i) = g2/(2cosby)(NiaNiy — NizNi3)
for(i) = —g2/(2cosby)(NyyN1y — NizNi3)
TxTi = (1/2)(2fa(1,1) fo(L, V)mgme(2my f} + 6mims, frfr + 2m5 fr
+m3(f7+ fr)(mi — s) +mi (fL + fr)(mi — ) — 2m3 fis + 6m7 f1frs
—2m> fps — mifit —m} fat + fist + fpst —mi fiu — mi fau + frsu -+ frsu)
+fa(L 12 (=mimi f + mg f(mf — s) —m3, fis — 6migm?, frfrs
+mgmi fps +my f1s° +mi fL(=mi + s) — mim3 fit +mj fist
+m2 fist — fEs%t 4+ my fiu 4+ mim2 fau —m2 fisu —m? fisu
+m§~1fL(2mifL +m2(6m; fr — 2f1s) — fo(mi — s)(s +t+u))

+m(—=2my [} + 2m3 fi.(=3mj fr + fus) — (m§ — s)(mi [ — fi(t+w))))
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TuxTn =

TuxTm =

—f5(L 1) (m3 fr(mi — s) — mg fLu+mi(my f7 — mj fr — frst + fisu
+m§1f12z(5 +t+u)— mifL(6m?71fR —6fps+ fr(s—t+u)))
+mi (my £ +mi (6m frfr — fis = fa(t+u)) + fr(2m;
—2mis + s(t +u))) = fa(—mys = s(my + st —my(s +t = u))
+mg, (2m;, — 2m; s+s(s+t+u)))))/(mi(s—m%)Q)
(1/2)((fa(i, D)(=2f5 0 mgme + fa(j, 1)(m5 +mi — 1))

fe(i, D) (=2fa(d, Dymgm,
+fp(7, ) (m3 +mj —1)))(mj, +mj — 2mit + 2 = 2m (m}, + 1))
(¢ = m2)(t = m2)
1/2((1/m3)(f5(1, 1) (fa(L, j)me(m3(mgo for (i) for (7) + mgo for(i) for(j))
+m>z(m>z§?fOL(Z)f0L( 7) +mgo for(@) for(7)) (m3 — 2u)
—Gmym;, (mgomyzo for(i) for(t) + for(i) for(j)u) — (mgo for(i) for(j)
+mgo for(i) for(7))(2my, — miu —u®)) + f5(1,5)(m for () for(7)
—dmimy, for (i) for () — 2m5 for (i) for (j) — mgomgom for(i) for(j)
=3mim3 (mgo for () for(i) +mso for (i) for(i)) + 2m3 for (i) for(j)s
+m>~<gm>~<gm§fOR( i) for(5)s — 3mgm?, (mgo for(7) for(i)
+mgo for (i) for(5))(2mi +m3 — s — t) + 2m3 for (i) for(j)t
—mgomgom; for(i) for(j)t +ms for (i) for(7)(2mg + 2m3 — s — t — 2u)
+2mim?, for (i) for (5)u + 2m7, for (i) for (5)u + mimgoms w0 for(i)for(j)u
+mx?m~°m§fOR( i) for(j)u — 2m3, for (i) for (j)su — mgomgo for(i) for(j)su
+mj for (i) for (j)u® — for (i) for(j)tu® + m3 (—my for(i) for (5)
+mgomgo for(i) for(5)s + for(i) for(F)su + 2for(i) for(j)tu
+for(i) for(j)u? = m3 for (i) for(4) (s + t +w) + mi (2m? for (i) for(j)
—mgomgo for(t) for(j) — 3for(i) for(i)u))))
+fa(1,9)(f(1, 5)me(mi(mgo for () for () + my o for(i) for(j))
+m%(mgo for (i) for(7) + my 0 for(i) for(j ) (m3, — 2u)
_6mim§(mx?mf<§f0L( i) for(j) + for(j) for(i)u) — (mngOL(i)fOL(j)
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Tix<Thy

+m>z§fOR(i)fOR(J Y2mE —miu —u?)) + fA(lvj)(m?szR(i)fOR(j)
—3mymy, (my ofor(i)for(i) +mgp for(i) for(j)) — 3m>~<mi(mf<§fOL(j)fOR(i)
+mgo for (i) for(5))(2mi +m3, — s —t)

+m? for(i) for(j)(2m? + 2m? — s — t — 2u)

)
(

+m>zgm>zgf0L(i)f0L(j)(_mz + (mf = s)u+mi(s — 1t +u))

+for(D) for(5)(—2m8 — 2m2su — tu® 4+ 2m3 (s +t + u)

+mg (—dmy + 2mu + u*)) — mi(m; for(i) for(j)

—mgomgo for (i) for(j)s — for(i) for()su — 2for(i) for(j)tu

—for(d) for(3)u® +m3, for(i) for(7) (s +t +u) + mi (mgomy wfor(i) for(h)
+for(i) for(7)(=2m3 + 3u)))))))/((u = me) (u — m3o))

(1/2)(=fa(1, 1)(2f (5, Dmgme(m} fr + 2m5 fr, — 3mgm?, fr — m fr
—2m3 fr.s +m, frs +m3 fr(mf +3m3, —t) — 3m3 frt +mj frt +m3 frt
—frst + frt* —m3 fru+ 2m3 fru+ frtu+mg (m2(fr — 3fr) — mifr + frs
=2fut — fru)) + fa(j, 1) (=2mgmy, fr + mim?, frs +m, frs + 4mym?, frs
—m?2 frs® +mim?2 frt +ml frt 4+ 2mim> frt — m? frst — m2 frst + frs°t
—m?th2 —2m2 frt? + fotd + mz%lfL(—Qm? +s+t—u)— m?mifLu

—m} fru+ 2m2m? fru + m? frtu + m frtu — 2m? frtu + m? fru® — frtu?
+m3 (mg(2m5(fL — 3fr) + fr(s + 3t —u) + 2fgu) + fr(—s* — st — 21>
+2m (s —t —u) + tu+ u?)) + mZ(2m{(fr — fr)(3m; —t)

+mg (2mi(fo — fr) + fo(8m} — s+t —u)) — fr(t(—s +t —u)

+m2(s —t+5u))))) + fa(1, 1)(=2fa(j, Dymgme(—m3 fr + m%lfR + 3mim} fr
+2ml fr 4+ m2frs — 2m2 frs +m2 frt — m?(th — 3m2 frt — frst + frt?
+mi fr(=3m3 + 1) + 2m, fru — m3 fru + frtu +mZ (—mi fr +mifr
+m(=3fL + fr) + frs — 2fat — frw)) + f5(4, 1) (2mim’, f — 4mim?, frs
—mim> frs — myfrs +m>frs® — 2mim> frt — mim> frt — m5 frt

+m7 frst + m2 frst — frs®t +m7 frt® +2m2 frt® — frt® — 2mim> fru

+m§mifRu + mifRu + QmEthu — m?thu — mithu o mngUQ n thu2
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+m} fr(2mi — s —t +u) +mi (—fr(—s* — st — 2t* + 2m% (s — t — u) + tu
+u?) +mi(my(6f1 — 2fr) = 2fru + fr(—s = 3t +u))) +m3(2mi(fr
—fr)(3m% —t) + mi 2mi(fL — fr) + fr(=8m} + s —t +u)) + fr(t(—s
+t—u) +mi(s — t +5u))))))/(2m(s —m{)(t —m7))

TixTin = 1/2((1/(2m3))(fa(1,9)(2f5(1, Vyme(m3 fr for(i) + mimgo for (i) (=mi fL
—3m fr+ frs) +mi for(@)(m5(=3fL + fr) + fr(mi —t —2u))
+mg for(i)(—6mim? fr — my(3fL + 4fr) + m5(—=3m fr+3fL(s +1)
+fr(s+2t)) + fru(—mj +t+u)) +mgp for (i) (—=my fr + fr(mi — s)u
+m5(3m3 fr—3frs+ fu(s —t+u)))) + fa(1,1)(2mimgo fr for (i) (—mf + s)
+mS for(1)(2m fr — fr(s +t —u)) = 2mgmse for (i) (2m7, fr +m3 fr(mi — s)
+m3(6mi fr — 2frs) — fr(mi — s)(t +u)) + mi for(i)(m7 fr(4mi + 8m;
—3s — t +u) +mi(2m? fr — 4fpu + fr(—s — 3t +w)) + fr(s* +* + tu
—2u® + 5(2t +u) — m3 (55 + t + 3u))) + for(i)(mF fL(4my — 4m3 (s + 1)
+mi(8my, — 2u) + (s +t — wu) +mg(—4mj fr +m3 (=8 fLs + 2 fru)
Fu(fo(s +1 —u) +2fpu)) + fr(—4mys — u(s® + t* —u®)
+m(4s” + (t — uw)u + s(4t +u)))))) + fr(1,1)(2fa(1, D)me(m?, fr for (i)
+mimgo for(i)(=3m3 fr + fr(=mj + s)) +my for (i) (=m3(4fr + 3fr)
+m (—6m; fr + 3fr(s +1t) + fr(s +2t)) — mi fL(3m} +u) + fru(t + u))
+m3 for(i)(mF fr +m3(fr —3fr) — fu(t +2u)) + mgo for(i)(3mF m, f1
—my fr+ fr(mi —s)u+mZ(=3fis + fr(s —t +u))))
+fp(1,1)(2mimgo frfor(i)(=mf + s) +m for (i) (2m7 fr — fr(s + 1 —u))
—QmengOR(i)(mﬁ(GmifL + fR(mgl —t—u)) + fr(2m} — 2m}s + 5(—77137
+t +u))) +m3 for(i)(m7(2m? fr + 4m§1fR — frs — 3frt —4fru+ fru)
+fr(s” 4 25t + 7 + su+ tu — 2u® + mi (8m} — 3s —t +u) — m(5s + ¢
+3u))) + for(i)(mi(—4my, fr, + 2m7(4mF fr — 4frs + fru) + u(=2m7 fr
+fr(s +t—u) +2fLu) + fr(—4mys +mF (4my — 4m3 (s +1) + (s + 1
—u)u) —u(s® + 7 —u?) +my(4s* + (t — wu + (4t +u))))))))

1
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/(= m)(s — m2))

TuxTm = 1/2((1/m3)(f5(j, D) (fa(L, )me(mgo for (i) + ms for(i)) (m — 2m3s
+m2(mi +3m3 —t) —mit +m; (3m] — u) — miu + tu)
+f(1,0)(m for (i) (m3, + 3m3 — t) + mgmso for(i)(—m3, + m}s
+m (—m; —3m3 + s) + mit — st +mj(=3m +t) + 2miu)
+m3 for(i)(3my, — 4m7s + mj(6m}, — 2t) — bmt + st + t* + mj (2mé

+5m2 — 5 —t —u) — 2miu + tu) + for(i)(—mys + m2s®

— mit + 2m?2st
+m2t? + miu 4+ mitu — tPu — miu® + mi(—m2(3s +t) + tu)
+m3 (m 7(4m2 —u) + tu +m2(—s — 3t +u)))))
+£a(d, D) (fa(1, ))yme(mg for (i) + mgo for(4)) (m, — 2m%s +m (mg,
+3m; —t) — mit +m; (3m —u) —miu+ tu) + fa(l, i)(m%fOR(z)(mgl
+3m%, — t) + mgmgo for (i) (=m), +m3s + mZ (—mi — 3m3, + s) + mit
—st +my(=3m}, +t) + 2miu) + m? for(i)(3my — 4m3s + mi (6m} — 2t)
—5mit + st +t* + m? (2mg+5m — 5 —t—u)— 2miu + tu)
+for(i)(—mys + m2s® — myt + 2m2st + m2t2 + miu + mitu — t*u — miu®
+mi(—=m3(3s + 1) + tu) +mg (mg(4m3 — ) + tu +m3(—s — 3t +u)))))))
/(= mZo)(t —m7))

IT|” = TixTi+ > fe(i) fe(5) TaxTn + Y Tiux T + 2 Z fe(3)TixTn

2 2

+2 Z TixTin + 2 fe(7) TaxT (B21)
ij

ng — Y

The couplings are modified.

fa = —g2/V2(cosby(—Nyg — tan by, Nyy) + sin 6ymy / (my, cos 3)Nis)(e)
fs = —g2/V2(cosbymy/ (my cos 3)Nis + sin 6,(2 tan 6, Ni1))(e)
TxTy = (1/2)(2(4fafpmgme(—m} —mZ + 25+t +u) + fi(mg —my +my —3mjs
—mjt — su—mZ(mj +t+u)+m (2mi + s+t +u) + fa(mi —mj +my
—3mygs —mjt — su—mi(mg +t+u) +m; (2m; + s+t +u))))/(s — mi)’
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TuxTuy = (1/2)(=2(—=4fafemgme + fA(m3 +mj —t) + fa(m3 +mj —t))(m7 +1))
J(t —m3)?

TxTn = (1/2)(1/2(—=4fafsmzme(3ms — 3m371 —3m} —s—t+u)+ fi(—5mis + s>

2
X
—migt 4+t — miju —u® +mi (2m} — s+ 3t +u) +m3(—=8mZ + s —t + 5u))
+fr(=5mis + s> —mit +t* —mju — u® + mf;l(Qm? — s+ 3t+u)

+m;(—8m371 +s5—t+5u)))/((s —mp)(t — mi;l))
|T|? = ToxTi+ TixTy + 2TixTy (B22)

(yx — (h[H]

The s-channel 7 annihilation was neglected in [17] due to the small Yukawa coupling.
However, at large tan 3, these couplings are enhanced particularly for the h final state. The
t-channel ¢ exchange is now summed over [71 and ZQ. Also added is the neutralino u-channel
exchange.

I. s-channel ¢ annihilation

II. ¢t-channel 571,2 exchange

III. u-channel x; 234 exchange

fi = —gaemycosa/(2my, cos[3)
(1) = gam,((—=1/2 4 sin fy,) sin[— cos] (B + a) cos? 4,
— sin® 0y, sin[— cos](B 4 ) sin® ;) / cos Oy
+gamj sin[— cos|a/ (my cos §)
—gamy( Ay sin|— cos|a — p cos[sin]a) sin 8, cos 8,/ (my, cos 3)
f2(2) = gam,((1/2 — sin®6,,) sin[— cos| (5 + a)
— sin® Oy, sin[— cos](3 + ) cos O, sin 0,/ cos by,
—gomy( Ay sin|— cos|a — p cos[sin]a) cos(26,) /(2m.y, cos ()
= —g2/V2(cos By(—Niy — tan 6y, Ny ) + sin ymg/ (my, cos 3) Nis)
= —gg/\/i(— sin 0y(—Nyo — tan 6y, N;1) + cos Oymy/ (my, cos B)N;s)
= —gy/V2(cos Oymy/(myy, cos B)Nig + sin 0y(2 tan 6y, N1 ))
= —gg/\/i(— sin Oy /(my, cos 3) Niz + cos 0,(2 tan 6y, N;1))
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fer (i)

fer(i)

TixTy

TuxTy

TixTin

TixTn =

TixTin

G2/2((N13(Ni2 — Nig tanfy,) + Niz(Nig — Nyp tany,)) sina

+(N14(Nj2 — Njp tan0y,) + Nig(Nig — Npj tan6y,)) cos «)
92/2((Nig(N12 — Niitan ) + Niz(Nig — Nip tanéyy,)) sina

+(Nig(N12 — Nyp tan0y) + Nig(Ny2 — Ny tan6y,)) cos «)
1/2(fa(1,1)(2f5(1, Dymgme(mi +m7 +3mj +s —t — u)
+fa(1, 1) (m§ — mg +my + 3mis —mit +m3(5mf —t —u) — su
+mi (—4m; + s+t + ) + f5(1,1)(2fa(L1, )mgme(m3 +mi + 3mj + s
—t —u) + fp(1,1)(mg — mj +my + 3mis — mit +mi(5m; —t —u) — su
+mg (—dmg + s+t +w))))/(s — myp)?
1/2(fa(i, 1)(2f5(5, ymgme + fa(j, 1)(m3 +mg — 1))
+fp(0,1)(2fa(5, Vmgme + f5(5, 1) (m3 +mi —1)))/((t = mg ) (t —m7 )
1/2(fa(1,9)(f5(1, )me(fer(t)mgo(2for(F)mgmyo + fer(7)(m% — mi ) + u))
+fen(D)(2fer(i)mu + for(F)mso(ms — mj g +w)))
+fa(1, 7)) (fer(mgo(fer(5)mge(m3 +mi —t) + fer(j)mg(mg + mj
+2mg — s = 1)) + for(i)(for(i)msms (ms + mip + 2mg — s — )
+fon(G)(my — my g +mE(2mg — s — ) + (mj — s)u + mig (=2mj + s+t
+u))))) + fe(L 1) (fa(l, H)me(fer(D)mgo (2for(f)mgmse + for(i ) (m3 —miy
+u)) + fer(i)(2for(j)mgu + for(j)m 0(m2~ M )+ u)))
+ /8L, J)(for(@)mgo(fer(5)my O(m +m; —t) + fer( )mx(m +mh[H] +2m;
—s =) + for(i)(for(j)mgmy 0(m + i+ 2mi — s —t) + for(d)(my
— M) + My (2mg — s — 1) + (m — s)u+ mi (=2m + 5+t +u))))))
/((u— m?gg)(“ - mfgg))
1/2(f5(1, 1) (f5(6, me(2mi —m7 +mj + s —t) + fa(i, mg(m3 + m,
+4mi —t —u)) + fa(1,1)(fa(i, Dme(2mi —mj +mj + s — 1)
+fp(i, Dmg(m3 +mi, +4mi —t —u)))/((s —mg)(t —m7))
1/2((1/2) (fa(1, ) (2fa(1, Dmu(for(i)ymso (2m3 — md +mj + s —t)
+or(ms(mg — myg — 2m, + 2mg +u)) + fo(1, 1)(2fcr(i)mymgo (mg

64



TixT

71"

le — (A

s—l—mes s —7713;115—771%15—1—752

+mp +4mi —t —u) + for(i)(2my +mi
+m (2miy) + 2m7 + 6mi — s — 3t — ) +m7F u + 3miu — u® + mi (—2m;
—2m2 +s—t+u)))+ fB(l z)(QfB(l 1)

o(for(i)myg o(2m~ —m; _|_m£ +s

+fa(l, 1)(2fCL( )mxmxo(m —i—m +4m£ —t—u)+ for(i )(mez —l—mf;ls

+mis — s° —mi t —mit + 2+ m3(2miy + 2m3 + 6mj — s — 3t —u)
+mi u+ 3mju — u? + miy (—2m3 —2m; + s — t +u))))))

/(s = mi)(u — m3o))

1/2(fB(5, V)(fa(1, 1) (for(D)mgo(m3 +mi —t) + for(i)mg(m3 + mj
+2mg — s —t)) + fa(L, i)me(2fer(i)mgmgo + for(i)(m3 —mi iy + u)))
+fali, D (fa(L D) (For(Dmgo(m3 +mi —t) + for(iymg (m? +m} ) + 2m]
—s — 1)) + f(1, i)me(2for(D)ymgmgo + fer(i)(mi — miy + u))))

(= mi ) (u— m~o))

AT + Z fo(8) o () Tax T + > Tiux T + 2 Z fif2 () TixTy

2

+2 Z flTX']iH +2 Z f2() Tirx T (B23)

1. s-channel ¢ annihilation

IL. ¢-channel /, exchange

III. u-channel x; 234 exchange

fA 172

~.

=

2,
1

~.

&

2,i
fi
f2

for(d)

(1,7)
(2,17)
(1,7)
(2,17)

/B

—gg/\/i(cos 0¢(— Ny — tan 6y, Niy) + sin 0pmy / (my, cos ) Ny3)
—g2/V2(— sin 0,(—Nyy — tan 6, Niy) + cos ymy/ (my, cos 3)Nis)
—gg/\/_(cos G/ (myy cos B)Nis + sin 6,(2 tan 6y, N;1))
—g2/V/2(—sin Oymy/ (may, cos B) Nig + cos 0,(2 tan 6y, iz ))
—(g2me tan B)/(2my)

—gome/ (2ma)(As tam § — )

92/2((N;3(N12 — Ny tan 0y, ) + Nig(Nie — Nip tanfy,)) sin 5
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fer(i)

TixTy

TuxTh

Tirx T

TixTy =

TixTm =

—(Nig(N12 — Nyptan 8y ) + Nig(Nig — Ny tan 6y, )) cos )

—g2/2((Nig(Nia — Nyp tan 0y) + Niz(Nis — Nig tan 6y,.)) sin 3

—(N;4(N1g — Nyg tan6yy) + N1g(Njz — Ny tan6yy,)) cos 3)

1/2(fa(1,)(2fp(L D)mgme(=m3 —mi —mi + s+t +u)

+fa(L, 1) (=mg +mj —mg +mis + mit + su+ mi(—mj +t + u)

—mZ (s +t+u)) + fo(1,1)(2fa(L, \mgme(—m3 —mZ —mi + s+t +u)
+f5(1, 1) (=m} +m§ —mg +mps + mit + su+ mi(—mj +t +u)

—mj (s +t+u))))/(s —mj)?

1/2(fa(2,1)(2f5(2, ymgmye + fa(2,1)(m} +mj — 1))

+ (2, 1)(2fa(2, Dmgmye + f5(2,1)(m3 +mi —1)))/((t —m3)?)

1/2(fa(L,9)(f5(L, f)me(for(Dymgo (2fer () mgmso + for(f)(—=mi +m3 + u))
+fer(@)(2fer(i)mgu + for(f)mgo(—=mi +m3 + w)))

+fa(L, ) (fer(@)mso (fer(i)mgo (m3 +mi —t) + fer(j)msg(m? +mg + 2m;
—s — 1)) + fer()(for(i)mygmyo(m3 + m3 + 2mi — s —t) + for(5)(—m),
+mg +m3(2mg — s —t) + (m] — s)u+mi(=2mj + s+t +u)))))

+/B(L 1) (fa(l, J)me( for(i)mgo (2fcr(i)mymgo + fer(G)(=m3 +m3 +u))
+fer(@)2fer(i)mgu + for(i)mgo(—=mi +m3 + u)))

+f(1,5) (fer(Dmgo (for (5)mse (m3 +mi — t) + fer(5)ms(mi +mg + 2mj
—s— 1))+ fCR(i)(fCL(j)m;(m;(g(mi +mi +2mi —s —t) + fer(j)(—m],
+m +mi(2mi — s —t) + (mj — s)u+ mi(—2m; + s+t +u))))))

/((w = m3o)(u —mZ))

1/2(fa(1, D)(fa(2, V)me(—=mF —mi + s +t) + fp(2, D)mg(m3 +mi —t —u))
+fp(L, 1)(fa(2, Dme(mi +mi — s —t) + fa(2, mg(—=m3 —mi +1t+u)))
/((s =m)(t —mi))

1/2((1/2)(fa(1,9) (21, Dme(for (i)mge(mF, +m{ — s —t)

+fer(D)mg (3m? +m3 4+ 2m? + 2mj — 25 — 2t — u))

+fa(l, 1)(2fCL(i)m>~(m)~<?(mf~< + m%l —t—u) + for(i)(2m; + m?;ls +mgs
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2 2 2

—s" —mgt— mat + t* +mf~((2m§1 +2m; — s — 3t — u) —|—m371u —miu—u
+m’(2m3 — 2m7 +2mi + 5 — t +u))))

+fa(L ) (=2fa(1, )me(for(@ymgo (m3 +mi — s —t) + for(i)mg(3m5

+mf~< + 2m§~1 +2mp — 25 — 2t —u)) + fp(1, 1)(QfCR(i)7715(771)2?(—m?< — mi;l
+t+u) + for(i)(—2mf — m%ls —mps+ 8%+ mf;lt +mit —t* — mi;lu +miu
+u® —m? (2m} — 2m371 +2mf 4+ s —t+u)+ m?((—Qm?;l —2mj + s+ 3t

+u))))))/ (s = mg)(u — mo))

ToxTm = 1/2(f5(2, D) (f3(1,0)(fer(i)mgo (m% +mj — ) + for(i)mg(m% +m3 + 2m]
—s =) + fa(l,i)me(2fer(i)mgmgo + for(i)(=m3 +m3 +u)))
+fa(2, 1) (fa(1,9) (for(@)ymgo(m3 +mi —t) + for(i)ymg(m3 +m% + 2mf
—s —t)) + (L, i)me(2for(Dymgmgo + for(i)(—=m3 +m3 +u))))
/((t = mg,)(u — m3))

T1? = fTxT+ f{ToxTa + Z Trx}Tin + 2f1foTixTn + 2 Z J1TixTm
.3 i

+2 Z foTuxTmm (B24)

Appendix C: Chargino-Slepton Coannihilation

Below is the list of the amplitudes squared for chargino-slepton coannihilation. Note that,
for identical-particle final states, one needs to divide them by two when performing the

momentum integrations.

gl)%iF — vz

I. t-channel X(12) exchange

II. u-channel Z(LQ) exchange

. . AL L -
fie(i) = G—v—X CX1 -X; —Z
N L B
fizr(l) = Celfuﬁ;?; CXT—XT—Z
() = &, + Chx
O—ve—x; X1 —X; —Z
R R
@) = Gz Ct—sr-2

flRL [

firr(l) =
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for(i) =
for(i) =
TixTy =

TuxTy =

TixTn =

71 =

ZDH_ — U

Cx CL ~

O-Z—8; TX;—v—t;
Coot C5 0
(mg+ (3 fiee (1) (fror(i) + fire (i) mgrmz(m — 1)
g (fire () fire (7) (my + s(—miy +1) = mi(s +t —u))
+frer(i) fior(5) (my + 5(—mf~<1+ +1) —my(s +t—u))))
+ 1L (@) (3(fier(d) + flRL(j>)m>~(fm5(jm§(m%1 —t)
—2fioL(j)(—=mj t — myt —m>st + mot? + mitu — t*u
+m (2my — 2mit + st + ¢+ tu) + mi (mg, + tu —mg (s + 1+ u)))))
/(mz(mes — t)(—m?(; +1))
((for (@) f2r(4) + ng(i)ng(j))(mfﬁ —u)(my, + (m3 —u)?
—2mj (m, +w)))/(m3(—mZ + U)(—m%j +u))
(=2(f1zr(7) for(§) + flRL(j)f2R(i))m5(1+m5(].+ (m + m%l(?)mi —5) + su
—m3(s + 2t + ) + frr(5)(for (i) + for(9))(mp (s —t —u)
+(m2 —u)(—s* + 2+ mi(s —t —u) + u?)
+mi (—s® + 17 — su+ tu + 20 + 2m3 (s — t + u))
+m§(1+(2m;%1 — (m} —u)(=s+1t+u) —mi (2m7 — s+t +3u))))

[(@me(m3y — 1) (mG — u))

Z (TixTy + TuxTn + 2TxTy) (C1)

3

I. t-channel x; exchange

II. u-channel ¢, exchange

flL =
firn =
f2L =
for =
TixT; =

L C
-~ ~_ S+ _ o+
flfllgfxl X1 —X1 Y

CE ~ O _=—
li—ve—x; X1 X177
'~ ~ L _
41—41—7 foljlféi

R

S

(2(f%, + ffR)(m;f(;r — m%l — st — m%(6m§l — 5t 4 u) + mgl(s +t+u)))
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[(miy —t)?

TixTn = —2(f3, + far)(miy — w)(mf, +u)/(mf — u)*
TxTn = ((firfor + firfor)(—8° +* +u? —m (6m~ —3s — 3t +u)
+mg (s —t+3u)))/(2(mg; —t)(m; —U))
TP = TixTi + TiaxTn + 2Tx Ty (C2)

gl)%f - vh [VZH]
I. t-channel ;2 exchange
II. u-channel 7 2 exchange

- C£/ ~_ CL [ ve—% C~+ ~+ ]

7 =
flLL O—vi—X, X-1~_ X+*h X X1 —X;

hH

L
T Thvex; CXT X; —h

[C5
_CE L [
cF

~+ o+

flLRi —vp— Xz Xl =X; —H]

'”r St

- C=
G-ve—x; ~X{—X; —h G-vi—x; x1 -X; )

(2)
(1)
flRL(Z')
i) = CE,_o G o,
fa(i) = Cf ¢ OQL;—W—Z- [CF CE— _~.]
fri) = Cro, 7 CL_, 5 Chng CF 3]
TxTi = (mg(fio (D) (fier( )mx+( mi +1) +f1LL(j)m,~<].+(—mf~<1+ + u))
+firr() (frre (5)mgs (=mZ +1) + firr(j)my (= My +u)))
+fior(@) (fieo(F)my +MMg +( gl +t)+ fier(j)(m % —|—mf~(1+(2m3;1 — )
+st —mg (s +t+w))) + frre (D) (Frrr(i)mgsmgr (=mg, +1)
+fire(3) (g, +mis (2m7, — ) + st —mj (s +t +u))))
[((m3s =) (=m3s +1))
TixTn = (for(i) for(5) + for(i) for(4)) (M3 o U)/(—m’% "‘U)(—m’z +u)
TxTn = (fier(@) for(G)mygr (mf —t) + fire(9) far(5)mys (M7, — 1)
+(f1ee(@) for (j) + firr(i )f2R(j))m)zj(m?~(1+ - u))/((mij - t)(m»z —u))
717 = Y (TixTi + ToxTy + 27ixThy) (C3)
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Zlyd_ — 1, A

I. t-channel ;o exchange

II. u-channel /5 exchange

L CL, -

(i) = G-ve—X; X XA
fier(i) = ’zélfy,v,f;; gf—ij—A
firn(i) = CF o Co 5y
firr(i) = ngy,v,f;; Cgf—ﬁ—A
fo = Coai Cfl, g,
far = CZlfA![; 05;7%272
T = (g (oo rn(Dmg (=mf, +0) + fuun(Fmgs (—miy; +w)
+f1RR(i)(f1RL(j)my<;r(_m§1 +1)+ flRR(j)mx;r(_m?cf +u))
—f‘flLR(i)(flLL(j)mf(fm)Zj(_mgl +1) + flLR(j)(m%l + m%(ngl —t)
st —mZ (s + ¢+ ) + frrn () (Frari)mggm: (—m2 +1)
+f1RL(j)(m%1 + m%(Zm%l — 1)+ st = m?;l(s +ttu))
/(2 =), +1)
T = (far+ fon) (M3 —w)/(m, —w)?
TixTy = (flLR(z')fQLmﬂ (mi;1 —t) + f1RL(i)f2PLm>~(;r (m§71 — 1)+ (fie(d) for
+f1RR(i)f2R)m§<;f (m?(;r - U))/((mij - t)(mt% —u))
IT]? = > TixTi+ TuxTin + 2 Y TixTy
7 5
OxX{ — W+

I. s-channel v, annihilation

IT. t-channel X{, 5 5 4 exchange

Note the L-R switch for the neutralino couplings below.

_ L
flL = &*Vz*gf CuszfW'*‘
- (OF
flR - gl_ye_;c'l— VE—Z—WJ"
. _ R L
forn(i) = Celfefgg W—x; —x?
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(7) W=xi =X}
farn() = Gyl 50 Gz s
Ferr(i) = CF_, 5 05}-;;—;0
TxTt = 1/(mys*)(fir(mg (mf — s) +mis (=mj + 5) + s(=my, + (mf — s)u

+m? (s —t 4+ u)) + mﬁ(—QmW +2m2 s + (m7 — s)(t +u))
—i—m%l(QméV —2mi s — (mj —s)(s+t+u))))
TuxTn = (m;(o(me( i) (3 f2rr(J )m +m2 (m? - mf —t)
+mgo(6f20r(7)myg +mgm + forn(j)(m3, —|—m~+(m§ —8) + (—mj + s)t
—my (s +1t—u)))) + fQLL(])(3JC2LR(2)7”'"L>~<1+mw(m%1 —mj —t)
+ fore (1)mg(—2m, + 2m2t + t(m2 +mi —s—u)+ m%f(—ma —mj
+s +u))) + forr(i)(mgo (6f2r0 (5)my sy, + forr(5)(my, +m§1+(m§ — 5)
+(=mi + )t —mi (s +t —u)) + farr(f)me(=2my, + 2mit +t(m3 +m;
—s—u)+ mfﬁ( mi —mi +s+u)))) + forr (i) 3mygrm, (farr(j)my o(mz1
—mp — t) + 2forp(j)met) + fore(j)memy o(— 2my, + 2mit + t(mg + mj
_s—u)+m§1+( m?; mi + s +u) + forr(j)(2mimy, + mj = miyt
—QmEmz‘,t + mwt + mést + mwst - m%vt2 + mgtu — thu + t?u
—i—m%r(—m%l +my —tu—mi(s +u) +m3 (s +t+u)) —mj (2my,
—2mi,t +t(s +t +u)))) + forr(i)(3my +m > (farp(7)ms o(mz1 —m; —t)
+2forn(F)met) + forr(F)memgo (— 2my, + 2mi,t +t(m? +mi — s — u)
—i—m%r(—m%l —mp + s+ u) + forr(j)(2mimy, +m; = myt — 2mim?t
+mit +mist +m2 st —m> it + mitu — m2tu + t*u
—|—m2~+(—m4 +my —tu—mi(s+u) + mfyl(s +t+u))
—mj (2my, — 2mit +t(s +1 +u)))))
/(m5, (mo — t)(—mfgg +1))
TixTy = (flR(_QfQLL(j)mgfmé(m;%l +dmiy, —miys —mit —mt+ st
2

—i—ml;l(mz +4m?2, — s —t — 2u) —|—m%+(m2 +mi—s—u) —miu

=3myu+ su+ tu+u®) + 2meo (3 forr(j)mems, (mye —mg + s)
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+fare (j)my +(2m —I—m~+(m@ s) +mj; (m; —s) — 2mi,s — mjt + st
—m2u 4+ su)) + forr()(=5mim2,s — mb s +m? s> —mim2.t —mit
—2m? st—l—m t2—m (s—l—t—u)—l—mgm u -+ m u—i—mésu—i—m su
—s*u + mitu + m2 tu — t*u — mju® — 2m?u® + u’ +mﬁ((—2mg+s
+t — u)u+m}, (—s — 5t + u) + m; (4mg—|—8m —3s—t+u))
+m§;1(4mév+s + 25t + % + su + tu — 2u® + m7 (8m2, — s — 3t + u)
22, (5 + ¢+ )/ (2m3 s(my — 1)

IT)? = T><T+ZTI><TI+QZT><TI

i.j

hxi — (HT

I. s-channel v, annihilation
IT. t-channel X{, , 3,y exchange

Note the L-R switch for the neutralino couplings below.

fir = CZLl—w—QI Cop—t—m+
firn = Cg_w_;; Vot~ H+
fore(®) = CF_, 50 Criv 57 0
forr()) = Cfy 0 Chiv
fere(@) = Cf_y w0 O 55 50
forr()) = Oy 5 Ol 5 %
TxXT = (flR(m% —m%l—i—s(m?—t)—l—m%@mf—t—u)

+mg (=2mf + s+t +u)))/s’

ToxTn = (mgo(forr(D)(fore (F)mgs (—=mG +mi +1) — Mo (2forL(F)mysme
+forr(7) Mgy +mi —w)) + forr(i)me(2miy +mi +mi — s —u))
+for (D) (forr(F)mgs (—mi +mi +1t) —m~0(2f23R(J)m~+me
+harp(9)(mys +mi — ) + fore(J)me(2my +mf +mg — s —u)))
+farr(D)(forr ()mgrmyo(=mg +mj + 1) + my(— 2f2RL( Jmgit
+harr(7)mgo (2miy +mj +mi — s —w)) + farr(j)(mj, —myg +mjs
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(

+ forL

2m? — 2my —t) + st + mju —mi (s +t + u)))

Z)(]0231%( )m +m~q(—m2 +m§+t)+mg(—2f2LR(j)mil+t
+farr(3)my (2m +—|—m —|—m@—s—u))+ngL(j)(m;§l —m} +m2s
+mie (2mf = 2mi — 1) + st + mju —mj (s + +u))))

/((m;(@ - t)(—mfgo +1))

Tix<Thy (f1R(m O(fQRR( )me(m?q - gl +8) + forr(j )m +( ?ZT —|—m371
+2mp —t —u)) — fQLR(j)(mg1 + m)~< +( 37 +mj) + st
—l—m?;l(mg —s—t—u))+ fare(J)mgrme(— 2m)~<1+ —2mi +s+t+u)))
/(s(m3o = 1))
T2 TxT—i—ZTIxTI—l—QZTxTI (C6)
i.j
hxi — WLt

I. t-channel 7, exchange

fir li;zfif C@!er
Jir oz Coiow
Tt = ((—Ahefimggme + fip (mge +mi =)+ fig(ms; +mg — 1) (m,
+Hmy, — 1)* = 2mg (my, + 1))/ (my (m5, —1)°)
|T|2 TixTy (C7)
06Xy — H0F
X1 —

I. t-channel 7, exchange

flL =
flR =
Xy =
TP =

L
P G
R
—vp—x, CDﬁelf}H

(—4f1firmgyme + ffL(m?q +my —t) + f12R(m?dr +mg —1))/(t —mz,)?
TixTh (C8)
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lixy — (W™

I. t-channel X7, , 5 5 exchange

I1. u-channel v, exchange

Note the L-R switch for the couplings below.

R L
Ce —0—X° CW—XI—X?

CR CR ~
(X0 TW—x7 =X

cE , Ol
G—0-X0 TW=x7 =X}

cE , O
(X0 TW=x7 =X
R

v Gomiw

CeL Vi—x; O’Jgizlfw

(mf((.’(flRL( i) (3 firr(J)my +m (m? —mj —t)

+mgo (6 fir(7)mgymemy, + fire(5) (my, +miy (mg — s)

H(=mi + s)t —mi (s +t =) + fiee () (Bfirr(i)myrmy, (mG, —mi —t)
+ fire (1)me(—2m, + 2m2t + t(m%1 +mi — s —u)

—l—m2+( mg, —myg + s +w))) + firr(i)(mgo(6 firp(j)mys mems,

+fiLr() (e, +m (mf — ) + (=mj + )t — my (s +1 — u)))
+firr(f)me(=2my, +2mit + t(mg +mj — s — u)

i (—mi —mi + s+ u)))) + fire (i) Bmgrmi, (ier(i)mgo (mf, —mj
—t) 4 2 firr(J)met) + firo(j)mems o( 2my, + 2m2 t + t(mg1 +m; — s —u)
—i—m%r(—m%l —mp +s+u) + fin(j)(2mpmy, + m3 = myt
—2mim2t +mit +mist +m2 st — mZ 2 + mitu — mitu + t2u
—i—m%(—m%l +my —tu —mi(s+u) + m%l(s +t+u)— m%l(Zmév
—2mit+t(s+t+u))))+ flRR(i)(Smﬁm (firL()mgo(m mg —mj — 1)
+2 fioo(f)met) + fror(j)memy o( 2my, + 2m2 t + t(m~ +m; — s —u)
+m§zf(_m§1 —mi +s+u)) + firr(5)(2mimy, +mj t —myt
—2mIm?t + mht +mist +m2 st — mit: + mitu — mZtu + t2u

—i—m%r(—m;%l +my —tu—mi(s+u) + m?;l(s +t+u)— m?;l(ZméV
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=2my,t +t(s +t +u)))))/(my,(mGo — t)(—m?(g + 1))

TixTu = ((Afaformggme + f3,(m%s +mi —u) + fop(mis +mj —u))(my,
o, = u)? = 2m2, (m, + )/ (m, (m, — )

IxTn = (me(? (Fier())(farme(my, — 2m3,s + m§1(3m3V — 1) —myt
—i—m?dr (mf;l +3m2, — u) — miu + tu) + fngﬁ(—mév +ms
—i—m%l(—m? —3m?, + 8) + 2m2t +miu — su+mi(—3m2 +u)))
+ fire () (forme(my, — 2m?%s + m?;l(?)m%v —t) —mt+ m%r (mf;l + 3m2,
—u) — miu + tu) + ngmﬁ(—m;lV +m2s+ m%l (—=mj — 3m2, + s)

+2m2t + m2u — su+mj(—3m2, +u)))) + flLL(z’)(2]”23771)21+mg(m;%1

2

+2my, —mis —2mit + m%l (mj +m?, — s —2u) +m;(3m?, — u)

—3m?u+ su+u?) + for,(Bmimls +mb s —m2,s® +mimit —mit
+m2 2 + m%l(s —t —u) — mimiu — My — mysu — me,su + s°u
—mgtu + mytu — tPu + miu? + 2miu? — u® +mg (=s° + 17
+mi (—=8m2, + s+t —u) — su+ tu + 2u® + 2m? (s — t + u))
—l—m%r (2mj — (m3, — u)(—s +t + u) + my(—6m3, + 2u)
_ml%& (2m; +2m?, — s+t +3u)))) + flRR(i)(2]"2Lm)~<1+mg(m%1 + 2my,
—m2,s —2mit + mi;l (m7 +m2, — s —2u) +m;(3m2, —u) — 3miu + su
+u?) + for(5mim?2,s + miy, s — m2,s* + mimi,t — myt +mit
+mj (s —t —u) — mimi,u — myu —mpsu—my,su+ s*u — mjtu
+m? tu — t*u + miu® + 2mu® — ud + m%l (—s? 4t
+my (—=8m2, + s+t —u) — su+ tu + 2u® + 2m?, (s — t + u))
—i—m?dr(sz%l — (m2, —u)(=s +t+u) +mi(—6m? + 2u)
—m%l(Qm? +2m2, — s+t + 3u)))))/(2m3‘,(mi? —t)(m}, —u))

|T|2 = Z TixTy + ToxTy + 2 Z TixTy

,J %
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b1y — (H™

I. t-channel X7, , 5 5 exchange

I1. u-channel v, exchange

Note the L-R switch for the couplings below.

TuxTh
Tix<Thy

Cir 0 Oz 0
C o0 Cie 30
CZLJ %) Cﬁ*—xl -x?
O€L1 =9 034_;;7;?

ez Contions
OL

=vp—x7 C%!z}m

(mgo (= fire () (frr(d)mys: (mG —mi —t) +my 0(2f1LR( )y

+fire(7)(m3 o T mi — ) + fier(7)(fier(@D)mygs (=mg +mj +t)
+hre()me(2miy +mG +mi — s —u)) — firr(i)(my 0(2f1RL( ) rme
+hLr() (M +mi —u)) — firr(j)me(2myy +mj +mj — s —u)))
+ (D) (fier(F)mgmgo (=mi, +myg + 1) + me(=2f1rr(j)mgst
ke (§)mgo(2ms +mi +mi — s — ) + fir(§)(mg, — my +mjs

m? (2 } —2my —t) + st + mju —mi (s + 1+ u)))
+f1RR(Z)(f1RL( mgmgo(—=mi +myg + ) +me(=2firn(j)mest
+her(i)mgo(2mey +mi +mi — s =) + firr(j)(mg, —my +mjs
+m? +(2m —2my —t) + st + miju —mi (s +t +u))))
J((m3o = t)(=mZe +1))
(4for formgsme + fQQL(m?dF +my —u) + ng(m;f +mj —u))/(m3, —u)®
(mgo(f1or(0)(2f2rmgsme + fQL(m2~+ +mi —u)) + firo (i) (2farmgrme
+Hhar(mis +mi — ) + firr(i) (farmg: (mf, —mi — 1)
+farme(=2mis —mi —mi + s+ ) + frer (@) (farmgs (mf, —mj — 1)
+farmu(=2miy —mi —mi + s+ u)))

)

/(m2 — D)(m2, )
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IT1? = S TxT + TaxTi + 23 TixT (C10)

1,5 %

Appendix D: Neutralino-Sneutrino Coannihilation

Below is the list of the amplitudes squared for neutralino-sneutrino coannihilation. Note
that, for identical-particle final states, one needs to divide them by two when performing the

momentum integrations. Below, v refers to v ,.

vt — WW

. s-channel H annihilation
I1. s-channel h annihilation
ITI. u-channel €, exchange
IV. point interaction

V. s-channel Z annihilation

fi = CowwCi g
fo = Chow_wCr5
fa = (Cozw)?
fo = G owow

s = Cow_wC5_5_4

TxTi = (12m), —4mi s+ s)/(4mi, (s — m%)?)
ToxTy = (12m}, —4mi s+ s%)/(4ml, (s — m})?)
ToxTmn = (my + (my, —u)® = 2mZ(my, + u))?/(my, (uw —mg ) )?)
TovxTry = (12ml, —4m? s+ s)/(4m?)
ToxTy = (=32mim?, —24m® s + (> — u*)? — 8m, (s* — 2(t — u)® — s(t +u))

+2m2 (8 — 282(t +u) — 2(t — w)(t + u) — s(2 — 6tu + u?))
+4mi(16my, + (t — u)? +m?2 (=65 + 8(t + u)))

FAm2(24mS, — (t — u)*(t + u) + 4mik (s — 2(t + u)) + 2m? (—4tu
+s(t+u))))/ (dmi, (s —m3)?)
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TxTn = (12my, — dmi,s + 5%)/(dmy, (s — mig) (s —my))

TixTm = (6mS, + ma(6m2, — s) — su® + 2m2u(s + 2t +u) — mi, (5s + 4t + Su)
+2m2(10m?, + su— m2 (s + 2t + 4u)))/(2m (s — m%) (u — m2,))

TixTiy = —(12my, — 4mi s + %)/ (4my, (s — my))

TxTy = —((t —u)(16my, +m2(4m?2, —2s) + s(t +u) — 2m2,(2s +t +u)))
/(dmy, (s — miy) (s — m3))

ToxTm = (6mS, +ma(6m?2, — s) — su® + 2m2u(s + 2t +u) — my, (55 + 4t + Su)

V210, + su— 2 (5 + 24 + 4u))/(2m (5 — m2)(u - m2,))
TixTy = —(12my, — dmi,s + s7)/(4mi, (s — mj))
TaxTy = —((t —u)(16m}, + m2(4m?2, — 25) + s(t +u) — 2m2, (25 +t +u)))

/(43 (s — mj)(s —m3))
TaxTy = —(6mS, +m3(6m?2, — s) — su® + 2m2u(s + 2t +u) — my, (5s + 4t + Su)
+2m3 (10m;, + su — m? (s + 2t + 4u)))/(2my, (u — m2)))
TixTy = (Pu? —u' +2mE(8m?, —t +u) + 4mS, (s — t + u) + mj, (2% + 3¢
+4s(t — u) + 4tu — Tu?) + 2miu(s* — 2st — 2% + 2u?) — 2m32(8mS,
me, (4s + 5t — 5u) + u(t? + tu — 2u®) + m,(s* — 2st — 2> + 2su — Stu
+2u?)) + my (12 + dtu — 5u? + 4mi (s — 4(t +u))))

/(2my, (s —m3)(u—mz,))
TovxTy = ((t —u)(16my, +m2(4m?2, — 25) + s(t +u) — 2m2 (25 +t +u)))
[(dmy, (s —m3))

\7\2 = f1 TixTy + fg TuxTn + fg?']inx']iu + ff']ivx']iv + f527§/><7§/ + 2f1 foTixTy
+2 1 fsToxTimn + 2f1 faTix Ty + 2f1 f5TixX Ty + 2 fo fsTux T + 2 fo faTuxTry
+2fo fsTuxTy + 2 f3 faTinxTry + 2 fs fs Tinx Ty + 2 fa fsTrvxTy (D1)

vt — 27

I. s-channel H annihilation
II. s-channel A annihilation

ITI. u-channel 7 exchange
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IV. t-channel v exchange

V. point interaction

fi

f2

fs

Jfa

s

TixTy
TuxTy
T} T
TrvxTy
TyxTy
TixTn
TixTim

TixTry

TixTy
TuxTi

TuxTry

Tinx1y
TixTry

TiuxTy

Chu-z-2C5 5 n

Chz-2C5 5,

(Cs5_2)°

(Cs52)?

Crvzoz

(12m3 — 4m3s + 5%)/(4my (s — mi;)?)

12m} — 4m?s + s?)/(4m3(s — m})?)

my, + (m3 — u)® = 2mZ (m7 +u))*/(my (u — mg)?)
my, + (m3 — 1)* = 2my (m3 + 1))/ (m(t — my)?)

v

12m‘é — 4m§5 + 52)/(4m§(5 — mi,)(s — mi))

6mS + ms(6m2 — s) — su

1

2

+2miu(s + 2t +u) — m(5s 4 4t + 8u) + 2m2(10m? 4 su — m2(s + 2t
+4u)))/ (2m3(s — mi;) (u — m3))

(6mS + mi(6m% — s) — st® + 2mit(s + 2u +t) — my(5s + du + 8¢t)
+2mZ(10m7} + st — m2(s + 2u + 4t)))/(2m} (s — m3)(t — m2))
—(12m} — 4mis + s*)/(4mL(s — m%))

(6mS + m3(6m2 — s) — su® + 2m2u(s + 2t +u) — m(5s + 4t + 8u)
+2m2(10m7 + su — m2(s + 2t + 4u)))/(2m (s — m7)(u — m3))
(6mS 4+ ma(6m2 — s) — st* + 2m2t(s + 2u + t) — m}(5s + 4u + 8t)
+2m2(10m3 + st —m2(s + 2u +4t)))/(2m3 (s — m;) (t — m2))
—(12m}, — 4mZs + s*)/(4mL(s — m}))

(my +mj, +mZ(6m2 —t —u) +tu — m2(2s + t +u))?

J(m(t —m3)(u —mg))

—(6mS +mi(6m2 — s) — su® + 2miu(s + 2t +u) — my(5s + 4t + Su)

79



TivxTy

71"

vt — Zh

+2m2(10m}, + su — m2(s + 2t + 4u)))/(2m5,(u — m2))
—(6mS +mi(6m2 — 5) — st* 4+ 2m2t(s + 2u +t) — mL(5s + du + 8t)

+2m2(10m}, + st — m2(s + 2u + 4t)))/(2m5,(t — m32))

PTXT + f5ToxTi + f3TioxT + fiTvxTy + R ToxTy + 21 f2TixTh

21 fsTixTin + 2f1 faTixTry + 2f1 [5TxXTy + 2f2 fsTuxTm + 2 f2 faTuxTy

+2fo fsTuxTy + 2 f3 fuTinxTry + 2 fs fs Tinx Ty + 2 fa fsTrvxTy (D2)

[ZH]

I. s-channel Z annihilation

I1. t-channel 7 exchange

ITI. u-channel 7 exchange

S

f2

fs

TixTy
TuxTn
TirxTin
TixTh
TixTm
TuxTm

7|?

vt — Ah

Cs5zCh-z-2 Cs ~ ,Cy_z 7]
CGonCosy G Crrgl

Con G [Cn Co_z]

(—16mpmy, + dmys + (t —u)?)/(4m3(s — m3)?)
(my + (m — 1)* = 2m3(m3 + 1)) /(m3(t —m})?)
(m5 + (m%, —u)® = 2mp(m7, + )/ (m7 (u — m3)?)

—(t(t —u) + m3(=8m3 — t +u) + m3(2s — t +u))/(2m3 (s — mZ)(t — my))
—(u(u =) +mp(=8my — u+t) +m5(2s —u+1))/(2m5(s — m3)(u — my))
(—m% +mj +tu —m2(—6m2 +t +u) —m3(2s +t +u))

[ (m(u —m3)(t —mZ))

FITXT + f3TuxTu + f3TwxTin + 2f12TxT + 21 fsTixTin

+2 fo f3TixTin (D3)

[AH]

I. s-channel Z annihilation

fiir = G5 2Cz0-a (G55 2Cz-m-4
TxT = (t—u)?/(s —m3)?
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ot — ff

T = fTxT (D4)

I. s-channel Z annihilation

fo = G54 le—f—f
fr = CZ—Z—Z O]Zif—f
TxT = —(fi+ fa)(dmgs — 5"+ (t —u)*) /(s — m3)?
7" = TixT (D5)

For quarks |7|? is multiplied by 3 for color.

vt — tt

I. s-channel Z annihilation

II. s-channel h annihilation

II1. s-channel H annihilation

fic
flR
2

f3
TixTy

TuxTn
TinxTim
TixTn
TixTm
TuxTm
7|?

L
C; v—Z OZ—t—t

v—

R
s v—Z Cthft

v—

(@ Ch—t—t

v—v—h

Coom Ot
(=2m; (fie — fir)?s +4mz (2mi(fir — fir)* — (f7 + fir)s)

H(fip + fiR) (8" = (t = u)?)) /(s — m3)?

2(s — 4m7) /(s — mp)?

2(s — 4m7) /(s — m)?

—((fir + fir)2me(t —w))/((s — m3)(s —m}))

—((fir + fir)2mu(t — )/ ((s = m3)(s — mi;))

2(s — 4mg)/((s — m) (s — m3))

3(TixTi + f5 TuxTu + f3TuxTi + 2 f2TixTn + 2 f3Tix T

+2fa f3TuxTm) (D6)
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vt — ee

I. s-channel Z annihilation

I1. t-channel charginos exchange

fir = G z05 ..
fin = G ,Ch .,
f(i) = (G’
TxTi = (—(fip + fip)(dmis — s* + (t —u)?)) /(s — m3)?
TuxTn = foi) f(5) (tu —mg) /((t = m)(t — m2+))
TixTn = ((1/2) fa(5) fi(dmis — s* + (t —u)®)) /((s — m3)(t — mfz;))
IT)? = TixTi+ )Y TuxTn +2Y TixTy (D7)

1,5 J
Ut — vu

1. s-channel Z annihilation

II. t-channel neutralinos exchange

fl - Ctyvf',;fz OZ—V—V

fi) = (Cy )
TxT; = (—4mis+s* —(t—u)?) /(s —m2)?
ToxTn = (=2mp + 2tu)/((t — mﬁg)(t — m?(?))
TxTy = —(1/2)(—dmis + 5 — <t — W) /(s — mE)(t — m))
T* = f1TXT+Zf2 IXTI+22f1f2 (¢)TixTry (D8)
vt — WHTH™

I. s-channel H annihilation
II. s-channel A annihilation

ITI. t-channel e, exchange
fir = Cu_win-Cy 5y
fo = Chwrong-Cr 5y
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3
TixTy

TuxTh

Tinnx T
TixTn

TixTi

TixT

71”

Coar-w Coz—n+

(m4 -9 2 9 2 7 2 4 -9 2 2 2
H+ mH+( m; +Tmy, +s —t u)+( mz +mi, 5—|—t—|—u))

J(mi, (s —mi;)?)

(m4 -9 2 9 2 7 2 4 -9 2 2 2
H+ mH+( m; +Tmy, +s —t u)+( mﬁg+mW 5—|—t—|—u))

[ (mi (s —mj)?)

(m + (mi, — )" = 2mg(my, + 1))/ (mi, (t = mZ,)?)

(s — 2m3s (2m2 +Tm2, + 5 —t —u) + (=2m3 + m2, — s+t +u)?)

J(4mi (s —mi;) (s —my))

(2my + my,

—m2 s —2mZt — st +t* + my. (—m2 — 3m?, +t)
+mZ(m2, + s — 3t —u) + miu+tu)/(2m? (s — m3)(t — 3L))
)

(2m3 4+ mi —m2 s —2m2 t — st +t* + m%. (—m2 — 3m?, +t

+mZ(m2, + s — 3t —u) + miu+tu)/(2m? (s — mi)(t — ))
f127i><7i + f227h><7h + f3271n><7}11 + 2f1 foTixT + 2f1 f3TixTm
+2fo fsTixTim (D9)

vv* — HTH™

I. s-channel H annihilation

II. s-channel h annihilation

[II. t-channel e, exchange

IV. point interaction

i = Co_proun- G5y
foo = Chopyr—n-Cy gy
f3 = (C~ er— H+)2
fo = G pin-

TixTi = 1/(s—my)?

ToxTn = 1/(s—mj)’
TiuxTme = 1/(t— mgL)Q
TvxTy = 1
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(D10)

TixTy = 1/((s —mj)(s —mj))
TixTm = 1/((s —m3)(t —mZ,))
TixTy = —1/(s —mi)

TixTm = 1/((s —my)(t —mg,))

TuxTy = —1/(s—mj,

TixTy = —1/(t— mgL)

T = fITXT + f3T0x<To + fiTimx<Tu + fiTvx<Tiy + 2f1 2 TxTyy
+2f1[3TxTin + 2 f1faTixTy + 2 fa f3Tux T + 2 fo faTnxX Ty
+2f3 faTinxTrv

oot — HH [hh] [hH]

1. s-channel H annihilation
II. s-channel h annihilation
[II. t-channel 7 exchange

IV. point interaction

fi = Coon-nCogiy [Cron-nCo5_y]
o= Con-nCosy [Chon-nCosp] [Cron—n
fs = Coow)?®  (Cooon)’] [Con Coonl
fo = Gonn (Coonn] [Coopil

XL = 1/(s —my)®

TuxTn = 1/(s —mj)?

TuxTm = 1/(t—m2)

TvxTy = 1

TixTn = 1/((s —m¥)(s —mi))

TixTin = 1/((s — m3)(t —m3))

TixTy = —1/(s —mj

TaxTm = 1/((s —mj)(t —m3))

ToixTy = —1/(s —mj
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TixTry
7)?

vt — AA

—1/(t = m3)

f127i><7i + f227h><7h + fg?']inx']in + ff']ivx']}v + 2f1 foTixTny
+2 1 fsToxTin + 2 f1 faTix Ty + 2 fo fsTux T + 2 fo faTuxTry

+2 f5 faTixTry

I. s-channel H annihilation

II. s-channel A annihilation

III. point interaction

fi

f2

fs

TixTy
TuxTn
TinxTm
TixTh
TixTi
TixTm
71”

oot — AZ

Cs —H C’H—A—A

v—

Cs 51 Ch_a—a

v—

f127i><7i + f227h><7h + fg?']inx']hl + 2f1 foTixT + 2f1 f3TixTm

+2 fo fsTuxTm

1. s-channel H annihilation

II. s-channel h annihilation

fH =
fo =
TixT; =

v CH-z-2

> 5 nCh-z-2a

(m% —2m%(2m2 +Tm2 + s —t —u) + (=2m2 +m2 — s+t +u)?)

/(4m (s — mi;)?)
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ToxTi = (mh —2m%(2m2 + Tm2 +s —t —u) + (—2m2 +m2 — s+t +u)?)

J(Amiz(s —mj)?)

TxTy = (m% —2mA(2m2 +Tm2 +s—t—u)+ (=2m2 +m2 — s+t +u)?)
(A (s = ) (s — m2)
TP = fTxT + [ TaxTi + 251 fTix Ty (D13)
VU — VUV
I. t-channel neutralino exchange

1. u-channel neutralino exchange

@) = (Coipoo)?
TxTi = (2smygmyo)/((t — m3o)(t — m3o))
TuxTn = (2s migmx?)/((u — m?(g)(u — m?(g))
(

zmlz@wwww@—@mWwﬁn

‘T|2 = Z f (TXT + TIXTI + QTXTI) (D14)

XU — vZ4

1. s-channel v annihilation
I1. t-channel v exchange

ITI. u-channel neutralino exchange

h= G 50,0z

o= GG
fu(D) = Co -, Cr oz
fsr(i) = Chp Cfb_m_
TixTy = (1/2)(1/m2)(mys —mys + s(—my — st +m5 (s +t — u))
(2my — 2mis + s(t + w)) + my(2m; — 2mGs + s(s +t +u)))/(s)*
ToxTn = (1/2)(m} —t)(mg + (m}, — t)* = 2mZ(m3 + 1))/ (m3(t — m3)?)
ToxTm = (1/2)(=1)(mygo f52.(0)(3(=mg)m3 fsr(j)(—mg —m3 + s + 1)
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+mgo f51.(7) (Mg + s(=m3 + u) —mi(s — t +u)))
+f3R(i>(_3(_m§2)m)2?mif3L(j) —m$ fsr(j)

+3(=mg)mgomy f51.(j)(=m + s+ t) + m3 fsr(j) (=2m} + 5+t + 2u)
+f3r(5)(2mS + 2m2su + tu® — 2mi(s +t +u))

+m3 fsr(5) (m +mZ (s +t 4+ u) — u(s + 2t + u))))

/(3 (u—mZ) (u — m3o))

TxTn = (1/2)(=1/(2m2))(my(s +t —u) + (m% —t)(=5* — t* + mi(s +t — u) + u?)
+m(—s* — st — 262 + 2m7 (s — t — u) + tu + u*) + mi(m5(—s + t — 5u)
+mg(8my — s+t —u) +t(s —t+u)))/(s(t —m7))

TixTm = (1/2)(1/(2m3))(=2(=m3)myo fsr (5)s — m3 fsr(i)(s + 1 — )
+2(=mg)mgo fsr(7) (2my — 2mGs + s(=mj +t + u))
+m2 f3r(5)(8° + 25t + ¢* + su+ tu — 2u® + m3(8m — 3s — t + u)

—m3 (55 +t + 3u)) + far(5)(—4ms +m3(4m3 — 4m3 (s +t) + (s +t — u)u)
—u(s® + % —u?) + mi(4s® + (t —uw)u+ s(4t +u))))/(s(u — m?(?))

TixTm = (1/2)(1/m3)(m3 far(7)(mg + 3m3 — t) + (=mg)mgo f51.(7) (my +mZ(3m, — s)
st —mi (s +t+2u)) + m3 fsr(§)(3my + mp(5m}, — s — t —u)
+t(s +t+u) —m>(4s + 5t + 2u)) + far(j)(—mi(s +t —u) — t*u
+m2 (8% + 2st + t* + tu — u®) + m2(tu + mi(—s — 3t +u))))
/(¢ = m3)(u = m3o))

T? = [T+ [{ToxTa + Y TinxTi + 21 foTixTn

2
+2>  (ATxTin + foTuxTim) (D15)

J
XU — eW™

1. s-channel v annihilation
II. t-channel € exchange

ITI. u-channel chargino exchange
fl = Czlfefw C’];—;?—y
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TixTn

TixTi

TixT

Cs = CL

v—e—W Ve, —X0—e

Cs = CE

v—e—W e; ;l—e

Cs v Ch

v=x; —e “XV-X;

C~ ~+ C 0

(1/2)(mgs — m‘;s + s(—my, — st +m3, (s +t — u)) — m3(2my, — 2ms,s
+s(t +u)) +mZ(2ms, —2m2,s +s(s +t+u)))/(m2s?)

(1/2)((far(i) f2r(4) + for. (D) for.(5)) (M3 — t)(my + (m, —t)?

—2m3(my, +1)))/(my, (t —mZ)(t —m?,))

(=1/2)((fsr(D)mgs (3(=mg)m3, f3r(5) (—m3 — mg, + s + 1)

g fsr (] ) (my, + s(—m3 +u) —m? (s —t +u)))

+f3r()(=3(—mg) m)”(;'m?/vfiSL(j) —mS far(j)

+3(=mg)myemy, fsp(7)(=my, + 5 + 1) + mg fsr(5)(=2my, + s+t + 2u)
+f3r(5)(2mS, + 2m? su + tu® — 2m (s +t +u))

+m? f3r(5) (my, +m? (s +t +u) — u(s + 2t + u)))))
/(mw(u—mx;)(u—m@))

(=1/2)(far(5)(mp(s +t — w) + (my, — t)(=s* = 2+ my (s +t —u) + u?)
+m(—s” — st — 2%+ 2m2, (s — t — ) + tu + u”) + mi(m2,(—s + t — 5u)
+m(8my, — s+t —u) +1(s — t +u))))/(2mi,s(t —m?))
(1/2)((—=2(=mg)’m +f3L( )5—m fsr(G)(s +1—wu)

+2(—m)~<)m~+f3L( (2my, — 2m2 s + s(—mZ +t +u))

+m2 fsr(§)(s* + 25t + t* + su + tu — 2u® + mj(8my, — 3s — t + u)

—m?2, (55 +t + 3u)) + fprj(—dms s +m2(4m?, — 4m? (s +t)

+(s+t —uwu) —u(s* + 2 —u?) +m2 (4s* + (t — u)u + s(4t + u)))))
/(2mi,s(u — m2+))

(1/2)(for(0)(m3 far(5) (m + 3m5, —t) + (=mg)m LAY ) (miy, 4 mi(3m,
—5) + st —my, (s + t + 2u)) + m3 f3r(§) (3my, +m3(5my, — s —t —u)
+t(s 4+t +u) —m2, (4s + 5t + 2u)) + fsr(f)(—mi, (s +t — u) — t?u
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+m?2, (8% + 2st + % + tu — u?) + mi(tu + m2,(—s — 3t + u)))))

J (i (¢ =m2)(u = m?)
TP = FTxT 4 Y ToxTa+ Y TxTn + 24, 2 TxTu+ 21 3 TixTin

2 2

+2)  TuxTm (D16)
1,J

XU — hv  [Hv]

I. t-channel neutralino exchange

I1. u-channel v exchange

flL(/L.) — O CL ?7}1 [O CL ?7H]

v— leu v— X —v
hr() = Ci o Co oo [Cozo CRh_50-pl
fo= G o, G [Cixo 0'177'177H]

TixTi = (1/2)(fir(t)myo(fir(j)m (mfz —u) + fi(7) (=mg)(=mi — mp i + 5+ u))
+f1.(0) (fir(j) (—mg)m (—m?( — M) + 5+ 1)
+fiL(3)(m§ = iy — st — mi(s +u) + myg(s +t+u))))
(¢~ mg)(t - mZy))
ToxTn = (1/2)(m — u)/(u—mg)?

(
(y

v

TixTn = (1/2)(fir(i)mgo(mi — ) + fro(i)(—=mg)(=m3 — mj ) + s + u))

/((t = m3o)(u —m3))
IT]? = ZTXT+fQTleI+QZfQTxTI (D17)

i,j
YU — Av
I. t-channel neutralino exchange

fL(Z) = CV Xl_V CL ?—A
fR(Z) = Cu x{—v OR x0-A
TxTi = (1/2)(fr(i)mgo(fr(i)mgo(m3 — w) + f1(j)(=mg)(=m3 — m3 + s + u))

+fL( N(fRG) (=mg)mgo(—=m3 —m3 + 5 +u) + fr(j)(mg —mj, — st —mi(s +u)



TP = Y TixTh (D18)

i
YU — eH™

I. t-channel chargino exchange

I1. u-channel €, exchange

(7) X§—x; —H*
far(i) = Ch ¢ g+
fur(i) = O;{gite
fur(i) = C;B_;j_e

fo = Copo e Coop

TixTi = (1/2)(f1or(i) for(G) (M3 frar (1) fan () — mirs fian (6) fraz (5)
—(_mx)g(mgjflaL(i)flaR(j) + Mgt frar(3) f1ar (7)) = f1ar (i) fraz (7) st
—(=mx)(mg+ frar(0) frar (7) + mgjflaL(j)flaR(i))(m%H —s5—u)

Mg+ Mg frar () frar (D) + m3ps fran (@) fran () (s + t + )
+m§(m>~<i+m;<j+f1a3(j)f1afz(i) — frarn(i) frar(5) (s +u)))) /(¢ — m?(j)(t - mij))
ToxTn = (1/2)(m} —u)/(u—m,)*

TixTn = (1/2)(fuor(0)(=(=m5)° frar (0) + mims frar(i) — mg frar(i)u
() )+ 3+ /(i) — i, )

TP = Y TxTi+ [ TixTn +2f ) TxT (D19)

1,J %

ﬁeﬁ; — I/GDM

I. t-channel neutralino exchange

f@) = (Copo)?
T = f(i)f(5)(=2my + 2tu) [((t — m3o)(t — m3o))

TP = Y TixTh (D20)

Z'7j
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. _
VelV;, — €]l

I. t-channel charginos exchange

f@) = (Cogpl)?
TxT, = f(i)f(j)(tu—mé)/((t—m%)(t—m?{;))
T]? = > TxT (D21)

Vely — Vel

I. t-channel neutralino exchange

f@) = (Cozpo)?
TxTy = f(i)f(j)(2s mgomgo)/((t — m3o)(t — m3o0))
IT|? = TixTh (D22)
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