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1 Introduction

Increasing precision in the calculation of sparticle effects is an important part of theoretical
preparation for the LHC. Much of this work has concentrated on the mSUGRA scenario,
where it is assumed that the unification of gauge couplings at high energies is accompanied
by a corresponding unification in both the soft supersymmetry-breaking ¢*¢ scalar masses
and the gaugino masses: and also that the cubic scalar ¢> interactions are of the same form
as the Yukawa couplings and related to them by a common constant of proportionality,
the A parameter.

Anomaly mediation (AMSB) [1]-[16] as the main source of supersymmetry breaking
is an attractive alternative to the mSUGRA paradigm. In AMSB, the ¢*¢ masses, ¢°
couplings and gaugino masses are all determined by the appropriate power of the grav-
itino mass multiplied by perturbatively calculable functions of the dimensionless couplings
of the underlying supersymmetric theory. Moreover these functions are renormalisation



group (RG) invariant, and the AMSB predictions are thus ultraviolet insensitive [8]. Un-
fortunately the theory in its simplest form leads to tachyonic sleptons and thus fails to
accommodate the usual electroweak vacuum state. There are many different successful
approaches which fix this problem, however.

There have been a number of studies of the sparticle spectrum in the AMSB context
but these have generally been carried out in the approximation whereby third-generation
Yukawa couplings only are retained. In this paper we consider flavour physics in the AMSB
context; aspects of this were considered in ref. [5] for the b — sy process, but there has
been considerable progress both on the experimental and theoretical side since then. We
will also show how AMSB satisfies the requirements of the principle of Minimal Flavour
Violation (MFV) [17]-[20]. Moreover, we will show that specific to AMSB there is a natural
suppression of flavour changing neutral current (FCNC) effects related to the size of the
top quark Yukawa coupling at the electroweak scale.

We consider in some detail the critical calculation of the B — X v branching ratio,
taking into account inter-generational squark mixing. We show that for positive Higgs
mass term u the dependence of BR(B — Xgv) on tan 3, the ratio of the two Higgs vacuum
expectation values, is positively dramatic, because the charged Higgs mass has a minimum
for large tan 3 in the class of AMSB models we are treating. As a result, for u > 0, B — X
constrains tan 8 to be relatively low; we nevertheless show that within AMSB models it
is possible for the supersymmetric contribution to account for the current discrepancy
between theory and experiment for the muon anomalous magnetic moment. We further
analyse leptonic Bs — pup and B — 7v decays within AMSB. For B; — up we take
into account the full flavour structure of the squark sector and include both chargino and
gluino contributions. Despite AMSB being MFV, the gluino contributions induced by
inter-generational down-squark mixing turn out to be significant. We show that current
data on the leptonic modes are beginning to probe the y < 0 branch. Once higher statistics
become available these decays could provide decisive constraints on the parameter space.

The plan of the paper is as follows: In section 2 we review AMSB and squark flavour
violation in minimal supersymmetric models. We present in section 3 analytical results for
the AMSB soft terms with full generational structure, showing thereby how AMSB fulfils
the MFV principle. We also assess the effect on the squark mass spectrum of a number
of solutions to the tachyonic slepton problem. In section 4 we give numerical estimates
for the size of the flavour-mixing entries of the squark mass matrices. We further evaluate
the constraints from the B — X v decay, work out implications for leptonic B-decay
observables in AMSB and comment on the anomalous magnetic moment of the muon. In
section 5 we conclude. In appendix A we provide details on the numerical computation of
the squark flavour-mixing parameters.

2 Generalities

We review AMSB in section 2.1 and general squark flavour violation within the MSSM in
section 2.2.



2.1 Anomaly mediated supersymmetry breaking

For completeness and to establish notation, let us recapitulate some standard results for
the general case. We take an N/ = 1 supersymmetric gauge theory with gauge group II,G,
and with superpotential

1 . 1 .
W(CI)) = EY”k(I)Z‘(I)j‘I)k + §,U,U‘I>iq>j. (2.1)
We also include the soft supersymmetry-breaking terms
2\j i L ik L 1
‘Csoft = _(m ) Z¢ ij - éh ¢l¢]¢k + §b QSZQS] + EMa)\a)\a + h.c. ’ (22)

where we denote by ¢ the scalar component of the superfield ® and ¢' = (¢;)*. Here M,
are the gaugino masses and h, b and m? are the standard soft supersymmetry-breaking
scalar terms.

The following set of results for soft supersymmetry-breaking terms are characteristic
of AMSB and are RG invariant [4]:

M, = m3/2ﬂga/9a, (2.3a)

hF = —mg 87", (2.3b)

() = S i, (2.30)
i

bl = /img/Q,uij — mg/QﬂLj. (2.3d)

where Wij is the chiral superfield anomalous dimension matrix, and (3,,, By are the (-
functions for the gauge and Yukawa couplings, respectively. [y is given by

S R AT G G (24)
and 3, by a similar expression. At one loop we have

167> 30 = g5 [T(Ra) = 3C(Ga)] (2.59)
1629 = SY Y — 23 T gA[C(Ra)]'j. (2.5b)

Here R, is the group representation for G, acting on the chiral fields, C'(R,) the corre-
sponding quadratic Casimir and T(R,) = (ro) 'Tr[C(R4)] , 7o being the dimension of
G,. For the adjoint representation, C'(R,) = C(Gq)I,, where I, is the r4 X r, unit ma-
trix. Obviously if the gauge group has an abelian factor, G say, with hypercharge matrix
Vi = V6%, then T(Ry) = Tr[Y?], [C(Ry)]"; = (¥?); and C(Gy) = 0.

As we indicated in the introduction, eq. (2.3c) is unrealistic for the sleptons; most
phenomenology has been done by replacing it (at the GUT scale) with

2y _ 1 d_; i
(m2)'; = gm?,’puﬁw j+mgst, (2.6)



that is, by introducing a common scalar mass for the chiral super multiplets. We will call
this model mAMSB in what follows. There have been a number of alternative approaches
to the problem; for a discussion see in particular ref. [2], and for the phenomenology of
deflected anomaly mediation see ref. [6].

One approach, first explored in detail in ref. [7], and subsequently by a number of
authors [8]-[13], is to replace eq. (2.3c) with

(%)’ = %mg/ﬂi%’ﬁ +£Vid'5, (2.7)
where ¢ is a constant (with dimensions of mass?) and ); are charges corresponding to
a U(1) symmetry of the theory. The &) term corresponds in form to a Fayet-Iliopoulos
(FI) D-term. This alternative has the advantage that it does not require us to postulate
an independent source of supersymmetry breaking characterised by m%; the new term in
eq. (2.7) can be derived in a natural way via the spontaneous breaking of a U(1) symmetry
at high energies [14, 15].

For a discussion of how eq. (2.7) affects the RG invariance of the AMSB expressions
see ref. [16]. The outcome is that if we work at a specific renormalisation scale (such as
Mgysy) throughout, then we may use eq. (2.7), with a specific value of £, as long as the
U(1) represented by the charges ) has no mixed anomalies with the SM gauge group.

An example of a way to provide a viable solution to this slepton problem but retain
eq. (2.3¢) unaltered is to introduce R-parity violating leptonic interactions, which provide
positive sleptonic (mass)? contributions [21].

Most applications of AMSB to the minimal supersymmetric standard model (MSSM)
and variants have employed eq. (2.3a), (2.3b) and eq. (2.6) or (2.7), and determined the
Higgs B parameter (along with the p term) by the minimisation of the scalar potential.
This reflects the fact that the form of the B-term is more model dependent than the other
soft breaking terms; for a recent discussion see ref. [15]. In fact eq. (2.3d) (with the arbitrary
parameter k) is the most general form consistent with RG invariance of the AMSB form
of soft supersymmetry breaking.

The MSSM (with right-handed neutrino superfields ) admits two independent,
generation-blind and anomaly-free U(1) symmetries, one of which is of course U(1)y; it
is convenient for our purposes to parameterise them with the lepton doublet and singlet
charges. The possible charge assignments are shown in table 1; we will call the additional
symmetry U(1) in what follows. Note that in the effective theory below the scale of the
right-handed neutrino mass U(1)" has no mixed anomalies with the SM gauge group.

Alternatively, by introducing an additional SM gauge singlet N per generation, appro-
priately charged under the U(1) symmetry, and completing the two Higgs multiplets to a
5 and a 5 (per generation) we can have a charge assignment that is compatible with grand
unification to SU(5) x U(1) (see table 2). When we assess this possibility we will assume
that only one pair of Higgs doublets (and no Higgs triplets) survive in the effective field
theory below unification. So this case differs from the U(1)" case in that the U(1)gys) is
anomalous in the low-energy theory; this will affect the discussion of the RG invariance of
the soft terms in what follows.



Q U D H1 H2 v

—iL —e—2L e+3L —e—L e+L -2L-—ce¢

Table 1. Anomaly-free U(1)’ charges for arbitrary lepton doublet and singlet charges L and e
respectively. U(1)y corresponds to L = —1/2 and e = 1. 7 is a SM gauge singlet.

QU D v H, H, N

e L 22—L -2 —e—L L+ 3e

Table 2. Anomaly-free U(1)gu(s) charges for arbitrary lepton doublet and singlet charges (L and
e respectively) compatible with SU(5) x U(1). N, 7 are SM gauge singlets.

2.2 Flavour structure of the MISSM Lagrangian

The quark chiral superfields of the MSSM have the following Gey = SU(3). x SU(2), X
U(1)y quantum numbers in the SLHA2 [22] conventions, which we adopt:

1 _ /o2 _ /1
Q:<3,2,6>, U:<3,1,—§>, D:<3,1,§>, (2.8)

and the superpotential of the MSSM is written as
Wq = €ab {Q? (Yp)ij HY Dj + LY (Y)ij Hi Ej + QF (Yu)y; H3 Uj — nH{ H3 | . (2.9)

Throughout this section, we denote SU(2);, fundamental representation indices by a,b =
1,2 and the generation indices by i,7 = 1,2, 3. e = € is the totally antisymmetric tensor,
with €19 = 1. The SU(3) colour indices are suppressed. All MSSM running parameters are
in the DR scheme [23]. We now tabulate the notation of the relevant soft supersymmetry

(SUSY) breaking parameters. The squark trilinear scalar interaction potential is
Vs = €w |QY, (Tp)ij djr HY + QY (Tu)sj Wz HY| + hec., (2.10)

where fields with a tilde are the scalar components of the superfield with the identical
capital letter. Note that the electric charges of g, dr are +2/3 and -1/3 respectively. The
squark bilinear SUSY-breaking terms are contained in the potential

Vo = QiLa (m)ij Q%r, + @ir (m3)i; Wi + dir (m2)i; dip. (2.11)

Egs. (2.9)—(2.11) are in the basis of flavour eigenstates. To discuss flavour violation
we need to work in the so-called super-CKM basis, where the quark mass matrices are



diagonal and the squarks are rotated parallel to their fermionic partners. We choose the
following convention for the Yukawa couplings and for the CKM matrix V:

Yy = VTdiag( Ay, Aes Ar), Yp = diag(Ag, As, \p), (2.12)

where A\, denote the Yukawa couplings of the quarks in the mass eigenstate basis. Under
this convention the down-type SU(2)-doublet squarks and the singlets are already in the
super-CKM basis, while the up-type doublets need to be rotated. We define the 6 x 6 mass

matrices for the up-type and down-type squarks as
Lrss = — ol M2, — d) M3 0y, (2.13)

where ®, = (ir,¢r,tr, R, ér,tg)’ and &5 = (JL,éL,BL,JR,éR,BR)T. The mass
matrices read

m2 +m2+ Dyrr ”—QT[TJ—umucotﬁ

UL V2
M = : (2.14)
A~ % T
& Tu — p* my cot 3 m2" +m? + Dyrr
m%L—i—mfl—i—DdLL %Tl*)—,umdtanﬂ
M = : (2.15)

T
%Tg—,u*mdtanﬁ m% —|—m?l+DdRR

In the equations above, v; and vy are the vacuum expectation values (VEVs) of the two
Higgs doublets (with tan3 = va/v; and v = \/v? +v3 ~ 246 GeV), the matrices m,
(with ¢ = u,d) are the diagonal quark masses and D, rr are flavour-diagonal D-term

contributions. Furthermore, m%

5y = m%, and we introduced the 3 x 3 matrices

2
Q?

m2

5, =Vvmivt, Ty =15 V', (2.16)

accounting for the rotation of the up-type doublets to the super-CKM basis.

3 AMSB squark flavour

We derive and analyse the exact one-loop AMSB squark soft terms with the full three-
generational structure in section 3.1. We then go on to show how the soft terms are in
MFYV form in section 3.2. In section 3.3 we discuss the implications of various solutions to

the tachyonic slepton mass problem for the squark sector.



3.1 Fully flavoured squark mass boundary conditions

The one-loop anomalous dimensions for the quark and Higgs chiral superfields are easily
derived from eq. (2.5b) and are given by

(167274 = YuY! + YpY), — (;091 + 3g§ + §g3> (3.1a)
(167%)yy = 2Y, Yy — < 185 g+ 293> 1, (3.1b)
(167%)yp = 2YgYD — <12591 + §g3> (3.1c)
(1672)yg, = 3Tr (Y*YU) 130 2 ;gg, (3.1d)
(1672)yy, = 3Tt (Y},YD) +Tr <YETYE) . 1%91 ;’ a2, (3.1¢)

where 1 is the identity matrix in flavour space. The quark Yukawa (3 functions are

By, = Yuyu + ('yg +vm,)Yu,  Byp = YDpYD + (75 +vm,) YD, (3.2)

from which expressions we obtain using eq. (2.3c) the following leading-order results:

(1672)(m%)" 1, 3 13 16
Q 4 4 4 T T 2 2 2
= (—=¢*—Zgt+8¢% ) 1+ (vu Y [ 3Tr (Y Y, —3g2——
mgﬂ ( 5091 292+ 93> +(YuYy) ( r(YuYy)— 917923 93>
] ] 7 ¢ 2 16 5
+(YpYp) 3TT(YDY )+ Tr(YeYg) — 59 — 395 — 393
YUY DY) + Yoy Yoyl + 3(vu )2 4 3(vpY))?, (3.3a)
(1672)%2m2 88 g i f26 , 5 32,
W = |70t 893 ) 1+ (Y Yy) (6Tr(YyY)) — 1591 — 692 — 593
2V YpY vy + 6V V)2, (3.3b)
(167%)*m? ( 2 4 o >
- o5 = __gl g3
m§/2 25
14 32
+(Y} YD) <6Tr(YDYg) +2Tr(YEY)) — 1—59% — 693 — ggg>
12V YV vp 4+ 6(Y) vp)?, (3.3¢)
16721, 13 16
1A [(3Tr(YUYJ) — 70— 395 — —g§> 14 3YpY]!+ YDY[T,} Yi(3.3d)
m3/2 5 3
1672T 7 16
-~ L= [ <3T1“(YDY1:T)) + Te(YpYy)) — EQ% — 395 — §g§> 1
3/2

+Yu Y+ 3YDYIT)] Yp. (3.3¢)

The results agree in the dominant third-family flavour-conserving limit with the expressions
in ref. [3]. Note the presence in eq. (3.3a) of a YUYJ term. As remarked, for instance,



in ref. [19], such a term can lead to sizeable contributions to FCNC phenomena, if its
coefficient is of O(1). We will see presently, however, that squark flavour mixing in AMSB
is in fact naturally suppressed in the low-tan 3 region.

From the exact one-loop formulae for the squark soft terms in egs. (3.3a)—(3.3e) we
can derive relations displaying the flavour structure and suppression from the CKM matrix
elements V;; explicitly. In the approximation that we retain only the third-generation
Yukawa couplings we find

m3 11
(m%)ij = 2 [5”' (——gi‘ 58 —|-893> FVEVAZ(By, — A2)

(1672) 507t T 27
F0as By, — )+ NGV + )| B
2

ms o 88 .
(m3),; = m [5@‘ <—%91 + 893> + 2013030 (5& — A1 - \th\2)>] , (35)

m3 2 N
(%), = Toer [ ol +8gg) +26:80530F (B, — NE(1 = |th|2>)] . (3.6)
(Tv)y; = ~Gis s N [Vt (Br — +Ab5,3vtb} (3.7)
Tp). = 62\, [5ia(By, — A2) + A2V Vi 3.8
(Tp);; 3316 5 Ab | 033 5&; £)+ A ViV, (3.8)

Here, BAt and B)\b are defined through the beta functions of the top, BAt = 167206y, /A,
and bottom, ), = 16772@% /Ay, Yukawa couplings, respectively, with one-loop expression

in our approximation given as

B = 6N + A — Ci, (3.9)
By, = 6A2 + X2+ 27 — Oy, (3.10)
where
Cy = Egl + 393 + (3.11a)
15 3
Cp = 191 + 393 L8 (3.11b)
15 39

Note that BAA“B)\,) < 0 in the physical region. Incidentally, we remark that, when the
renormalisation scale approaches Mqyr, (m2)s33 turns negative as BA)\t in eq. (3.5) becomes
more strongly negative.

Finally, performing the rotation of the up-type squark doublets to the super-CKM
basis we find

, m3 11, 3, ., 24 2

HVa Vi AL (By, — AD) + AL (0is Vi Vi + 053Viu Vi) |, (3.12)

= ms3/2 P %
(i), = —dggeae [3is(Br = X) + MViiVa] - (3.13)



It is apparent from egs. (3.4)—(3.8) and egs. (3.12)—(3.13) that inter-generational squark
mixing is suppressed by the off-diagonal entries of the CKM matrix, and that 1-3 mixing
is smaller by one power of the Cabibbo angle with respect to 2-3 mixing.

Of particular interest is the low- to moderate-tan 8 region, i.e. A\, < A;. We see at
once that, in that case, all flavour violation in eqgs. (3.4)—(3.13) would be proportional to
B)\t. It is thus a remarkable feature specific to the AMSB soft terms that squark flavour
violation vanishes (at least for values of tan  where we may neglect \) as B)\t — 0, to the
extent that egs. (3.4)-(3.13) remain a good approximation at Msysy (as we shall discuss,
whether or not this is true depends on our resolution of the tachyonic slepton problem).
Moreover, the value of tan (8 for which B \, vanishes is close to the infrared quasi-fixed point
(IRQFP) for A;. If we neglect the electroweak gauge couplings, the IRQFP [24] can be
easily determined in the one-loop approximation; it corresponds to

7~ —1
A 7 [ (3(Mx)\?
Bm) 18 (1 <g§<mt>>> | (314

My being the scale of a Landau pole in ;. For Mx ~ 10'6 GeV, of the order of the gauge

unification scale, and including electroweak corrections, we find that the IRQFP occurs at
At(my) = 1.1, while ﬁAt vanishes for \;(m;) ~ 1.2. Through m; = \; v sin 8/v/2, we could
predict tan 3 by inserting the empirically measured top mass. However, the resulting
value of tan (3 is very sensitive to higher-order corrections, therefore we refrain from doing
so here. We instead estimate that for 1.0 < A (Mz) < 1.2 we are somewhere in the region
1 < tan 8 < 10.

So we conclude that, at small to moderate tan 3, flavour mixing in AMSB is quite
naturally suppressed, and resides in the mass matrix for the down-type squarks.

The MFV flavour mixing implies that the first- and second-generation squarks are
highly degenerate. Moreover, again specialising to low tan 3, we see that the down squarks
obey a 3 4+ 2 + 1 pattern, with three degenerate SU(2)-singlet squarks, two degenerate
doublet squarks and one SU(2)-doublet sbottom. The down-squark left-right mixing
vanishes in this approximation (A, — 0). The up-squark spectrum in AMSB is of the type
2+ 2+ 1+ 1: it contains the first-two-generation singlet and doublet squarks, and two
stops with left-right admixture.

The dominant third-family approximation in egs. (3.4)—(3.13) is accurate to the
per-mill level except in two cases: (m%L)u and (m%L)lg. Of these, the former is off by a
few tens of percent, due to a significant contribution which, albeit suppressed by (As/\p)?,
is enhanced by four inverse powers of the Cabibbo angle with respect to the contributions
in eq. (3.12):

2
m
2 My e N2 /anD 2 42
(AmUL)H ~ (1672)2 VusVe Xs (635 4325+ 4r = Cy) (3.15)

On the other hand, (m% )12 is accurate at the few-percent level.
L



3.2 AMSB and minimal flavour violation

The usual notion of MFV is that the source of all flavour violation stems from the Yukawa
matrices. This principle can be implemented to hold if the Lagrangian satisfies a global
SU(3)® flavour symmetry [17], under which the Yukawa matrices act as spurions and trans-
form non-trivially. Consequently, if we assume R-parity conservation, the MSSM soft scalar
masses such as, e.g., the squark masses, can be written in powers of Yukawa matrices as [18]

(m3)" = 211+ 24 YoV + 24 YY) + 2] (YuY)? + 24 (YpY}h) (3.16)
F(EYPY YoV 4 he) 4 -,

m2 = 214 2 YV + Y YY) Yy 4 2 (Ve 4 (3.17)

m2 =41+ VYp + 4 VYoV Yp + 2 (VD) 4+ (3.18)

where the ellipsis stands for terms involving higher powers of the Yukawa matrices.

By the use of Cayley-Hamilton identities, it has been shown in ref. [20] that the expan-
sion in eq. (3.16) terminates after a finite number of terms. It is further argued that, by
appropriately fine-tuning the coefficients z;, any 3 x 3 hermitian matrix can be cast in the
form of eq. (3.16). This means that all the MSSM parameter space could be considered as
MFV if one takes the spurion definition [18] at face value. Therefore, the decompositions
egs. (3.16)—(3.18) themselves are not restrictive unless we impose additional constraints,
such as controlled departure from flavour blindness,

€T
%SO(U Vi>2, z=u,d,q, (3.19)
1
suppressing large hierarchies among the coefficients.
From the one-loop results for the AMSB squark masses egs. (3.3a)—(3.3c) one can infer

the MFV expansion parameters:

A = % (—%gi‘ - ggé‘ +89§> : (3.20)
zd = % <3Tr(YUYJ) — 1—29? — 393 - ?g%) , (3.21)
7y = % <3TT(YDY1T7) + Tr(YY) — 1—759% — 395 — 1—369:»2,> : (3.22)
Zi5 = 325 = 3%, (3.23)
4 = % (—%gi‘ + 8g§> . A= % (—%gi‘ + 8g§> . (329
24 = 224, 24 = 224, (3.25)
2% =328 = 6%, 2§ =328 = 6%, (3.26)

where all other z;"d’q vanish. Note that z5 44 and z are negative, and that all of the z;' da

are real. Thus non-CKM CP-violating phases do not exist in this sector in AMSB. One

,10,
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Figure 1. Selected MFV ratios |z%?/2%%| in pure AMSB for tan 3 = 10 as a function of the
renormalisation scale ().

potential source for non-CKM CP-violating phases in AMSB models is a phase associated
with the Higgs 1 and B terms [5]; another is the right-handed neutrino Yukawa matrix.

In figure 1 we plot some such selected ratios |zzy’d’q /2

’d’q| as a function of the renor-
malisation scale (), which varies between My and Mgyr. We see an increase with the scale
in all the ratios, driven by the decrease of the flavour-blind contributions proportional to
zi"d’q towards the GUT scale. The suppression of flavour violation with decreasing scale in
the MSSM with general squark mixing has also been observed in refs. [19, 25].

The observed behaviour of the flavour coefficients z;"d’q in AMSB is different from other
common MFV MSSM models. While AMSB is nowhere flavour blind (except for, at small

tan 8, in the limit BAt — 0), both gauge mediation and (by construction) mSUGRA have
u,d,q
y i>1
u7 b u7 b
i1z
increase towards the weak scale. However, due to the automatic suppression by loop factors

flavour-diagonal sfermion masses at a certain high scale. In the latter models, the z
parameters are induced by renormalisation group evolution [26], and the ratios |z

(times logs) and the enhancement of the zi"d’q terms by the gaugino contributions, the ratios
u,d,q

| 2,27 /zf’d’q| remain small, in agreement with eq. (3.19).

3.3 Solutions to the tachyonic slepton problem

An example of a scenario which fixes the tachyonic slepton problem without disturbing
egs. (3.3a)—(3.3e) is provided by ref. [21], where the MSSM is augmented by the addition
to the superpotential of (non MFV) R-parity violating couplings of the form )\Z-jkLiLjEk.
These Yukawa couplings provide positive contributions to the slepton squared masses which
can be sufficiently large, while leaving egs. (3.3a)—(3.3¢) unaffected at the scale of the SUSY-
breaking terms, Mgysy. Other solutions to the tachyonic slepton problem in which only the
boundary conditions on the slepton masses themselves are modified will generally affect
the squark masses as well, modifying their renormalisation group evolution below the scale
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at which the additional slepton masses are switched on. However, the slepton masses enter

2

the one-loop (-functions for m=, m% and m?2 only via their contribution to the U(1)y

d
Fayet-Iliopoulos (FI) S-term [26] and consequently would have at most a small effect on
the running for these quantities.

On the other hand if we adopt the popular mAMSB solution of eq. (2.6) we must replace

méam%+m31, m

2

U

—m2+mil, mfz — mfz +ma1 (3.27)

in egs. (3.3a)—(3.3c) and apply the theoretical boundary condition at the gauge unification
scale Mgyr. The MSSM renormalisation group equations, which deviate from the pure
AMSB trajectory, must then be run down to the SUSY scale Mgygy in order to determine
the mass spectrum. Note that even a flavour-universal shift to the squark masses, such as
the one in eq. (3.27), affects the flavour-mixing mass parameters via the running between
Mcyr and Mgyey. For instance, the beta function for (m%L)ij (where ¢ # j) contains a

piece [26] (ﬂmé )ij = Zl(m%L)“VJ(?U)lQZWJ + -, where Yy is the diagonalised up-quark
Yukawa matrix% Thus, a change to the flavour-universal piece of the squark mass matrix
(m%L)ZZ induces a change in (m%L)U

With the U(1)-based solution of eq. (2.7) we should really distinguish the two alterna-
tives we consider. With the U(1)" model (table 1) we have

L 2 4
2 2 2 2 2 2
mQ—>mQ—§3.1, mﬂ—>mﬂ—§<e+§L>.1, md—>md+§<e+§L>.1. (3.28)

In this case the non-FI contributions to the masses retain RG invariance, in the sense
that applying eq. (3.28) at Mgyr with a given (€e,{L) pair corresponds to the same
physics as applying the same equation at Mgysy with a different pair. For example, with
mgz/o = 40 TeV and tan § = 10, and fixing for simplicity { = 1 TeV? at both scales, the
choice (e, L) = (0.25,0) at Mgy corresponds to (e, L) ~ (0.06,0.09) at Msysy. The rea-
son this does not correspond simply to a renormalisation of £ is that, as well as such a
renormalisation, a FI term associated with U(1)y is generated when we run down from
Mecyr. This FI term can be absorbed into the existing one by redefining L and e. For a
detailed discussion see section 4 and in particular eq. (3.17) of ref. [16]. The allowed region
in the (e, L) plane has been discussed in ref. [14], see figure 1 of that reference. With
mgzsy = 40 TeV and § = 1TeVZ2, one needs L > 0.03 and e 2> 0.04 (at Mgysy) to avoid
negative square masses for the slepton doublets and singlets, respectively, and it transpires
one also needs L 4+ e < 0.17 in order that the Higgs potential gives rise to the electroweak
vacuum. Thus, values of (e, L) of O(0.1) are viable.
With the alternative of U(1)gys) from table 2 we have

2 2 2 2 2 2
meg —>mQ+§e.1, mz — mg + Ee.1, m5 — ms+ L1, (3.29)

but in this case the non-FI contributions to the masses are not RG invariant because
the low energy theory has U(l)SU(5) anomalies, so we must again apply the theoretical

boundary condition at Mcyr and run the MSSM RGEs down to the weak scale. As
discussed in ref. [16], there are lower limits on L and e comparable to those found in the
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U(1)" case, but also a dramatic difference in that increasing (e, L) with L ~ e does not
lead to loss of the electroweak vacuum. The reason for this is that in this case the FI
contributions to the square masses of both Higgses are negative. Of course, increasing
(e, L) scales up the squark and slepton masses, \m%,l’Q] and hence the superpotential Higgs
mass parameter u, thus increasing the fine tuning known as the little hierarchy problem.

In all three cases we anticipate that, because of the flavour-blind nature of the modi-
fication of the scalar masses, our expectation that flavour violation will be suppressed at
low tan 8 will turn out to be true; it is clear, of course, that if we were to use a U(1)
with family-dependent charges in eq. (3.28) or eq. (3.29) we would compromise the MFV
structure and inevitably face FCNC problems [10].

4 Predictions of squark flavour violation

In order to quantify AMSB predictions for flavour violation, we use SOFTSUSY3. 0 [27], which
includes full three-family flavour mixing. We consider the range m3/, = 40—140TeV, where
the lightest supersymmetric particle mass is Mo ~ 130 — 520 GeV and the gluino mass is
mg = 800 — 3100 GeV, in the interesting range for LHC SUSY discovery [28]. There are
no direct SUSY-search constraints conflicting with 3 < tan 3 < 42 and 40 TeV < mg/y <
140 TeV, therefore this is the range taken. See appendix A for further details on input
parameters and the calculation.

4.1 Flavour-changing squark mass insertions in AMSB

We now calculate the flavour-changing squark mass insertions in AMSB. First, the La-
grangian parameters are transformed to the super-CKM basis described in section 2.2, by
rotating the one-loop corrected squark mass matrices by the same mixing matrix required
to diagonalise the quark Yukawa matrices at Mgygy. We may then define the usual flavour-
violating mass-insertion parameters d¢ from the entries of the 6x6 squark mass matrices
M2 and M% defined in egs. (2.14) and (2.15)

M2 i M2 ; .
(0 = (2 i — o) R = 2( )it ]—;3 ;
(M2)ii(M3)j \/(Mq)i+3 i+3(M3)j+3 j+3
(M2)i
(03 Lr = - 1 ];3 : (4.1)
M M2)j13 43

with 4,7 € {1,2,3} and ¢ = u,d. In this section we shall compare the AMSB prediction of
09 originating from egs. (3.3a)—(3.3e) with the empirical bounds from ref. [29].

In figure 2a we show the tan 3 dependence of the absolute values of the flavour-violating
up-squark mass insertions (015)rr, (03)rr, (0% )rr and (0%5)rr in the “pure” AMSB
scenario, where we assume that egs. (3.3a)—(3.3c) are unaffected by the mechanism that
fixes the tachyonic slepton problem; while in figure 2b we show the corresponding results
for the down-squark sector. The two curves for (5§éd) r visible in each plot correspond
to mg/y = 40 GeV (upper curve) and mg/, = 140 GeV (lower curve), respectively. Indeed,
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Figure 2. Magnitudes of selected flavour-violating mass insertions ¢ in AMSB as functions of
tan 3. When two curves are visible for the same ¢7, the upper curve is for ms,; = 40 TeV and the
lower curve is for mg/, = 140 TeV.

egs. (2.14), (2.15), (3.13), (3.8) and (4.1) imply that (5Z’d)LR are inversely proportional
to mg/y for i # j, whence the significant, O(100%) dependence upon the SUSY-breaking
scale. On the other hand, egs. (3.3a)—(3.3c) combined with eq. (4.1) imply that there is no
dependence of (5;9"1) LL,RR On M3/ [aside from logarithmic corrections coming from scale
dependence of the right-hand side of egs. (3.3a)—(3.3c)]. In figures 2a and 2b the curves
for (5%@) Lz that correspond to the two different values of mg,, are practically overlaid.
We also see from the figures that the mass insertions in the up-squark sector show a
significant dependence on tan (3, while the dependence in the down-squark sector is much
less pronounced. The reason for this is quite simple. We can see from egs. (3.4) and (3.12)
that the down-squark sector off-diagonal elements are more sensitive to A\; and the up-
squark off-diagonal elements are more sensitive to \p; but as tan 3 increases from 5 to 40,
sin # (and hence )\;) scarcely changes but cos # (and hence \y) changes by a factor of 12.
In our solutions to the slepton mass problem, the additional contributions in
egs. (3.27), (3.28) and (3.29) affect only the diagonal terms of the squark mass matri-
ces at the scale at which they are applied (i.e., Mgysy for the U(1)" solution and Mgy
for mAMSB and U(1)gy(s)). For a model such as the U(1)" solution in eq. (3.28), which
preserves the RG invariance of the expressions for squark soft SUSY-breaking terms, the
change in the magnitudes of the 7 parameters with respect to the pure AMSB case can
be directly estimated by the effect of the slepton mass fix on the diagonal squark mass

parameters. Thus, denoting zf; = | /(M2)i(M2);;,

Al(6;) x| N Az (4.2)
[(63;)xv| T

with ¢ = u,d. Interestingly, in the U(1)-inspired solutions the shifts A:U?j enter the up
and down singlet and doublet squark masses in a non-universal way, hence the relative size

of 5% R Versus 5% ; can be modified at this level.
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The experimental upper bounds upon the ¢ parameters depend upon the squark
masses and the ratio of the gluino mass to the squark masses. In order to obtain a rough
estimate, we have fitted the constraints in ref. [29] with a parabola to determine the
dependence upon the gluino/squark mass ratio (whereas there is a simple scaling relation
with the squark mass itself). We detail some of the larger §¢ parameters in appendix A
for four AMSB variants. However, the bottom line is that all §¢ are easily within their
experimental bounds, regardless of which tachyonic slepton fix is taken. AMSB is far from
being ruled out on the basis of these naive empirical flavour constraints, the closest to
the bound being (0%;) ., ~ O(1072), which has a bound of (%), < 0.16 [29]. However,
the mass insertions that mix the second and third generations can affect the prediction of
the branching ratios for rare B decays such as B — X,y and Bs; — pupu, by mediating the
b — s transition in loops involving squarks. In sections 4.3 and 4.4 we will examine these
important physical observables, whose uncertainties have been vastly reduced since ref. [29].

4.2 AMSB prediction for the charged Higgs mass

The Higgs sector of the MSSM (for a review see, e.g., ref. [30]) contains two CP-even
neutral scalars h and H, a CP-odd neutral scalar A and a charged scalar H*. One of the
CP-even scalars as well as A and HT have couplings to the down-type fermions that are
enhanced by tan 3 with respect to the couplings of the SM Higgs boson. Thus, even in
SUSY-breaking scenarios such as AMSB in which the super particles are typically rather
heavy, there can be sizeable contributions to rare B decays from diagrams involving the
non-standard Higgs bosons, if the latter are light and tan /3 is large [31].

For moderate-to-large tan § the non-standard CP-even scalar is close in mass to the
CP-odd scalar, whose mass is determined by mi = 2B /sin2( at tree level. The masses
of the CP-odd and charged scalars are in turn related at tree level by m%,i =m? + m%,V
It is therefore useful to investigate the AMSB prediction for the charged Higgs boson mass
mpy+, bearing in mind that we determine the soft SUSY-breaking Higgs mass parameter B
by minimisation of the scalar potential. Inserting the pure AMSB expressions [3] for m%,l
and m%b in the tree-level formula for m?,. (see e.g. ref. [32]), and neglecting contributions
controlled by all Yukawa couplings other than A\; and Ay, we obtain, in the large-tan 3 limit,

16 2)\2 _ . _
(m;T/) mie ~ K — <3)\§ Cy — 36 A;) tan® 8 + 18 )\Zl tan 3, (4.3)
3/2

where K is positive and does not depend on tan g at tree level, Cj, is defined in eq. (3.11b)
and Ay = )\ cos (. Since at tree level A\, = v/2my /v, the coefficient of tan? 3 is negative and
eq. (4.3) predicts a minimum for my+ at a certain value of tan 8. However, for an accurate
prediction of the position of the minimum we must take into account the tan S-enhanced
threshold corrections [33] to the relation between the bottom mass and the bottom Yukawa
coupling, as well as the radiative corrections to the tree-level formula for m%ﬁ.

In figure 3 we show the full numerical dependence on tan 3 of my+, as computed by
SOFTSUSY for “pure” AMSB conditions, with mg,, = 40TeV and either sign of u (the
1 > 0 curve terminates because the electroweak minimum of the Higgs potential becomes
unstable). The marked difference between the curves corresponding to the two signs of
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Figure 3. The charged Higgs boson mass as a function of tan 8 in mSUGRA model SPSla and
pure AMSB with mg,, = 40 TeV and either sign of p.

w is due to the fact that the tan S-enhanced threshold corrections, whose effect depends
on the sign of the product mg u, enhance Xy for ;1 > 0 and suppress it for 1 < 0. In the
former case the position of the minimum in m g+ is shifted towards smaller values of tan g,
while in the latter we see no stationary point up to tan 3 = 60. For comparison we also
show mpy+ as a function of tan 3 for the SPSla mSUGRA point [34]; the dependence on
tan 3 is much less marked. The curves end when the stau becomes tachyonic, signalling an
inappropriate scalar potential minimum.

4.3 B — X,y constraints

Flavour-changing neutral current processes are loop suppressed in the SM as well as in the
MSSM. In the SM the b — sy transition is mediated at one loop by diagrams involving
W boson and up-type quarks. Additional one-loop contributions arise in the MSSM from
diagrams involving a charged Higgs boson and up-type quarks, a chargino and up-type
squarks and, in the presence of flavour violation in the squark sector, a gluino and down-
type squarks. The contributions of diagrams with neutralinos and down-type squarks
are suppressed with respect to the gluino loops by the smaller gauge coupling and by an
accidental cancellation in the magnetic-chromomagnetic mixing.

The current experimental value of the branching ratio for the B — X, decay is [35]
BR(B — Xy7)exp = (3.52 £ 0.23 £ 0.09) x 1074, (4.4)

for a photon energy E, > 1.6GeV. The corresponding next-to-next-to leading order
(NNLO) SM prediction that was published two years ago reads [36]

BR(B — X,7)sm = (3.15 £0.23) x 107*, (4.5)
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Figure 4. Constraints on the AMSB parameter space from the rare decay B — X v. (a) BR(B —
X,7v) as a function of tan 3 for mgs,, = 40 TeV and both signs of p. (b) BR(B — X,v) displayed
as the background colour for p > 0 in the tan # — mg,, plane. For the explanation of the various
curves in both panels see the text.

and a recent update [37] of the calculation of the normalisation factor for the branching
ratio results in a modest enhancement to (3.28 4 0.25) x 10~4 (see also ref. [38]). In both
cases, the error on the theoretical prediction for the branching ratio is around 7%. Inflating
the theoretical error to 10% we accommodate — rather conservatively — for the additional
uncertainty arising from the calculation of the SUSY contributions to the decay. Thus, at
95% C.L., we may require 2.70 x 107% < BR(B — X,v) < 4.34 x 1074,

We use the public computer program SusyBSG 1.2 [39] to obtain a next-to-leading
order (NLO) prediction of BR(B — Xgv) in the MSSM. The program implements the
results of ref. [40] for the two-loop gluon contributions to the Wilson coefficients of the
magnetic and chromomagnetic operators relevant to the b — s7v transition, and the full
results of ref. [41] for the two-loop gluino contributions (accounting also for the tan -
enhanced charged-Higgs contributions first discussed in ref. [42]). While the two-loop
contributions are computed in the approximation of neglecting flavour mixing in the squark
sector, the computation of the one-loop contributions to the Wilson coefficients takes into
account the full flavour structure of the squark mass matrices. The relation between the
Wilson coefficients and BR(B — X,7v) is computed at NLO along the lines of ref. [43],
taking into account also the recent results of ref. [37]. The free renormalisation scales of
the NLO calculation are adjusted in such a way as to mimic the NNLO contributions that
are not present in the calculation, reproducing the central value of the SM prediction of
the branching ratio given in ref. [37].

Figure 4a displays BR(B — Xv) as a function of tan 3, for ms/, = 40 TeV and either
sign of u, assuming that the squarks do not deviate from the pure AMSB trajectory. The
red (solid) curves include all effects in the calculation of the Wilson coefficients, while the
blue (dotted) curves ignore flavour-mixing effects in the squark masses. The green shaded
region represents the 95% C.L. limits on the branching ratio. The difference between the
curves corresponding to the two signs of u is due to the combination of two factors. First
of all, as discussed above, the tan S-enhanced threshold corrections to the relation between
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the bottom mass and the bottom Yukawa coupling result in a much lighter charged Higgs
boson — thus an enhanced contribution to the Wilson coefficients — for p > 0 (the peak
in the branching ratio around tan 3 ~ 37 corresponds indeed to the minimum in my+
shown in figure 3). In addition, the contributions to the Wilson coefficients from diagrams
involving the top quark and the charged Higgs boson and those from diagrams involving
squarks and charginos — the latter depending on the sign of the product A; u, where
A = (fU)gg /At — interfere constructively for p > 0 and destructively for p < 0. We remark
that in the traditional mSUGRA scenario, in which my; (and, in most cases, A;) have
opposite sign with respect to the prediction of AMSB, the dependence of BR(B — X7v)
on the sign of yu is reversed [42].

The flavour-changing mass insertions (6%;)rz, and (6%;)rr mediate the b — sv transi-
tion in one-loop diagrams involving gluinos and down-type squarks. In addition, (d55)r,r, can
contribute a sizeable amount to one-loop diagrams involving charginos and up-type squarks
(the smallness of the flavour-changing mass insertion being compensated by the fact that
the wino-strange-scharm vertex is not Cabibbo-suppressed). From the comparison between
the red (solid) and blue (dotted) curves in figure 4a we see that the flavour-violating effects
have a comparatively large effect (up to 10%) on the predicted value of BR(B — X,v) for
large tan 3. We also see that, had we not included squark flavour-violating effects in the
calculation of BR(B — Xgv), we would have deduced that for © > 0 the empirical limit
leads to tan 3 = 15, which is too weak by around 10%. For p < 0, neglecting squark flavour
violation would have resulted on the tan 3 bound being roughly 30% too high.

Figure 4b displays BR(B — Xgv) as the background colour in the tan § —mg /2 Plane,
for 4 > 0. The yellow (dot-dashed) contour on the left delimits the regions ruled out by
the LEP2 Higgs-mass constraints.! The red (dotted) contour on the right is the bound on
the tan 3 — mg/, plane obtained by applying the 95% C.L. experimental upper bound on
the branching ratio. The green (dashed) rightmost contour is the bound that would be
obtained if the squark flavour mixing effects were ignored. For a given value of m3/,, the
upper limit on BR(B — Xgv) effectively provides an upper bound on the parameter tan f3,
because the SUSY contribution is enhanced for large tan 5. We see that the strictest bound
is tan 3 < 13 for mg/, = 40 TeV but this relaxes to tan 3 < 35 for mg/5 = 140 TeV, where
heavier charged Higgs boson and heavier sparticles provide a suppression of the SUSY
contribution to BR(B — Xs7).

4.4 TImplications for B; — pu and future impact

The supersymmetric Higgs spectrum has a significant impact on the rare leptonic decay
Bs — pp. Specifically, the decay amplitude receives tan B-enhanced contributions propor-
tional to 1/m? from neutral-Higgs exchange [46, 47]. In our determination of the MSSM
prediction for BR(Bs — ppu) we implemented the results of ref. [47] for the subset of one-
loop contributions involving up-type squarks and charginos that are enhanced by tan® 3,
as well as the results of ref. [48] for the one-loop contributions involving down-type squarks

! LEP2 ruled out Standard Model Higgs masses of less than 114.4 GeV to 95% C.L. [44]. The same bound
also applies, to a good approximation, for the parameter space of AMSB investigated here. We account for
a 3 GeV theoretical error in the prediction of the Higgs mass by plotting the bound for 111.4 GeV.
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Figure 5. BR(Bs — pp) in pure AMSB with (“total”) or without (“no flavour”) squark flavour
changing contributions to down-squark gluino loops for ms,, = 40 TeV and either sign of p. Also
shown is the SM prediction and the current experimental upper bound [45].

and gluinos. The latter are relevant in the presence of flavour mixing in the down squark
sector; the dominant contribution in AMSB stems from (6%;) 1z, which, at 1072, is one of
the largest mass insertions (see figure 2). Finally, for the treatment of the tan f-enhanced,
higher-order contributions that originate in the corrections to the relation between the
down-quark masses and Yukawa couplings we followed ref. [49] (see also ref. [50]). We
checked the relevant part of our results against micrOMEGAS 2.1 [51], which however does
not include the effect of flavour mixing in the squark sector.

Figure 5 shows BR(Bs — pp) in pure AMSB as a function of tan 3, for my/ = 40 TeV
and either sign of . The red (solid) lines represent the total result, while the blue (dotted)
lines neglect the effect of flavour mixing in the squark sector. For the SM branching ratio
we obtain BR(By — pu)sy = (3.6 £0.9) x 1079, with the uncertainty dominated by the
one of the Bs-meson decay constant fp, = 0.244+0.03 GeV [52]. For p > 0 the effect of the
dip in m4 (recall that m 4 &~ mpg+) around tan 5 ~ 35—40 is clearly visible in the steep rise
of the By — pp branching ratio. For p < 0 the tan g-enhanced corrections to the Higgs-
quark-quark coupling cause a milder increase with tan 8 (recall that in AMSB the relative
sign between p and the gluino mass is opposite to the one in mSUGRA). Our analysis also
shows that — contrary to what happens in BR(B — Xv) — in BR(Bs — pp) the inclusion
of squark flavour mixing reduces the deviation from the SM at large tan 3. Here, the
relative sign between the chargino and gluino contributions is sign(A4; mg (533)LL), which
is negative in AMSB. The effect of the gluino contribution is important and accounts
for changes up to a factor of two in the branching ratio. We also show in figure 5 the
experimental 95% C.L. upper bound BR(Bs — pu) < 58 x 107Y [45], which is an order
of magnitude above the SM value. Figure 5 shows that current By — pu data is not as
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Figure 6. BR(Bs; — ppu) in pure AMSB displayed as the background colour in the tan 3 — mg/,
plane, for (a) u < 0 and (b) p > 0. For the explanation of the various curves in both panels see
the text.

constraining as the B — X+ branching ratio shown in figure 4a, but if the experimental
limit on BR(Bs — pp) approaches the Standard Model prediction in the future, for the
u < 0 branch, By — pu will become more constraining than B — X,.

In figure 6 we show BR(Bs — pup) in pure AMSB as the background colour in the
tan 3 —ms /s plane, for (a) 4 < 0 and (b) p > 0. Constraints from a hypothetical measure-
ment of the branching ratio at 1 x 1078 (solid line) and 5 x 10~ (dashed line) are given for
illustration. Superimposed on each panel are the boundaries of the allowed region, which
are as in figure 4b: the yellow (dash-dotted) line delimits the parameter space allowed by
the LEP2 Higgs search, whereas the magenta (dotted) line marks the border of parameter
space allowed by B — Xv. Hence, for y > 0, the B — X7 constraint rules out the possi-
bility of a large Bs — pu enhancement at large tan 3. Note that if we were to include also
the constraints on the muon anomalous magnetic moment, which requires a positive y term
(see section 4.6), we would predict the B; — pu branching ratio to not exceed its SM value.

With improved data the rare leptonic mode will hence become increasingly important.
Searches for By — pp are ongoing at the Tevatron collider and will commence at the LHC.
The LHCb experiment will be able to exclude or discover new physics in Bs; — ppu after
one year, while ATLAS and CMS will be able to do so after three years of operation [53].

4.5 Charged Higgs effects in B — v

Substantial effects in the leptonic B — 7v decays are possible from charged Higgs exchange
at large tan 8 [54]. It is customary to study the branching ratio normalised to the SM one,

which yields a simple expression [55]

BR(B — 7v) (1_ m%  tan?f >2

R., = =
’ BR(B — 1v)sm m2,. 1+ ¢, tan 3

(4.6)

Here, mp denotes the mass of the B meson and ¢, is the gluino-induced correction to the
relation between the mass of the bottom quark and its Yukawa coupling.
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Figure 7. The ratio R;, eq. (4.6) in pure AMSB for ms3/, = 40TeV and either sign of . The
green regions are disfavoured at the 20 level.

In figure 7 we show R, in AMSB for m3,, = 40 TeV. For u > 0 the sharp peak around
tan § ~ 37 from the m g+ dip is clearly visible. Using the stronger constraint on tan G from
BR(B — X7), we predict 0.83(0.96) < R;, < 1 for x> 0(x < 0). Thus, R,, is con-
strained to be below unity within AMSB, which is natural in large-tan 3 MFV scenarios [55].

The branching ratio has been measured at the B-factories by Belle and BaBar [56]
BR(B — 7v) = (1.51 £ 0.33) x 10~* with the average provided by [35]. With |V, =
(3.9540.35) x 1072 [57] and the B-meson decay constant fp = 0.216 4+ 0.022 GeV [58] the
SM prediction for the branching ratio is given as

BR(B — 7v)gm = 1.29 x 107 Vil _\* i 2 (4.7)
SM =S 3.95-10-3 0.216GeV | '

with a net uncertainty of 19%. For the ratio between experimental result and SM prediction
we obtain R7,” = 1.17 4 0.34, where we added the uncertainties in quadrature.

We remark that the value of |V,;| used here results from combining data on inclusive
and exclusive b — wu decays. Currently, the individual determinations of |V,;| are not
in perfect agreement with each other, i.e., the exclusive modes prefer a lower value than
the inclusive ones. Recent lattice computations [59] also give lower values for fp and
hence favour a somewhat larger R5,” of 1.4440.38, which is harder to accommodate within
SUSY. Furthermore, the experimental situation for B — 7v is also still improving; at a
high-luminosity e*e™ machine [60], a measurement of the branching ratio could perhaps
be made with an uncertainty of 10% (for 10 ab™'). Given the situation, at present we
cannot draw definite conclusions for AMSB from B — 7v, but note that this mode has the

potential to become important in the future.
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Figure 8. Supersymmetric contribution to the anomalous magnetic moment of the muon in U(1)’
AMSB, for mg,, = 40 TeV and either sign of . The experimental constraint listed is at the 95%
confidence level.

4.6 Comment on (g —2),

In the AMSB context, having discussed BR(B — X,v), it behoves us to comment on the
supersymmetric contribution to the muon anomalous magnetic moment da,. Relying on
ete™ data for some of the hadronic components, one finds [61] that

9
5% = (29.5 £ 8.8) x 10710 (4.8)

da, =
is the discrepancy between the empirical value and the Standard Model (SM) prediction.
The one-loop gaugino contribution to this is given at large tan 3 by [5, 62, 63]

2
GSUsY o Mukt tan §

n 1672 (GIMIFy + g3 Mo F) (4.9)

where F} o are positive definite functions of the slepton, chargino and neutralino masses,
behaving like 1/MZ2,o, in the approximation that the relevant sparticles are degenerate in
mass. Thus for My, My > 0, as is the case in AMSB, a supersymmetric explanation of the
discrepancy between the SM and experiment favours p > 0. But we see from figure 4 that it
is the u > 0 case that is restricted by BR(B — Xyv). So as remarked, e.g., in ref. [64], this
creates a potential difficulty for explaining the discrepancy between theory and experiment
for a,, using AMSB. Since F} 3 depend upon the slepton masses, the prediction of da, in
AMSB models depends to a large extent upon the slepton mass fix that is employed. In
figure 8, we show such a prediction for the U(1) fix. We take the one-loop results for
da,, from ref. [64], supplementing them with the two-loop leading-log QED correction from
ref. [65] and the tan 8-enhanced contribution from ref. [63]. In the figure, it is clear how
the p > 0 prediction in the red (solid) line fits the empirical 95% confidence level value of
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da, for tan 3 > 8. Comparison with figure 4a then shows a region 8 < tan 3 < 14 which is
compatible with both éa, and B — Xy constraints.

5 Conclusions

We have investigated flavour violation in the squark sector in various versions of AMSB;
squark mixings are always readily calculable because of the simple and constrained nature
of supersymmetry breaking terms in anomaly mediation. The resulting supersymmetric
contributions to flavour-changing processes are CKM-induced and hence small. The model
thus is consistent with all observations of quark flavour change. Quark electric dipole
moment constraints imply fairly strict bounds on the imaginary phases on ]Im(éqfid) LR| <
O(107%) [29], but these are easily satisfied due to the real coefficients multiplying the
Yukawa matrices in egs. (3.3d) and (3.3e).

At present, the branching ratio B — X,y provides the most stringent constraint
on the model, and receives non-negligible supersymmetric flavour corrections, affecting
upper bounds on tan (3. As we demonstrated, in the future, B; — pu and B — 7Tv
decays will provide complementary constraints. We have also shown explicitly that there
are regions of AMSB parameter space that can accommodate the measurements of the
B — Xgv branching ratio as well as the anomalous magnetic moment of the muon,
depending on the precise model for fixing the tachyonic slepton problem. Indeed, a
recent x? analysis of electroweak and baryon precision observables favoured mAMSB over
mSUGRA and minimal gauge mediation [66]; note, however, that this analysis neglected
inter-generational squark mixing effects.

Predictivity in the flavour sector makes the AMSB scenario an attractive alternative
to mSUGRA, whose family-universal pattern of SUSY-breaking sfermion masses is at best
approximate. It is not immediately clear without further model building how the flavour
off-diagonal pieces of the sfermion mass squared matrices are suppressed in order to give
the mSUGRA pattern. Moreover, AMSB soft SUSY-breaking terms are always present;
the issue is whether, as we have assumed here, they represent the dominant contributions
to supersymmetry breaking.

Of course AMSB is not without its problems; the origin of the Higgs p term (and of
the associated soft SUSY-breaking B term) is model dependent, and in minimal versions
the lightest supersymmetric particle is the neutral wino, which represents a problematic
dark matter candidate. These difficulties are not insuperable, however (for one approach
see ref. [15]). We believe that it is perhaps time for AMSB to be afforded status comparable
to mSUGRA in modelling our expectations (or hopes) for what will be seen at the LHC. In
any case, the two models should be easily discriminated in the event of a supersymmetric
signal at the LHC [28] due to their widely different predicted patterns of supersymmetric
masses and associated signals.

We close with some general remarks on quark flavour physics. The flavour chang-
ing signals of AMSB are MFV in character: they feature CKM-induced CP asymmetries,
suppressed wrong-chirality contributions and CKM relations between b — s and b — d
processes [67]. Because these models contain only a minimal amount of flavour and CP
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violation, their experimental separation from the SM background needs precise measure-
ments, feasible perhaps at super flavour factories [53, 60].
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A Numerical detail of squark flavour violation

In this appendix we collate the input parameters and detail of the numerical calculation
of the 07 parameters as implemented in SOFTSUSY 3.0. The sparticle pole masses receive
one-loop corrections to the flavour conserving pieces, and family mixing is included at the
tree level. SOFTSUSY solves the MSSM renormalisation group equations to two-loop order
consistent with this theoretical boundary condition and SM data. Fermion masses and
gauge couplings are obtained at Mz using an effective field theory of 3-loop QCD x 1-loop
QED below Mz. Our default SM data set contains the MS quark masses m, (2 GeV) =
2.4MeV, my(2 GeV) = 4.75MeV, my(2 GeV) = 104 MeV, m.(m.) = 1.27 GeV, my(mp) =
4.23 GeV [57]. The top quark mass input is the pole mass, m; = 172.4 GeV [68], and the
strong gauge coupling in the MS scheme a4(Mz) = 0.1176 [57]. We fix My = 91.1876 GeV
to its central value [57], as well as the Fermi constant from muon decays, G,, = 1.16637 x
1075 GeV 2. a(My) = 1/127.925 is fixed to be the MS value of the QED gauge coupling.
The CKM mixing is parameterised by the Wolfenstein parameters at their central empirical
values [57]: A = 0.2258, A = 0.814, 77 = 0.349 and p = 0.135.

In table 3 we display the full numerical determination of the §¢ parameters for tan 3 =
10, u > 0 and mg/, = 40 TeV. Only 7 parameters larger than 1077 are listed. We contrast
the “pure” AMSB prediction, where we assume that egs. (3.3a)—(3.3c) are unaffected by
the mechanism that fixes the tachyonic slepton problem (as is the case, e.g., for the R-
parity violating solution in ref. [21]), with models where the slepton mass problem has been
fixed by other means. In the model labelled mAMSB we introduce a common GUT-scale
scalar mass mg = 230 GeV as in eq. (3.27). In the models labelled U(1)" and U(1)sy(s),
with charges from tables 1 and 2, respectively, the FI-term contributions to SUSY-breaking
masses are added at Mgysy and Mqyur, respectively, setting £ = 1 TeV2, e =10.06 and L =
0.09 in the first case and € = 1 TeV?, e = L = 0.1 in the second. In the upper section of the
table we display the square roots of the flavour-diagonal entries of the squark mass matrices
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U1y pure Rpure mAMSB  U(1)sy(s)
ma, /GeV 821 817 817 853 877
Mmay,/GeV 826 822 822 857 881
mg [GeV 825 820 820 856 880
mg [GeV 832 828 828 864 887
mg, /GeV 733 729 729 754 793
m;,, /GeV 636 632 632 645 703
my, /GeV 722 718 718 743 782
my /GeV 821 816 816 852 876
(6%)rr/1075 | =2.04+5.2i —2.0+5.3i —5.6 5.7 —5.1
(64)rr/107% | —=6.440.0i —6.6+0.0i —6.5 —6.6 -5.9
(64)Lr/107° | —=6.5—0.0i —6.7+0.0i —6.7  —6.4 —5.8
(6¢)pr/107° | 744310  74+3.1i 5.4 5.7 4.8
(6¢)rr/1073 | —=2.04+0.8i —2.0-0.8i —1.5 1.6 1.3
(64)rr/1072 | 1.04+0.06  1.0+0.0i 1.0 1.0 0.9
(64)Lr/107° | 3.0+0.0i  3.0+00i 3.0 2.9 2.7

Table 3. Flavour-violating mass insertions 67 for various different AMSB models for m3,, = 40 TeV,
w >0, tanf = 10. The mAMSB point has my = 230 GeV, whereas the U(1) models both have
¢ = 1TeV?, with the U(1)’ model having e = 0.06, L = 0.09 at Mgysy, and the U(l)suye=L=0.1
at Mgur. No loop corrections have been added to the masses.

— which, with a slight abuse of notation, we denote as the masses of the corresponding
squark species — because they shall be important for the following discussion. The second-
family squark masses are roughly degenerate with the first-family squark masses of identical
SM quantum numbers. For the pure AMSB and the U(1)’ cases, eqs. (3.3a)-(3.3e) may
be applied directly at Mgygy once the Yukawa and gauge couplings have been determined,
including complex phases in the definition of the CKM matrix V. This procedure neglects
the scale dependence of V', but, between My and Mgysy, it is expected to be a small effect:
|AV;;/1Vij] < ONF In(Mz /Msusy ) /167).

For models which break the RG invariance of the soft terms and have boundary
conditions imposed at Mqyr (here, the mAMSB and U(1)sy(5) models), we use SOFTSUSY
to run all MSSM parameters between My and Mgyr. SOFTSUSY does not currently
include complex phases in its RGEs, and when used in the running-mode it fits V' to a
real version with zero complex phase at Mz. The magnitude of each V;; is equivalent to
the corresponding fully complex |Vj;| to better than the per-mille level for all Vj; except
for |Vis|, which is incorrect to only 1%, and |Vi4|, which is incorrect by around 50%
fractionally. Any d9 parameters where the dominant contribution is proportional to Vig4
are therefore subject to this fractional uncertainty. From egs. (3.4)—(3.13), we see that
(6%y) . and (0¢5) 11, are in this category.

In order to investigate the size of inaccuracies due to the real approximation, we
employ the latter to calculate the pure AMSB 07 parameters, and list the results under the
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heading Rpure in table 3. The comparison between the ‘pure’ and ‘Rpure’ approximations
shows that for all the §¢ parameters that involve the first generation the discrepancy in
absolute value between the exact and the approximate results is of order 30%40%. For
the 0% parameters that mix the first and second generations the discrepancy is of order
15%-20%. Finally, for the remaining 69 parameters the real approximation reproduces the
absolute value of the complex result to better than 10% accuracy. We expect that similar
uncertainties will be present in the mAMSB and U(1)gys) cases on the results listed.

With our choice of parameters, the pure AMSB predictions for the parameters x?j
are of the order of 0.5 TeV?, while the additional contributions Amgj are controlled by
(€e,EL) = (0.06,0.09) TeV? (the smallish values of the charges being necessary to ensure
the correct breaking of the electroweak symmetry). As a result, by comparing the second
and third columns of table 3 we see that the predictions for the ¢ parameters of the
U(1)" solution are rather close to those of the pure AMSB solution: both the real and the

imaginary parts of all §¢ parameters agree to better than 10% fractional accuracy.

For solutions that break the RG invariance of the soft SUSY-breaking terms, such as
mAMSB and U(1)gys), the RG evolution causes the squark flavour-mixing parameters to
depend on the form of the tachyonic slepton fix. The mAMSB solution in eq. (3.27) makes
all squark mass-squared parameters larger by a common term mg, hence all 47 smaller at
the GUT scale where we assume this mass contribution arises. However, mg ~ 0.05 TeV?
does not make a large difference to the squark masses for mg,, = 40 TeV, as the comparison
between the mAMSB and Rpure columns in table 3 shows: the squark masses change by
only a small amount from their pure AMSB values (the largest being a 2% fractional
difference). The above-mentioned RGE effects in squark mixing parameters are evident for
the mAMSB case, as some of the small changes in the magnitudes of the §¢ parameters
do not correspond to a decrease as expected from squark mass effects alone. However, the
perturbation of the squarks away from their pure AMSB trajectory, due to the addition of
mo = 230 GeV to the scalar masses, is small enough that egs. (3.3a)—(3.3e) remain a good
approximation at the 10% level.

Finally, the U(1)gy(s) solution in eq. (3.29) allows for larger values of the (e, L)
charges than the U(1) solution does, without upsetting the breaking of the electroweak
symmetry. Indeed, by comparing the Rpure and U(1)gy(s) columns in table 3, we see that
with our choice ée = €L = 0.1 TeV? (at Mgyr) the deviations in the 69 parameters from
the pure AMSB predictions are somewhat larger than in the other cases, although still of
the order of 10%.

We see from table 3 that the other models in which the slepton mass problem is fixed
explicitly agree to roughly 10% fractional accuracy with the pure AMSB predictions for
the §¢ parameters. Had we raised our choice of ¢ from 1TeV?, or our choice of mg from
230 GeV, we would start to see larger departures. There is, however, clearly a non-negligible
part of parameter space of each model which reproduces the pure AMSB §¢ parameters
and which provides a solution to the tachyonic slepton problem.
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