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The R-parity conserving minimal supersymmetric standard model (MSSM) in light of the decay
B, — u"pu~ with near-standard model branching ratio is an interesting platform for studying the
complementarity between direct and indirect searches for beyond the standard model physics. Based
on this, we have analysed the possible impact of the B, — u*u~ observation on the posterior sample from
the global fit of a 30-parameter MSSM (MSSM-30), and the related Wilson coefficients. The MSSM-30 is
a systematically constructed, symmetry-guided, MSSM parameterisation, as opposed to the traditional
frames (e.g., pMSSM) with crude treatment of flavor violation parameters. This paper illustrates why
phenomenological frames like the MSSM-30 should be preferred to study flavor physics. For the current
and future B-physics experimental precision, such a consideration is crucial for suitably assessing
supersymmetric contributions to flavor observables.
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I. INTRODUCTION

The decay B, — u*u~ has been used traditionally as an
indicator of how contributions from extended Higgs sec-
tors, with respect to the standard model (SM), can give
sizeable contributions to leptonic decays. This happens
because its branching fraction undergoes a helicity sup-
pression by mg /M7 , where m, is the mass of the muon and
My is the mass of the B; meson. This helicity suppression
can be lifted in models with extra Higgs doublets where
chirality-changing quark flavor violation is present and
it is particularly strong for large values of tang [1,2].
The chirality-changing quark flavor violation contributions
to By — p*u~ are proportional to mp /mj, instead. Hence,
these decays provide a good opportunity to look for physics
beyond the standard model (BSM). For the particular BSM
case of the R-parity conserving minimal supersymmetric
standard model (MSSM), with diagonal soft-squared mass
matrices and trilinear terms, analytical approximations
indicate that the B; — u"u~ decay amplitude can be
proportional to tan® # [3—7]. Here tanf3 is the ratio of the
MSSM Higgs fields vacuum expectation values: (H,)/(H )
that can take values between 2 and 60. However, full-fledged
(numerical) analyses including global fits of models to
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experimental data have shown that BSM contributions to
B, — u"u~ behave in a multidimensional manner.

Experimental constraints mostly suppress, or require
opposite signs with similar magnitudes, the various super-
symmetric contributions with respect to the SM one.
Examples showing the manifestation of this suppression
were shown within the phenomenological MSSM
(pPMSSM) framework [8,9], where the BR(B; — u'pu™)
posterior distribution lies around the SM prediction despite
the moderately high values of tan 8, and in the more recent
work of [10], as required by experiments which indicate the
absence of large deviations of BR(B; — u"u~) from the
SM prediction [11-18].

Given the amazing consistency of the predictions of the
SM with flavor observables one may wonder if in super-
symmetry there is a mechanism, that just as it happens in
the SM, effectively forbids flavor changing neutral current
(FCNC) processes and controls CP violation. Specific
models with a MSSM spectrum which avoid FCNC and
CP violating processes can be constructed successfully
[19-21]. However, without a specific model for generation
of flavor within the MSSM, it is necessary to work within a
phenomenological framework with a systematically con-
structed parametrisation of flavor violation. Following this
rationale, we consider a MSSM framework with 30
parameters [22,23] which goes beyond the constrained
MSSM (see [24-30] for related works within the con-
strained MSSM set ups) and the pMSSM [8,31,32] where
flavor violation in the SUSY breaking mass terms is
manipulated by hand albeit with reasonable motivations.

In the pMSSM there is no information about how flavor
violation in the soft-squared masses and trilinear terms
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generated by radiative corrections will impact flavor observ-
ables. We know that once full 3 x 3 Yukawa matrices are
considered, flavor violation is automatically generated
through radiative effects. In the MSSM-30, a counting rule
keeps track of the hierarchical structure of the Yukawa
matrices, which are expanded in terms of the Cabibbo angle.
Then trilinear terms and soft squared masses can be expanded
in that basis. The off-diagonal parameters generated in that
way can be thought of as the effective off-diagonal param-
eters generated through radiative corrections. This rationale
discards dangerous terms for FCNC and CP violation. In this
sense, this work builds further on the project for MSSM
explorations within systematically built frames, in this case a
specific frame for flavor violation, deriving inference from
experimental data [8,23,32-39] with fewer theoretical or
traditional prejudices compared to other MSSM phenom-
enology frameworks.

The structure of flavor violation' and the flat distribution
chosen for this work make our results obviously model
dependent but one of our points is to exemplify how a
realistic treatment for flavor effects in the MSSM can
influence the allowed parameter space regions of super-
symmetric parameters. The flavor structure that we have
chosen is a realization of minimal flavor violation (MFV),
and within this framework the posterior sample from the
MSSM-30 fit in [23] indicates results which are more
restrictive than those from the LHC searches for gluinos
and squarks. The MFV parametrization favours heavy
gluinos and squarks [23], in order to satisfy flavor and
electric dipole moment constraints.

This work is organised as follows. In Sec. II, we present a
brief review of the MSSM-30 construction and the global
fit of its parameters to data from indirect searches for BSM
physics. The effect of the B, - u"u~ measurement, and
the possible future accuracy of the measurement, on the
MSSM-30 parameters is analysed there. In Sec. III, we
present respectively the numerical anatomy and analyses of
the Wilson coefficients, in terms of contributions to B, —
utpu~ classified according to kind of diagrams and kind of
particles. For some interesting points, we give comparisons
and contrast the MSSM-30 results to the pMSSM case. The
summary and conclusions are presented in Sec. IV.

II. THE MSSM-30 PARAMETERS IN LIGHT OF
THE B, — u*u~ OBSERVATION

Here we briefly set the context of our analyses. First, the
30-parameter-MSSM framework is presented and contrasted
with the pMSSM giving emphasis to the constraints on the
two parameters most sensitive to the BR(B; — p'u~)
observable: tanf and my,. Second, the possible impact
of future experimental precision in the BR(B; — p"pu™)

"The way flavor is set up at in [22] takes Y, =4,V and Y,
diagonal, where 4, is the diagonal matrix of Yukawa couplings
and V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

measurement is addressed. Finally, we comment on the
possible impact of a future BR(B; — ppu~) precision
measurement on the MSSM (m,, tan /) plane.

A. The MSSM-30 frame

In [23] the minimal flavor violation MSSM parameters
selection scheme leads to an MSSM frame with 30
parameters:

0 = {Re[M, ], M3, M, tan 8, Im[M ,, ],

a12367 Reldysgl, Im[aysg], X1 5, Y1367,

Re[§ys], Im([y 5]}, (1)
which stem from the terms
M, ="M,
M, =e"M,,  Ms,
ji = petn, M 4, tan j3,

M}y = a1+ x X5+ y, X,
X, = diag{0,0, 53,65;},
X3 = V3,V3),

M3 = a)1 + x, X,

M3 = a3l + y;X,

M2 = agl + yeX,

M = a;1 + y; X4,

Ap = agXy,

Ay = a4 X5 + 94X,

X5 = 063;V3;

Ap = asX, + y5Xs, (2)

Here i and j run over as sparticles family indices, V is the
SM CKM matrix, 1 the unit matrix and 6 the Kronecker
delta function. The gaugino mass parameters M, M, were
allowed in the range —4 to 4 TeV for both real and
imaginary parts. The gluino mass term, M5, is allowed
in 100 GeV to 4 TeV. The parameters a, ;37 were varied
within the range (100 GeV)? to (4 TeV)? and —(4 TeV)?
to (4 TeV)? for x,5,y1367- The trilinear coupling terms
Reld,sg), Im[a,sg), Re[Jys], and Im(¥,5) were varied
within —8 TeV to 8 TeV. Here m, was allowed in 100 GeV
to 4 TeV while the Higgs doublets mixing term, both real
and imaginary parts (Re[z], Im|[fi]) in the range —4 to 4 TeV.
In comparison, the pMSSM parameters are

1st/2ndgen, 2
m, s At y—es My, a0 B,

(3)

where M ;3 are as for MSSM-30, m; the sfermion mass
parameters were allowed in the range 100 GeV to 4 TeV.

3rdgen
0 = {M,5;m " |
’ fovpre fouprLE
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The trilinear couplings A, ;, , ,, € [—8,8] TeV. The Higgs

doublet masses my; , my were allowed according to

m? € sign(m)[—4,4]* TeV?. Here sign(u) is the sign of
the Higgs doublets mixing parameter (allowed to be
randomly +1). The SM parameters were fixed at their
experimentally determined central values for the MSSM-30
but varied in a Gaussian manner for the pMSSM.

B. The MSSM-30 global fit to data

The posterior distribution used for our analysis came
from a Bayesian fit of the MSSM-30 to data [23]. In order
to make this paper a self-contained exposition of the
statistical details of our work, in what follows we describe
the fitting procedure.

The Bayesian fit was performed within a context, H,
where the MSSM-30 neutralino lightest supersymmetric
particle is assumed to be a least part of the cold dark matter
(CDM) relic. The thirty parameters, detailed in Eq. (1), were
varied according to a flat prior probability density, p(60|H).
The SM parameters fixed were: the mass of the Z-boson,
myz = 91.2 GeV, the top quark mass, m, = 165.4 GeV, the
bottom quark mass, m;, = 4.2 GeV, the electromagnetic
coupling, a,;, = 127.9, and the strong interaction coupling,
a, =0.119.

The data set, d, used for fitting the MSSM-30 are
summarised in Table I. It is composed of the experimental
central values, y;, and errors, o;, for the Higgs boson mass,
the electroweak physics, B-physics, dipole moment of
leptons and the CDM relic density observables set

— i2plep po po b.c Al _ pe Abc
O = {my,,my,T'z,sin"04 R}, R) ., Apg, A" = A¢,A”C,

BR(B - Xsy)7 BR(BS - ﬂ+ﬂ_)’ AMBS7 RBR(Bu—n'v)v

Using the data set described above, an MSSM-30 like-
lihood distribution p(d|6, H) was constructed as

0.1) = L[S0 20] s

; 2710;

p(d

where the index i runs over the list of observables O, the
variable x represents the predicted value of neutralino CDM
relic density at an MSSM-30 parameter space point and

L(x) = { Yot yas'/2) :
exp [—(x = y)?/25%]/(y + V7as?/2) if x>y
(6)

Here y = 0.11 is the CDM relic density central value and
s = 0.02 the corresponding inflated (to allow for theoreti-
cal uncertainties) error.

By passing parameters to SPHENO [53,54] via the
SLHA2 [55] interface, the corresponding MSSM-30
predictions for the branching ratios BR(B; — utu™),
BR(B - S]/), RBR(B”—H'U)’ BR(Bd - ﬂ+ﬂ_)’ AMB,.a AMBd
and d, , . were obtained. Similarly, using the SLHAT [56]
interface, the neutralino CDM relic density was computed
using MICROMEGAS [57], while susYPOPE [58,59] was
used for computing precision observables that include the
W-boson mass myy, the effective leptonic mixing angle

variable sinzeg’, the total Z-boson decay width, I';, and
the other electroweak observables whose experimentally
determined central values and associated errors are summar-
ised in Table I.

Using MULTINEST [60,61] which implements the nested
sampling algorithm [62], Bayes’ theorem then gives the
MSSM-30 posterior probability distribution

ifx<y

Qcpyh*. Br(By — utp), AMy,.d,, .} (4)
TABLE I. The experimental results used for the Bayesian fit of the MSSM-30 parameters.
Observable Constraint Observable Constraint
my [GeV] 80.399 £ 0.023 [40] Al = A° 0.1513 £0.0021 [41]
I'; [GeV] 2.4952 £0.0023 [41] AP 0.923 £0.020 [41]
sin? 9(’;{ 0.2324 £ 0.0012 [41] A 0.670 £ 0.027 [41]
RY 20.767 4 0.025 [41] BR(B, — utu) 3243 % 107 [16]
R) 0.21629 £ 0.00066 [41] AMp, 17.77 £ 0.12 ps~! [42]
RO 0.1721 £ 0.0030 [41] Rgv(8,~m) 1.49 +0.3091 [43]
Aty 0.0992 +0.0016 [41] AMj, 0.507 £ 0.005 ps~! [44]
Afp 0.0707 £ 0.0035 [41] Qcpmh? 0.11 £0.02 [45]
my, [GeV] 125.6 £ 3.0 [46,47] BR(B; — utu™) < 1.8 x 1078 [48]
d, <2.8 x 107 [49] BR(B = X,7) (3.52 £0.25) x 107 [50]
d, <1.1x 1077 [51] d, <1.6 x 107%7 [52]
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p(@

d,H) « p(d

0. 1) x p(0|H). (7)

C. BR(B; — p*pu~) prediction and measurement

The tagged average branching fraction of the rare decay
BR(B; — u*yu~) is given by

BR(B, — p"u7)

Gra? 4m?
= Fomg |V VislPre [1-—"
6477-'3 B;"""B; 1 2 ! %X
4m2\ m3
X |:(1——2M> 2: CS—Cgv|2
my ) my
mg. m, |?
2o )+ 2(C - C ] ®

where the operators that we use above are related to those of
[63] by

Cs = X(C{L + CER)’ Cis = X(CfeR + CiL)’
Cp= X(_CEL + CiR)’ }) = X(CfeR - C1SQL)v
Cio = X(=C[, + Clg), 10 =X(Ckg = Cg), (9)

for X = n/(v/2GraViV,,), and the Wilson operators and
coefficients are defined through the Hamiltonian as

H= _ZOXYCXY + 0§(YC§(Yv
XY

OXy = (d;7,Pxd;)(€5y*Pyds),
O%y = (d;Pxd;)(¢5Pyly).
XY =L.R (10)

where OV are vector and O scalar operators respectively
and Py are the chirality projectors. The contributions
proportional to |Cg— C5|* and |Cp — Cp|? are not any
longer proportional to mj;/mj and hence lift the helicity
suppression exhibited in the SM. We use SUSY_FLAVOR
[64] to obtain the contributions from the different particles
and kinds of diagrams,2 Higgs and Z penguins and box
diagrams.

It is well established that in the SM, C, gets its larger
contribution from the Z penguin with a top loop, about 75%
and its second largest contribution from the W box, 24%
and we have

BR(B; —» ptu )M = (3.254+0.17) x 107°.  (11)

*For this case, we use a modified version of the program, for
which we have explicitly checked those contributions with the
help of Refs. [1,2,6,63,65,66].

The experimental measured quantity (denoted here with an
overline) is the untagged branching fraction which is
related to Eq. (8), the theoretical (tagged) expression, as

_y2 _
; ]BR(BSwm-L (12)

BR(B; = utu~) = {—
( )= [T,

where y, = AT, /2T, AT, being the decay width differ-
ence between the B, mass eigenstates and 'y = 15:1 is the
average B, decay width, using the LHCb measurement

(v, = 0.087 +0.014 [67]), and that in the SM A’X‘F =1,we
obtain’

BR(B, — uu )™ = (3.56 +£0.18) x 107, (13)

on the other hand, the experimental value measured by the
LHCb Collaboration is [18,70], including Run 1 and Run 2
data,

BR(B, —» u"u~) = (3.0£0.6705) x 107°.  (14)
while the CMS value is [71],
BR(B, —» ptpu~) = (28 £0.5107) x 107, (15)

As we can see, both values in agreement with the SM.
In the MSSM, A% = (|P?cos(2¢p) — |S|* cos(2¢s))/
(IP|* +[S]?), [68], where ¢g=arg(S), @p=arg(P),
and S and P are related to our notation for the Wilson
coefficients as follows

2
G Jp_gmims, 1 Cs—Cimp (16)
my 2my, my, +mg  C omy
P_CIO my 1 Cp—Cpmy, 17
M 2m,my, +my, O my, (17)
10 u b s 10 b

In the upper panels of Fig. | we compare the planes tan
vs the tagged value of BR(B; — upu~) (top-left), as
produced by the official 2.53 version of SUSY_
FLAVOR, and tanf vs the untagged value of BR(B, —
utu~) (top-right) using a modified version of it. This
comparison shows the importance of appropriately com-
paring the measurement of the BR(B; — p"p~) with the
theoretical value. Although the contributions from the
prefactors in Eq. (12) do not differ greatly from point to
point (due to the smallness of the supersymmetric con-
tributions), they have a significant impact in pushing up the
values of BR(B; — u*u™). In the lower part of the figure
we present just the tagged distribution for the linear prior of

3We note that this value is in agreement with [68], but a better
treatment of NLO EW corrections to C;, place BR(B, —
wrpm )M = (3.65 £0.23) x 1070 [69].
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FIG. 1.

tan § vs BR(B; — u"pu~) for the MSSM-30 sample (top) and for the pMSSM (bottom). For the MSSM-30 sample we have

plotted (left) the tagged contribution as produced by the official 2_53 version of SUSY_FLAVOR and the untagged values (right) using
amodified version of it. One of the main results of our work is to note that whereas values for tan # < 10 are excluded in the pMSSM, for

the MSSM-30 such low values of tan f# are possible.

the pMSSM, which is in agreement with that of [9]. In the
plane tan  vs BR(B; — p'u™) is clear that for the MSSM-
30, contrary to the pMSSM, values of tanf < 10 are not
excluded. This shows that allowing a richer structure in the
soft-squared terms, opens up regions of parameter space in
comparison to the pMSSM. One of the main results of this
work is that we found that the MSSM-30 predictions for
BR(B; - putu~) with tang € (10,20) are within the
experimental limit, while for the pMSSM in that range

are not. For the pMSSM instead the preferred values for
tan # are above 25.

From the second plot of Fig. 1, we can see that super-
symmetric contributions add up little to the SM contribu-
tion, except for values between tanf ~ (10,20), where
there could be both enhancing or suppressing effects. In
Sec. 111, we present the numerical anatomy of the BR(B; —
utu) based on the MSSM-30 frame for which there are
sources for CP violation beyond the CKM. We shall

055010-5
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FIG. 2. Left: The marginalized 2D MSSM-30 (m,, tan §) posterior distribution. The outer and inner contours enclose the 95% and
68% Bayesian probability regions respectively, m, is in a GeV scale. Right: The scatter plot on the same plane shows the correlation to
BR(B,; — utu~) without taking parameter points associated Bayesain posterior probabilities.

comment on the interplay of the contributions coming from
the neutral Higgs, H° and Z penguin diagrams after
introducing the theory of supersymmetric contributions
to Cg, Cp, and C}. The box diagram contribution to any of
the Wilson coefficients entering into BR(B; — p"pu™) is
small in comparison to the SM [63]. Although this is
strictly true in the case where the CKM matrix is the only
source of CP and flavor violation, in our case the
contributions from the extra sources of CP violation are
generally negligible. We comment very briefly about the
box contribution in Sec. I A.

For this work, the relevant posterior probability dis-
tribution, of the form of Eq. (7), which is a marginalised
over the 2D (my, tan ) plane is shown in Fig. 2. A 3D
scatter plot showing the variations of BR(B; — u"u~) on
the same place is also shown. One of the aims of this
article is to analyse the different contributions to the
BR(B; — putu~) within the MSSM-30 posterior and to
assess the impact of the recent BR(B; — u*u~) measure-
ment on the MSSM-30 parameters posterior. We shall
address the latter case in what follows and the former in
Sec. III. The posterior distribution in Fig. 2 (left) shows
that high tan g values are disfavored. The result of the
MSSM-30 global fit shows that tan f lies in the range 4.5
to 26.9 at 95% Bayesian probability interval. This feature
is new compared to the pMSSM fits in [8,32]. The reason
why the two distributions have different shape is mainly
due to the inclusion of new CP-violating parameters in
the MSSM-30 and the leptonic electric dipole moment
constraints which tend to be proportional to tan f [72]. In
order to limit the over production of the dipole moments,
relatively lower, in comparison to the pMSSM, tanf
values are needed. In Fig. 2 (right), the weight-free scatter

plot shows the correlations of BR(B; — p*u~) along the
my, or tan f§ directions within the global fit posterior. It can
be seen that independently of m, above some few 100s of
GeV and for tanf ~ 5, the value of BR(B; — utpu~) ~
3.5 x 107 is constant. This indicates a possible tension
between the MSSM-30 global fit posterior described here
with the BR(B; — pu*u~) measurement [18] given that,
for instance, assuming a future BR(B, — u*u™) precision
of 15% relative to the central value kills most of the
posterior points and the surviving ones have sub-TeV m,.
This result is only indicative. A robust inference con-
cerning the impact of such a plausible future BR(B; —
utu™) precision will require new fits of the MSSM-30 to
data. This is because the result and any other feature
within the posterior sample is obviously due to the
resultant effect of the various observables in Table I used
for constraining the MSSM-30 parameters. The main
message here is that current BR(B; = p"u~) measure-
ment [18] and possible future precisions will most likely
reduce the allowed MSSM-30 region.

I1I. MSSM-30 CONTRIBUTIONS TO B, — p*p~

For the MSSM-30 there are new sources of flavor and
CP violation beyond the CKM and therefore the contri-
bution from different particles becomes relevant. As it will
be shown later, the neutralino and gluino contributions can
compete with those from charginos. Although all of these
contributions are suppressed in the MSSM-30 posterior
sample with tanf typically less than 30. Therefore, for
making contrast to the various BSM contributions within
the pMSSM and MSSM-30, different regimes for tan  are
considered.
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A. Diagram-by-diagram and particle-by-particle
contributions

From here on, we refer to the Box, Higgs penguin and Z
penguin diagrams as kind of diagrams for which some
examples are shown in Fig. 3. As mentioned in Sec. II C,
Cio in the SM gets its larger contribution from the Z
penguin with a top loop, about 75% and its second largest
contribution from the W box, 24%. Higgs penguin con-
tributions in the SM are highly suppressed. On the other
hand, the largest contribution in the pMSSM comes from
the second diagram of Fig. 3 since the degeneracy of scalar
masses Q is broken by radiative effects induced by Yukawa
couplings. This produces and effective flavor off-diagonal
piece which does not go away when rotating to the mass
eigenstates basis [6]. In the MSSM-30 off-diagonal ele-
ments are present and compete with the contribution
coming from the afore mentioned radiative effects. In
the case of MSSM-30, contributions from the Z penguin
diagrams are in general suppressed, except for low value of
tan f (<10).

In Figs. 4 and 5 we compare the pMSSM and the
MSSM-30 in terms of their contributions to BR(B; —
utu™) coming from different diagrams and particles
respectively. Here by “particles,” we refer to “gluino,”
“chargino,” “neutralino,” and “W + charged Higgs boson,”
understanding that these particles can only come in their
respective loops together with squarks type down, squarks

b s b H, SR
e X o7
~a Y
: "*‘ /l~
1 HO ») tr N/t
| 4
/4/‘\‘\ | H*
e

FIG. 3. Higgs penguin and Z penguin diagrams contributing to
BR(B, — utu~). The first diagram represents the general Higgs
penguin diagram. The most important contribution in the
PMSSM comes from the second diagram of the first line, depicted
in flavor basis. Even in the pMSSM this is the most important
contribution since the degeneracy of scalar masses Q is broken by
radiative effects induced by Yukawa couplings and hence induces
and effective flavor off-diagonal piece which does not go away
when rotating to mass eigenstates basis [6]. The last Z penguin
gives the leading SM contribution.

type up, squarks type down and quarks type up, respec-
tively. The contributions for the pMSSM (solid black lines)
are compared to the MSSM-30 case (red dashed lines). We
can see that the distributions for the Z penguin and box
diagrams become narrower in the MSSM-30, in compari-
son to those of the pMSSM, but overall these contributions
shift BR(B; — pu~) to higher values than in the pMSSM
case. For the MSSM-30, the contributions to the Higgs-
penguin diagrams become a bit suppressed, because of the
preferred bigger masses for m, and m; and lower values
for tan f.

B. Contributions to Cp and Cg

1. H'-penguin
As mentioned above, the most important contribution in
the pMSSM comes from the Higgs penguin diagram
depicted in the second diagram of Fig. 3. This happens
because the degeneracy of scalar masses Q is broken by
radiative effects induced by Yukawa couplings and hence
this induces and effective flavor off-diagonal piece which
does not go away when rotating to mass eigenstate basis
[6]. The large tan f# region of this contribution can play a
very significant role. This can be understood by writing the

simplified contribution at LO as [1]

CF )~ ~CH )
tan’f  m; "
(1 + €, tan B)* m2 4M3,m3sin’0y
(1 —x) 4+ log(x)
x 9
(1-x)?
m}?li XU, (18)

m,m

= uA

2/ 2
x = m7/m)?1i’

which is quite sensitive to m, and m; and therefore drops
noticeably with the increase of their values. From this
expression, we can also understand that the lower the value
of tan, the lower the contribution to BR(B; — p*pu™)
from this diagram. Since for our fits, the preferred values of
m; are O(1) TeV for the pMSSM, the suppression of this
contribution becomes considerable.

In the MSSM-30, the off-diagonal parameters in the soft-
squared masses and trilinear terms, Eq. (1), add up to the
contributions given by the broken degeneracy of the of
scalar masses Q. In this case, the contributions to C¥', (7*)
cannot be written in the form of Eq. (18), because nonzero
off-diagonal terms are present even before the breaking of
the degeneracy of the diagonal soft-squared masses.
However, we find that the differences between the con-
tributions of C¥',(7*) in the pMSSM and in the MSSM-30
is only at the percent level. In this respect, in the MSSM-30,
there could be cancellations among these two contributions
for equally heavy/high magnitude parameters (e.g., ¢ and
A,). These cancellations could make the BR(B; — utu™)
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FIG. 4. Contribution by diagrams to BR(B, — u*u~). The solid black lines correspond to the pMSSM and the dashed red lines to the
MSSM-30. The distributions for the Z penguin and box diagrams become narrower in the MSSM-30 in comparison to those of
the pMSSM, but overall these contributions shift BR(B; — u*u~) to higher values than in the pMSSM case. For the MSSM-30, the
contributions to the Higgs-penguin diagrams become suppressed, due to the preferred bigger masses for m, and m; and lower values for
tan /5. For all plots, the vertical axis represent the relative probability density associated to a point in the MSSM scan. The horizontal axis
is the logarithm of the corresponding contribution to BR(B, — utu™).

independent of m, as shown in Fig. 1 (top-right), and make
the contribution to the Wilson Coefficients not so different
from the pMSSM.

2. Z-penguin and Box diagrams

Supersymmetric particles propagating in the loop cannot
generate a contributions to Cgp,C’ , due to the vector
coupling to Z°. Diagrams with charginos propagating in
the box also give rise to non zero values of C% and C%
but leave C¥ = C} = 0. In the case where the masses of
squark and sneutrino in the box are degenerate, one can
have C% = —C%. Diagrams with one charged Higgs boson
propagating in the box can give non-zero contributions
only through the left-handed parts so that C/* = —C#" and
CH" = —CH" [73].

C. Contributions to Cy,

1. Z-penguin

For heavy charged Higgs bosons and low values of
tan # < 20, Higgs penguin and box diagrams are small.
Hence, the contribution from the Z (third diagram in Fig. 3)
penguin becomes the dominant one among all of the
contributions to C;,. This effect becomes accentuated for
very small values of tan f.

Our fits favor intermediate values of tanf, so in
principle there is a transition between the regimes of
H° and Z penguin dominance. However, this also
depends on the values of the charged-Higgs mass and
most importantly on the value of my, being large, there
is not a surprise that both contributions are mostly
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FIG. 5. The particle-by-particle contributions to BR(B; — p ™). The solid black lines correspond to the pMSSM and the dashed

red lines to the MSSM-30. In SUSY_FLAVOR the charged-Higgs contribution cannot be separated from the SM W-boson contribution.
The axes are as in Fig. 3.

suppressed. At LO, the corresponding contributions to

current accuracy for this coefficient is better than 0.1%
Cyy and C), are [1]

level when allowing only the top-quark mass and the
strong coupling constant to deviate from their correspond-

1 om2 1 ing central value [69]. In principle, then the contributions
Cty( H*) = - _2’t oy Fu), from supersymrpetric particles could be disentangled from
sing, iy tan”f the SM uncertainty.
1 mgm For illustration of our discussion, in Fig. 6 we have made
1Z (17 sMp 2 > g
Clo(H™) = = sink, 2, an Pru(vo), a comparison at LO of C%,(H*) and C¥’(y*) to empha-
w My . . .
sise the importance of the values of my- and tan 8 in order
y . . . . . .
fuly) = : _ty (1 + = log J’t) ’ to determine from which kind of diagram the contributions
1 t

to BR(B, — u*u~) are the most important for each of the

v, =m?/m3-. (19) §amples, 'the pMSSM and the MSSM-30. Thi.s cqmparison

is made in the right panel of the figure, while in the left

) ] ) panel we show only cases which correspond to the

Using SUSY_FLAVOR we find that the total contribu-  NSSM-30 sample. Although in general for heavy spectra,

tion to Cy is Cfop(H*)=C{,(H*)-C{5(H*)€(0(107),  both contributions are really small in comparison to the SM
0(1072)), adding up little to the total of C,y, including

contributions, one can still appreciate the relevance of
the SM contributions. For our set of experimental values, =~ some supersymmetric particles. The solid lines correspond
we obtain that C3M = —4.13 £0.05. In the SM the

to C%,;(H*) and the dashed and dot-dashed to CH’(y).
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FIG.6. |C%,(H*)|and |C¥’ (4*)| as a function of my: (~m,) for typical values of the pMSSM and the MSSM-30 samples. The solid
lines correspond to |C%,.(H*)| and the dashed and dot-dashed to |CH" (y*)|. For both plots, (A,, m;, 1) = (1200, 1200, 100) GeV. For
the left panel, the two values of tan § are 25 (high) and 12 (low), are plotted in orange-light- and dark-blue- respectively. These values
correspond respectively to the typical values for the pMSSM and the MSSM-30 sample. For the right panel, we plotted the extreme
values of the MSSM-30 sample, tan § = 40, 5, plotted in orange-light- and dark-blue, respectively. In this last plot, we can appreciate the

enhancement of |C%.(H*)| for small values of tan .

For both plots, (A,, m;, u) = (1200, 1200, 100) GeV. For
the left panel the two values of tan # are 25 (high) and 12
(lower). These values correspond respectively to the typical
values for the pMSSM and the MSSM-30 sample. For the
right panel, we plotted the extreme values of the MSSM-30
sample, tanff = 5, 40.

We can see that, as it is well established, for values of
my- below 1 TeV, the contribution from the large tanj
values (here 25) coming from C#’(y*) is the leading one
(in Fig. 6 represented by the orange-light- dashed line). On
the other hand, contributions to both C%,(H*) and

CH’(4*) for values of tan around 10 are typically less
than a third of the corresponding values when tan § > 20.
Since for the pMSSM sample, values for tan# above 20
dominate the sample, it is clear that the most important
contributions come from CH’(y*). For the MSSM-30
sample however, smaller values than 10 for tanf are an
important part of the sample and in this case they can give
the largest supersymmetric contribution to the Wilson
coefficients via C%;(H*). This is appreciated in the plot
of the left in Fig. 6 where C%,,(H*) for tanf =5 and
mpy- > 700 GeV is the dominant of the supersymmetric
contributions (solid blue-dark line).

D. Interplay of Wilson coefficients

In order to understand the different contributions to
Eq. (8), it is customary to compare the relative size of the
Wilson Coefficients Cg and Cp to Cy. This is useful because
Cs and Cp can only have supersymmetric contributions and
supersymmetric contributions to Cy are highly suppressed.

In order to do this comparison, we compare the value of
Cy to the Wilson Coefficients Cg and Cp but weighted in
the same way that C;, contributes to BR(B, — u"pu~),
Eq. (8). This allows a direct comparison among Cg, Cp,
and C,. The weighted Wilson coefficients Cg and Cp are
respectively denoted by C’S and Cp:

R m% 4m;
CS = ° 1- 3 CS
2m,my, mg.
Ep= 0 ¢ (20)
P 2m,m, b

In Fig. 7, we plot our results in planes Cy, vs Cg (we do not
present Cj( Vs Cp since C‘S ~—Cp), comparing the Wilson
coefficients for the two samples. For the pMSSM sample
we present only the results when fixing the top mass value,
since for our MSSM-30 sample the top mass was kept
fixed. In this sense, even if the sample is not complete for
the pMSSM, we give a fair comparison to the MSSM-30
sample and we can be sure that the increase (in absolute
value) of the Wilson coefficient Cy, arises due to the
supersymmetric contributions. While in the pMSSM, the
center value of Cyy is —4.61 in the MSSM-30 is —4.64.
Overall the contour plots for Cy vs Cg and Cj, vs Cp cover
a bigger area in the pMSSM (see also, e.g., [9]) than in the
MSSM-30 but the one and two sigma regions of this last
sample are shifted to the left, Fig. 7. As mentioned in
Sec. Il B, C3M = —4.13 + 0.05 and the current accuracy is
of the order 0.1%. Hence supersymmetric contributions
could be also disentangled from the SM error.

From Fig. 6 we can see that for large values of mpy-
(>1500 GeV) the contributions from |C%y(H*)| and

(¢4 ’ (x*) become quite similar, especially for lower values
of tan f# (approximately below 20). On the other hand, since
for the pMSSM sample, values for tan # above 20 dominate
the sample, the most important contributions come from
CH(y*). For the MSSM-30 sample however, smaller
values than 10 for tan # are an important part of the sample
and in this case they can give the largest supersymmetric
contribution to the Wilson coefficients via C% . (H*), as
mentioned before (Fig. 6).

We recall the reader that the present work builds further on
the project for MSSM explorations within systematically
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FIG. 7.
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We compare here the Wilson coefficients C, Cy, and Cp for the pMSSM sample (left) and for the MSSM-30 sample (right).

Within the pMSSM, C;y = —4.58 £ 0.06 ranging from —4.68 to —4.50 at 95% Bayesian probability region. For the MSSM-30,

Cigp = —4.64 £ 0.01 ranging from —4.66 to —4.63 at 95% Bayesian probability region.
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built frameworks, in this case a specific frame for flavor
violation and a Bayesian approach for deriving inference
from experimental data. The specific flavor violation deter-
mined by the MSSM-30 is a realistic one, owning to the fact
that it can be understood as taking into account the running
of off-diagonal elements of soft-squared masses and tri-
linears. In contrast, the pMSSM sets these elements to zero
to start with. Since there are many supersymmetric con-
tributions in a less constrained MSSM, it is natural to expect
that these contributions will have a constructive interference
instead of a destructive one, resulting in the increase of the
value of B; — u" ™. This is effectively what is happening in
the MSSM-30 in comparison to the pMSSM: owning to the
fact that the MSSM-30 is less constrained, it does increase
the value of B, — p* ™ in comparison to the pMSSM. It is
out of the scope of this work to identify a region where
actually cancellations could take place, but it is definitely a
project that it should be performed.

E. Interplay of off-diagonal soft-squared elements

It is customary to assess the impact of flavor violation in
terms of the flavor violating parameters

~ (15
(%XYZ SN (2N (21)
(MQ)X)((MQ)YY

which measure the amount of off-diagonal allowed con-
tributions constrained by all relevant flavor observables
(see Table 1 of [23]). Here (AA/IZ))LR = —Apvp + ptan fmp
(vp = vy/tanf and mp the diagonal mass matrix of D
quarks), (M) g = M3, (M3),; = M%, the mass matrices
without hat are those appearing in Eq. (2). Here we present
only the relevant parameters for BR(B; — ppu~). In order
to make manifest how the Z penguin contributions domi-
nate the supersymmetric contributions of the coefficient
Cyo for most part of the parameter space. We present in
Fig. 8 (top row) the individual contributions to BR(B, —
utu) from Higgs penguin, Z penguin and box diagrams,
as a function of (6y,£)*. In this figure, we can clearly
appreciate how Z penguin contributions are in general the
most dominant for practically all values of (5y;z)* and as
emphasized in [63], for small values of tan 8 (< 20), Higgs
penguin contributions are small. Box contributions are also
small, but they tend to be even bigger than the Higgs
penguin contributions. In the second row of Fig. 8§ we
represent the individual contributions to BR(B, — u'u™)
from Higgs penguin, Z penguin and Box diagrams, as a
function of (5o, )*. As itis usual with LR flavor violation,
it tends to be more constrained, as in this case it is allowed
to be only O(1073), while LL flavor violation it can be of
0(1072).

IV. CONCLUSIONS

We have continued with our studies in order to explore
features of the MSSM by using Bayesian statistical tech-
niques on systematically constructed, symmetry-guided,
MSSM frameworks beyond the traditional constructions.
Here, the phenomenological framework considered is the
30-parameter-MSSM, called MSSM-30, and the observable
of interest is the B, — p™u~ decay. The measured branching
ratio BR(B; — u*u~) is compatible with the SM prediction
but it still has a large (order 20%) uncertainty. Future
precision measurements of this observable will be excellent
for assessing the MSSM as new physics beyond the SM.
Within the MSSM-30 a posterior sample was considered, for
which a 15% uncertainty on the measured BR(B; — p"p™)
would favour a sub-TeV pseudoscalar Higgs boson.

Knowing that the decay B; — u*u~ is a good indicator
for assessing models with extended Higgs sectors, we
compared the MSSM-30 to the pMSSM to see if there are
any physics or features in the parameters of the former
which are not accessible in the latter. It turned out to be the
case since the MSSM-30 sample prefers lower values of
tan# ~ (10,20) in comparison to the pMSSM which
prefers tan § ~ (20,40). It is then possible to find higher
values for BR(B; — u*u™) in the MSSM-30 mainly due to
bigger contributions coming from diagrams involving
charginos and Z-penguin diagrams.

We found that the best way to analyse the contributions
to the branching ratio BR(B; — u"pu~) was by comparing
kind of diagrams: Z penguin, box, and Higgs penguin
diagrams, instead of comparing contributions of super-
symmetric particles (i.e., gluinos, neutralinos or charginos).
The reason is that in the pMSSM the supersymmetric
contributions become quite suppressed due to the large
values of m, and m; (well into the multi-TeV region) and
that in the SM the Z penguin and box contributions are
dominant (~75% and 24% respectively). This last fact then
in principle helps to look for contributions coming from
supersymmetry. In the pMSSM it is well established that
the major BSM contributions to BR(B; — u"u~) come
from a Higgs penguin and a chargino in the loop. Hence,
this is a specific example of how analysis by kind of
diagrams becomes relevant.

The MSSM-30 has by construction nonzero off-diagonal
soft-squared mass terms, contrary to the pMSSM where
they are set to zero by hand. When analyzing both samples
using a Bayesian fit, both samples are constrained by the
same observables. Therefore, if no cancellations appear, the
value of the allowed effective off-diagonal soft-squared
mass terms should be of the same order in both samples.
The best place to look for the difference between both
samples is in the contribution coming from the charginos,
mainly from Higgs-penguins, (Fig. 5) where we can see
that the distributions from pMSSM and MSSM-30 are
different but mostly indistinguishable towards higher val-
ues of BR(B; — ptu™).
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In order to assess the impact of BSM contributions to B
observables, it is customary to compare the size of the
Wilson coefficients which receive the majority of the BSM
contributions with the Wilson coefficients present only in
the SM case. For the decay By, — u'u~, the relevant
coefficients are Cg and Cp, which are scalar operators
sensitive to the chirality of BSM contributions. In the SM
the only contribution comes from the vector operator Cy,
for which we find a value of —4.13 £0.05. We have
compared the coefficients Cy and Cp to Cy, using Cyg Vs
Cs and Cy vs Cp planes and found that in the MSSM-30,
Cs and Cp represent typically only a O(1%) contribution to
the branching ratio B, — p*u~. Within the pMSSM C, =
—4.58 £0.06 ranging from —-4.68 to —4.50 at 95%
Bayesian probability region. For the MSSM-30, C;, =
—4.64 £0.01 ranging from —4.66 to —4.63 at 95%
Bayesian probability region. The MSSM-30 is more
severely away from the SM value compared to the
pMSSM. The current SM accuracy in determining the
value of Cyy is of the order 0.1% and therefore super-
symmetric contributions can be disentangled from the SM
uncertainty.

Finally, as an outlook we highlight that future improve-
ments of the measurement of BR(B; — u*u~), along
with the measurement of other observables, like AL
and BR(B; —» p"u~) which are correlated with
BR(B, — u*u~), will play a crucial role in shaping the
parameter space of the MSSM-30. On the other hand,
systematically constructed frameworks which can capture
the flavor structure of the MSSM, like the one presented
here, should be favored over simplified scenarios which
cannot capture the rich flavor structure of the MSSM.
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