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Tasting SUSY(-GUTs) at the LHC

Introduction

 
Exploring the MSSM with non-minimal flavour violation at the TeV scale 

 
Towards a test of SUSY-GUTs at the LHC 

 
Conclusion



Flavour violation in the Standard Model

The Yukawa matrices are the only source of flavour violation, leading to quark-flavour violating 
interactions parametrized by the CKM-matrix:

Similar situation and parametrization for lepton-flavour violation:  PMNS matrix
(not discussed here…)
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Flavour-changing interactions proceed via charged currents (W-boson)  
— no flavour-changing neutral currents!



Flavour violation beyond the Standard Model

Two ways of dealing with physics beyond the Standard Model:

1. Assume same flavour structure as in Standard Model, flavour-changing currents 
remain related to CKM-matrix — minimal flavour violation (MFV)  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2. Allow for new sources of flavour violation: corresponding interactions not related 
to CKM-matrix any more (no suppression!) — non-minimal flavour violation (NMFV)



The Minimal Supersymmetric Standard Model
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Higgs
�
H+

u H0
u

⇥
0 Hu 1/2

�
H̃+

u H̃0
u

⇥
Higgsinos�

H0
d H�

d

⇥
0 Hd 1/2

�
H̃0

d H̃�
d

⇥

W bosons W 0, W± 1 1/2 W̃ 0, W̃± Winos
B boson B0 1 1/2 B̃0 Bino
Gluon g 1 1/2 g̃ Gluino

Graviton G 2 3/2 G̃ Gravitino

1/2 �̃0
1,2,3,4 Neutralinos

1/2 �̃±1,2 Charginos



Flavour violation in the squark sector

Mass eigenstates are obtained via two 6x6 rotation matrices (generalized “mixing angles”):
In order to diagonalize the mass matrices of eq. (2.1), two 6⇥6 rotation matrices

Rũ and R
˜d are needed, defined such that

diag(m2

q̃1
, . . . ,m2

q̃6
) = Rq̃M2

q̃R
†
q̃ and mq̃1 < · · · < mq̃6 . (2.4)

For the sake of a dimensionless and scenario-independent description, non-minimal

flavour violation (NMFV) in the squark sector is conveniently parametrised by the

parameters �IJij defined through
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for i, j = 1, 2, 3 (and i 6= j). Note that with this definition one can account for

potential large left-right mixing e↵ects as the traces correspond roughly to the sum

of the squark masses squared at tree level.

Many experimental measurements impose constraints on the parameter space

of the MSSM. In the context of flavour transitions, the most relevant constraints

come from precision measurements of mixing and decays of K- and B-mesons, where

the squarks enter at the same loop-level as the standard model contributions. In

particular, very stringent constraints are imposed on generation mixing involving first

generation squarks [19, 20, 21]. We take them implicitly into account by considering

only mixing between second and third generation squarks, which is least constrained.

In particular, this means that we consider seven independent NMFV parameters,
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where we omit for simplicity the generation indices. The so-defined parameters are

assumed to be real, the influence of possible complex phases being beyond the scope

of this work.

We then explicitly impose the constraints given in table 1 on the flavour mixing

between second and third generation squarks. The experimental upper and lower

limits on BR(Bs ! µ+µ�) and mh0 are given at the 95% confidence level, while the

error intervals for the other observables are given at the 68% (1�) confidence level.

The calculation of the physical mass spectrum and the rotation matrices as well

as the observables shown in table 1 is done using SPheno 3.0 [22]1. Furthermore, in

1An updated version including flavour e↵ects can be obtained at
http://www.physik.uni-wuerzburg.de/⇠porod/SPheno.html.
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respectively. In these notations, we have introduced the soft supersymmetry-breaking102

squark mass matrices M

2
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, M

2
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and M

2
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for left-handed, up-type right-handed and down-103
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trilinear soft interactions of the up-type and down-type squarks with the Higgs sector.105

While these five matrices are defined to be flavour diagonal in usual constrained versions of106

the MSSM, our NMFV framework allows them to be general and possibly flavour-violating.107
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where mZ is the Z-boson mass, ✓W is the weak mixing angle and eq and Iq (with q = u, d)112

are the electric charge and the weak isospin quantum numbers of the (s)quarks.113
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Moreover, we define the diagonal components of the trilinear couplings Tq relatively to the117

Yukawa matrices Yq,118

(Tq)ii = (Aq)ii(Yq)ii . (2.4)

We then neglect the first and second generation Yukawa couplings so that only the trilinear119

coupling parameters related to third generation squarks are considered as free parameters.120

We take them equal for simplicity, so that we have121

(Au)33 ⌘ At , (Ad)33 ⌘ Ab and At = Ab ⌘ Af . (2.5)

We now turn to the o↵-diagonal elements of the squark mass matrices. In order to122

be compliant with kaon data, we ignore any mixing involving one of the first generation123

squarks [23]. Next, following standard prescriptions [24], we normalize the non-diagonal124

– 3 –

Non-minimally flavour-violating terms manifest as non-diagonal entries in the soft mass 
matrices (     ,      ,      ) and the trilinear coupling matrices (    ,    )
— dimensionless and scenario-independent parametrization:

etc.
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The physical squark states ũi and d̃i (with i = 1, . . . , 6) are obtained by diagonalizing127

the squared squark mass matrices M2
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ũ

3

ũ
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and their di↵erent entries directly appear in couplings of the squarks to the other particles132

(see, e.g., Refs. [11, 16]).133

In addition, the gaugino sector is chosen to be determined by a single parameter, the134

bino mass M
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. The wino and gluino tree-level masses M
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making use of a relation inspired by Grand-Unified theories,136
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The slepton sector is defined in a flavour-conserving fashion, so that the soft terms consist137

of three (diagonal) mass parameters that we set to a common value138
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and the slepton trilinear coupling matrix to the Higgs sector T` contains a single non-zero139

entry,140

(T`)33 = Y⌧A⌧ ⌘ Y⌧Af . (2.11)

All flavour-conserving trilinear sfermion interactions with the Higgs bosons are conse-141

quently driven by a single input parameter Af . The model description is completed by the142

definition of the Higgs sector that is parameterised in terms of the µ parameter, tan � and143

the pole mass of the pseudoscalar Higgs boson mA0 .144
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⇣
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In the super-CKM basis, the squark sector is parametrized by two mass matrices:  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FIG. 14: Dependence of the precision variables BR(b → sγ), ∆ρ, and the cold dark matter relic density ΩCDMh2 (top) as well
as of the lightest SUSY particle, up- and down-type squark masses (bottom) on the NMFV parameter λ in our benchmark
scenario A. The experimentally allowed ranges (within 2σ) are indicated by horizontal dashed lines.

D. Dependence of Precision Observables and Squark-Mass Eigenvalues on Flavour Violation

Let us now turn to the dependence of the precision variables discussed in Sec. IVA on the flavour violating parameter
λ in the four benchmark scenarios defined in Sec. IVC. As already mentioned, we expect the leptonic observable aµ

to depend weakly (at two loops only) on the squark sector, and this is confirmed by our numerical analysis. We find
constant values of 6, 14, 16, and 13×10−10 for the benchmarks A, B, C, and D, all of which lie well within 2σ (the
latter three even within 1σ) of the experimentally favoured range (22± 10) × 10−10.

The electroweak precision observable ∆ρ is shown first in Figs. 14-17 for the four benchmark scenarios A, B, C, and
D. On our logarithmic scale, only the experimental upper bound of the 2σ-range is visible as a dashed line. While the
self-energy diagrams of the electroweak gauge bosons depend obviously strongly on the helicities, flavours, and mass
eigenvalues of the squarks in the loop, the SUSY masses in our scenarios are sufficiently small and the experimental
error is still sufficiently large to allow for relatively large values of λ ≤ 0.57, 0.52, 0.38, and 0.32 for the benchmark
points A, B, C, and D, respectively. As mentioned above, ∆ρ conversely constrains SUSY models in cMFV only for
masses above 2000 GeV for m0 and 1500 GeV for m1/2.

The next diagram in Figs. 14-17 shows the dependence of the most stringent low-energy constraint, coming from
the good agreement between the measured b → sγ branching ratio and the two-loop SM prediction, on the NMFV
parameter λ. The dashed lines of the 2σ-bands exhibit two allowed regions, one close to λ = 0 (vertical green line)
and a second one around λ ≃ 0.57, 0.75, 0.62, and 0.57, respectively. As is well-known, the latter are, however,
disfavoured by b → sµ+µ− data constraining the sign of the b → sγ amplitude to be the same as in the SM [52]. We
will therefore limit ourselves later to the regions λ ≤ 0.05 (points A, C, and D) and λ ≤ 0.1 (point B) in the vicinity
of (c)MFV (see also Tab. I).

The 95% confidence-level (or 2σ) region for the cold dark matter density was given in absolute values in Ref. [44]
and is shown as a dashed band in the upper right part of Figs. 14-17. However, only the lower bound (0.094) is of
relevance, as the relic density falls with increasing λ. This is not so pronounced in our model B as in our model A,
where squark masses are light and the lightest neutralino has a sizable Higgsino-component, so that squark exchanges
contribute significantly to the annihilation cross sections. For models C and D there is little sensitivity of ΩCDMh2

(except at very large λ ≤ 1), as the squark masses are generally larger.
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FIG. 18: Dependence of the chirality (L, R) and flavour (u, c, t; d, s, and b) content of up- (ũi) and down-type (d̃i) squark
mass eigenstates on the NMFV parameter λ ∈ [0; 1] for benchmark point A.
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FIG. 19: Same as Fig. 18 for λ ∈ [0; 0.1].
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Additional channels (and favoured co-annihilation) can increase annihilation cross-section
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TABLE I: Experimental constraints on the MSSM parameter space, in particular on quark flavour violating elements.

Exp. value Exp. error Theor. uncertainty
104 × BR(b → sγ) 3.55 ±0.26 ±0.23 [20]

108 × BR(Bs → µ+µ−) < 5.6 [21]
∆MBs [ps−1] 17.77 ±0.12 ±3.3 [22]

∆ρ < 0.0012 [23]
1011 ×∆aµ 255 ±80
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FIG. 1: Feynman diagrams for the annihilation of neutralinos into fermion pairs through the exchange of a neutral Higgs boson
H0

i = h0,H0, A0 (left), a Z0-boson (centre), or a sfermion (right). The corresponding u-channel diagram, obtained through
crossing, is not shown.

III. IMPACT ON THE RELIC DENSITY OF DARK MATTER

The relic abundance in our universe of a stable dark matter candidate can be evaluated by solving the Boltzmann
equation

dn

dt
= − 3Hn− ⟨σannv⟩

(

n2 − n2
eq

)

, (17)

where n is the number density of the relic particle, H the (time-dependent) Hubble expansion rate, and neq the number
density in thermal equilibrium. All information concerning the particle physics model parameters is contained in the
annihilation cross section σann multiplied with the relative velocity v of the annihilating particles. This product has to
be convolved with the velocity distribution of the non-relativistic dark matter particle in order to obtain the thermally
averaged cross section ⟨σannv⟩.
Denoting the mass of the dark matter candidate bym0 and taking into account a set of N potentially co-annihilating

particles with masses mi (i = 1, . . . , N) such that m0 ≤ m1 ≤ . . . ≤ mN , the thermally averaged annihilation cross
section can be written as [24, 25]
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N
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neq
i neq
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n2
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− (mi +mj − 2m0)

T

}

. (18)

Here, neq
i denotes the equilibrium density of the particle i and i = 0 refers to the dark matter candidate. The cross

sections σij relate to the different coannihilation processes within the ensemble of particles and vij is the relative
velocity between the particles i and j. Moreover, gi denotes the number of degrees of freedom of particle i and geff is
a normalization factor.
From Eq. (18) it becomes immediately clear that the mass differences between the annihilating particles play a

crucial role. Due to the exponential suppression, the coannihilation between two given particles i and j will only lead
to a significant contribution, if the two masses mi and mj are nearly degenerate [24].
In the following discussion, we assume that the lightest neutralino is the lightest supersymmetric particle (LSP)

and therefore the dark matter candidate. In wide regions of the MSSM parameter space, the pair annihilation of two
neutralinos into standard model particles is the dominant process. The diagrams for annihilation into quarks, i.e.
where flavour violation in the (s)quark sector can become relevant, are shown in Fig. 1. At the tree-level, squarks can
then appear only in internal propagators in case of annihilation into quark-antiquark pairs, i.e. χ̃0

1χ̃
0
1 → qq̄ through

the exchange of a squark in the t- or u-channel [26, 27].
Going beyond minimal flavour violation, the mass splitting of the involved squarks is increased due to the additional

off-diagonal elements in the mass matrix. In particular, the lightest squark mass eigenstate (purely stop-like in the
CMSSM with MFV) becomes lighter with increasing flavour mixing. Its contributions to neutralino pair annihilation
through t- or u-channel exchange are therefore enhanced.
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In the following discussion, we assume that the lightest neutralino is the lightest supersymmetric particle (LSP)

and therefore the dark matter candidate. In wide regions of the MSSM parameter space, the pair annihilation of two
neutralinos into standard model particles is the dominant process. The diagrams for annihilation into quarks, i.e.
where flavour violation in the (s)quark sector can become relevant, are shown in Fig. 1. At the tree-level, squarks can
then appear only in internal propagators in case of annihilation into quark-antiquark pairs, i.e. χ̃0

1χ̃
0
1 → qq̄ through

the exchange of a squark in the t- or u-channel [26, 27].
Going beyond minimal flavour violation, the mass splitting of the involved squarks is increased due to the additional

off-diagonal elements in the mass matrix. In particular, the lightest squark mass eigenstate (purely stop-like in the
CMSSM with MFV) becomes lighter with increasing flavour mixing. Its contributions to neutralino pair annihilation
through t- or u-channel exchange are therefore enhanced.
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FIG. 1. Leading-order Feynman diagrams for neutralino-squark co-annihilation into a quark and a Higgs boson (φ =
h0,H0, A0,H±) or an electroweak gauge boson (V = γ, Z0,W±). The u-channel is absent for a photon in the final state.

channels. Therefore, we extend in this paper the analysis
of QCD and SUSY-QCD corrections to co-annihilation of
a neutralino with a stop by computing the general case of
neutralino-stop co-annihilation into a quark and a Higgs
or an electroweak vector boson. The paper is organized
as follows: In Sec. II, we first discuss the phenomenol-
ogy of neutralino-stop co-annihilation in the MSSM. We
then describe in detail the calculation of the radiative
corrections to the relevant processes in Sec. III. Numeri-
cal results for annihilation cross sections and dark matter
relic densities in typical MSSM benchmark scenarios are
presented in Sec. IV, and our conclusions are given in
Sec. V.

II. PHENOMENOLOGY OF
NEUTRALINO-STOP CO-ANNIHILATION

As discussed in Sec. I, the co-annihilation of the next-
to-lightest supersymmetric particle (NLSP) with the
lightest neutralino can in certain regions of the MSSM
parameter space become dominant and lead to a relic
density that is compatible with the observational limit
of Eq. (1.1). A particularly important example of such

an NLSP is the scalar top, whose chirality eigenstates
can mix significantly, e.g. when the trilinear coupling At

becomes large, and which can then have a lower mass
eigenstate that is almost mass-degenerate with the light-
est neutralino [20, 21].
There is ample motivation for a light scalar top. First,

a light stop is a necessary ingredient to achieve elec-
troweak baryogenesis in the MSSM [22]. Second, “natu-
ral” SUSY models [23, 24] require a light third genera-
tion of sfermions in order to reduce fine-tuning and stay
compatible with experimental constraints at the same
time. This is due to the fact that the mass degeneracy
between the lightest neutralino and NLSP weakens the
LHC exclusion potential on the third-generation squark
masses, since this degeneracy results in events with soft
jets [25, 26]. Third, interpreting the new boson with a
mass of about 126 GeV observed recently at the LHC [27–
29] as a light CP-even Higgs boson (h0) implies within the
MSSM a particular choice of parameters in the stop and
sbottom sector [30]. The reason is that in the MSSM the
lightest Higgs boson mass receives a large contribution
from a loop containing scalar tops. The leading contri-
bution to the mass coming from this loop together with
the tree-level contribution can be expressed as [31, 32]

m2
h0 = m2

Z cos2 2β +
3g2m4

t

8π2m2
W

[

log
M2

SUSY

m2
t

+
X2

t

M2
SUSY

(

1−
X2

t

12M2
SUSY

)]

, (2.1)

with Xt = At − µ/ tanβ and MSUSY =
√
mt̃1mt̃2 . The

maximal contribution from stop mixing is then obtained
for |Xt| ∼

√
6MSUSY, which favors a sizable trilinear cou-

pling At and consequently a rather light stop.

At tree level, the co-annihilation of a neutralino and
a stop into final states containing a quark and an elec-
troweak gauge or Higgs boson is mediated either by an
s-channel quark, a t-channel squark, or a u-channel neu-
tralino or chargino exchange. The corresponding Feyn-

man diagrams are depicted in Fig. 1. These processes
compete with all other possible (co-)annihilation chan-
nels of the lightest neutralino and in certain cases also
with stop pair annihilation.

In order to quantify the relative importance of the pro-
cesses in Fig. 1, we have performed a random scan in the
phenomenological MSSM. In the following we describe
the settings and discuss in detail the results of our scan.
According to the SPA convention [33] the soft-breaking
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FIG. 1. Tree level diagrams of the gaugino (co-)annihilation processes �̃0
i �̃

0
j ! qq̄ (top), �̃0
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±

k ! qq̄0 (middle), and �̃±

k �̃
±

l ! qq̄
(bottom).

TeV according to the SPA convention [20]. We choose to
work with eleven free parameters, which are detailed in
the following: The Higgs sector is fixed by the pole mass
of the pseudoscalar Higgs boson mA, the higgsino mass
parameter µ, and the ratio of the vacuum expectation
values of the two Higgs doublets tan �. The first and sec-
ond generation squarks have a common soft-mass param-
eter Mq̃1,2 , while the third generation squarks are gov-
erned by Mq̃3 , the soft-mass parameter for the sbottoms
and left-handed stops, and Mũ3 for the right-handed
stops. All trilinear couplings are set to zero except for
At in the stop sector. In contrast to the three indepen-
dent mass parameters in the squark sector, we have a
single parameter M˜̀ for all sleptons. Finally, the gaug-
ino and gluino sector is defined by the bino mass param-
eter M1, the wino mass parameter M2, and the gluino
mass parameter M3. In the context of our analysis, the
most interesting parameters are M1, M2, and µ, since
they determine the decomposition of the neutralinos and
charginos.

Within this setup, with the help of a scan over the pa-
rameter space, we have chosen three reference scenarios,
which will be used to illustrate the numerical impact of
the presented corrections. The corresponding input pa-
rameters as discussed above are listed in Tab. I, while
Tab. II summarizes the most important particle masses,
mixings, and related observables.

We have used SPheno 3.2.3 [21] to obtain the physi-
cal mass spectrum from the given input parameters. The
neutralino relic density and the numerical value of the
branching fraction b ! s� have been obtained using
micrOMEGAs 2.4.1 [6] with the standard CalcHEP 2.4.4
[22] implementation of the MSSM. The only changes we
introduced are that we have set mu = md = ms = 0 as

well as included a lower limit on the squark-width, which
both do not influence the results concerning dark matter
presented here, but will be relevant later in the discussion
of the dipole subtraction method in Sec. III B.

Our scenarios have been selected such that they fulfill
the following constraints: In order to work with scenar-
ios which are realistic with respect to the recent Planck
measurements, we require the neutralino relic density to
be in the vicinity of the limits given in Eq. (1.1). Let
us note that we assume that the neutralino accounts for
the whole amount of dark matter that is present in our
universe. Moreover, we expect the relic density to be
modified by our corrections to the (co-)annihilation cross
section of the neutralino, so that we apply rather loose
bounds at this stage.

Second, we require the mass of the lightest (“SM-like”)
CP -even Higgs boson to agree with the observation at
LHC,

122 GeV  mh0  128 GeV, (2.1)

where we allow for a theoretical uncertainty of about 3
GeV on the value computed by SPheno. This uncertainty
is motivated by higher-order corrections, which are at
present not included in SPheno, see, e.g., Ref. [23]. Fi-
nally, we impose the interval

2.77 · 10�4  BR(b ! s�)  4.07 · 10�4 (2.2)

on the inclusive branching ratio of the decay b ! s�.
This corresponds to the latest HFAG value [24] at the 3�
confidence level.

As can be seen in Tab. II, the selected scenarios fulfill
the mentioned constraints within the required uncertain-
ties. All channels with quark final states contributing
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TeV according to the SPA convention [20]. We choose to
work with eleven free parameters, which are detailed in
the following: The Higgs sector is fixed by the pole mass
of the pseudoscalar Higgs boson mA, the higgsino mass
parameter µ, and the ratio of the vacuum expectation
values of the two Higgs doublets tan �. The first and sec-
ond generation squarks have a common soft-mass param-
eter Mq̃1,2 , while the third generation squarks are gov-
erned by Mq̃3 , the soft-mass parameter for the sbottoms
and left-handed stops, and Mũ3 for the right-handed
stops. All trilinear couplings are set to zero except for
At in the stop sector. In contrast to the three indepen-
dent mass parameters in the squark sector, we have a
single parameter M˜̀ for all sleptons. Finally, the gaug-
ino and gluino sector is defined by the bino mass param-
eter M1, the wino mass parameter M2, and the gluino
mass parameter M3. In the context of our analysis, the
most interesting parameters are M1, M2, and µ, since
they determine the decomposition of the neutralinos and
charginos.

Within this setup, with the help of a scan over the pa-
rameter space, we have chosen three reference scenarios,
which will be used to illustrate the numerical impact of
the presented corrections. The corresponding input pa-
rameters as discussed above are listed in Tab. I, while
Tab. II summarizes the most important particle masses,
mixings, and related observables.

We have used SPheno 3.2.3 [21] to obtain the physi-
cal mass spectrum from the given input parameters. The
neutralino relic density and the numerical value of the
branching fraction b ! s� have been obtained using
micrOMEGAs 2.4.1 [6] with the standard CalcHEP 2.4.4
[22] implementation of the MSSM. The only changes we
introduced are that we have set mu = md = ms = 0 as

well as included a lower limit on the squark-width, which
both do not influence the results concerning dark matter
presented here, but will be relevant later in the discussion
of the dipole subtraction method in Sec. III B.

Our scenarios have been selected such that they fulfill
the following constraints: In order to work with scenar-
ios which are realistic with respect to the recent Planck
measurements, we require the neutralino relic density to
be in the vicinity of the limits given in Eq. (1.1). Let
us note that we assume that the neutralino accounts for
the whole amount of dark matter that is present in our
universe. Moreover, we expect the relic density to be
modified by our corrections to the (co-)annihilation cross
section of the neutralino, so that we apply rather loose
bounds at this stage.

Second, we require the mass of the lightest (“SM-like”)
CP -even Higgs boson to agree with the observation at
LHC,

122 GeV  mh0  128 GeV, (2.1)

where we allow for a theoretical uncertainty of about 3
GeV on the value computed by SPheno. This uncertainty
is motivated by higher-order corrections, which are at
present not included in SPheno, see, e.g., Ref. [23]. Fi-
nally, we impose the interval

2.77 · 10�4  BR(b ! s�)  4.07 · 10�4 (2.2)

on the inclusive branching ratio of the decay b ! s�.
This corresponds to the latest HFAG value [24] at the 3�
confidence level.

As can be seen in Tab. II, the selected scenarios fulfill
the mentioned constraints within the required uncertain-
ties. All channels with quark final states contributing
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Impact on neutralino dark matter

Additional channels (and favoured co-annihilation) can increase annihilation cross-section
— mild impact on dark matter relic density and (co)annihilation channels
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m1/2 = 680 GeV, A0 = −500 GeV, tanβ = 10, and µ > 0.

75%), which do, however, not lead to a sufficiently enhanced annihilation cross section. The subleading channel is
annihilation into top-quark pairs (about 25%). For δu,RR

23
>∼ 0.2, flavour violation effects start to manifest by opening

the channel χ̃0
1χ̃

0
1 → ct̄(tc̄). The relative contribution of this process amounts to almost 40% at δu,RR

23 ∼ 0.8. For
δu,RR
23 > 0.5, the annihilation into top-quarks is significantly enhanced due to the lighter squark in the t-channel
propagator, so that this channel remains more important than the newly opened annihilation into top- and charm-
quarks. All contributions from neutralino pair annihilation drop at δu,RR

23 ∼ 0.95 when the squark ũ1 becomes light
enough for efficient coannihilation. The corresponding total relative contribution amounts to about 60%. When the
squark becomes even lighter, also squark pair annihilation into gluon pairs plays an important role (see Eq. (18)),
leading to relative contributions of about 90% at most.
For this discussed scenario, the favoured relic density of the neutralino is achieved through important coannihilation

for rather large values of the flavour mixing parameter δu,RR
23 . Note that, depending on the exact parameter point

under consideration and the corresponding relic density in the MFV case, this can also happen for lower values of
δu,RR
23 . In the same way, the enhancement of the total cross section through the new contributions from ct̄(tc̄) final
states can be sufficient to achieve Ωχ̃0

1
h2 ∼ 0.11.

For completeness, we show in Fig. 7 the masses of the two lightest up-type squarks, the gluino, and the lightest

Herrmann, Klasen, Le Boulc’h — Phys. Rev. D84 (2011) 095007 — arXiv:1106.6229 [hep-ph]
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>∼ 0.2, flavour violation effects start to manifest by opening
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1 → ct̄(tc̄). The relative contribution of this process amounts to almost 40% at δu,RR

23 ∼ 0.8. For
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23 > 0.5, the annihilation into top-quarks is significantly enhanced due to the lighter squark in the t-channel
propagator, so that this channel remains more important than the newly opened annihilation into top- and charm-
quarks. All contributions from neutralino pair annihilation drop at δu,RR

23 ∼ 0.95 when the squark ũ1 becomes light
enough for efficient coannihilation. The corresponding total relative contribution amounts to about 60%. When the
squark becomes even lighter, also squark pair annihilation into gluon pairs plays an important role (see Eq. (18)),
leading to relative contributions of about 90% at most.
For this discussed scenario, the favoured relic density of the neutralino is achieved through important coannihilation

for rather large values of the flavour mixing parameter δu,RR
23 . Note that, depending on the exact parameter point

under consideration and the corresponding relic density in the MFV case, this can also happen for lower values of
δu,RR
23 . In the same way, the enhancement of the total cross section through the new contributions from ct̄(tc̄) final
states can be sufficient to achieve Ωχ̃0
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Experimental constraints on squark mixing

Observable Exp. result and uncertainties Constraint Refs.

mh (125.5± 2.5) GeV [1, 2]

BR(B ! Xs�) (3.43± 0.21stat ± 0.07sys ± 0.24th) · 10�4 (3.43± 0.33) · 10�4 [3–5]

BR(Bs ! µµ) (2.9± 0.7exp ± 0.29th) · 10�9 (2.9± 0.8) · 10�9 [6–9]

BR(B ! Xsµµ) (1.60± 0.68exp ± 0.16th) · 10�6 (1.60± 0.70) · 10�6 [10–13]

BR(Bu ! ⌧⌫) (1.05± 0.25exp ± 0.29th) · 10�4 (1.05± 0.38) · 10�4 [14–16]

�MBs (17.719± 0.043exp ± 3.3th) ps�1 (17.7± 3.3th) ps�1 [3, 17]

✏K (2.228± 0.011) · 10�3 [14]

BR(K
0

! ⇡
0

⌫⌫)  2.6 · 10�8 [18]

BR(K
+

! ⇡
+

⌫⌫) 1.73+1.15
�1.05 · 10�10 [19]

Table 1. Experimental constraints imposed on the MSSM parameter space.

the lightest SUSY particle in order to provide a suitable dark matter candidate. Finally, we

require the squarks and the gluino to be not too light in order to satisfy current constraints

from LHC. Note, however, that including non-minimal sources of squark mixing spoils the

assumptions which are made to derive these limits, such that the actual limits in our model

may be assumed to be somewhat weaker [? ].

– 4 –

ATLAS + CMS (2013)

HFAG (2013); Misiak et al. (2013), Mahmoudi (2007)

LHCb + CMS (2013), Mahmoudi et al. (2012)

BaBar (2004); Belle (2005); Hurth et al. (2008, 2012)

PDG (2012); Mahmoudi (2008, 2009)

HFAG (2012); Ball et al. (2006)

PDG (2012)

E391a (2010)

E949 (2008)

The flavour-violating elements may induce flavour-changing neutral currents (FCNC) 
or lift the CKM-suppression — severe experimental constraints

Consider only flavour mixing between the 2nd and 3rd generations of squarks
(less constrained and most interesting) — seven independent NMFV-parameters

�LL, �u,RR, �u,RL, �u,LR, �d,RR, �d,RL, �d,LR



Exploring the full parameter space

Parameter Scanned range

↵s(mZ) N (0.1184, 0.0007)

m

pole

t N (173.3, 1.3928) GeV

mb(mb) N (4.19, 0.12) GeV

M

˜Q1,2
[300, 3500] GeV

M

˜Q3
[100, 3500] GeV

M

˜U1,2
[300, 3500] GeV

M

˜U3
[100, 3500] GeV

M

˜D1,2
[300, 3500] GeV

M

˜D3
[100, 3500] GeV

Af
[-10000, 10000] GeV

or |Af | < 4 max{Mq̃, M˜`}

Parameter Scanned range

tan � [10, 50]

µ [100, 850] GeV

mA [100, 1600] GeV

M

1

[100, 1600] GeV

M

˜` [100, 3500] GeV

�LL [-0.8, 0.8]

�

u
RR [-0.8, 0.8]

�

d
RR [-0.8, 0.8]

�

u
LR [-0.5, 0.5]

�

u
RL [-0.5, 0.5]

�

d
LR [-0.05, 0.05]

�

d
RL [-0.05, 0.05]

Table 2. Supersymmetric and Higgs sectors of our NMFV MSSM parameter space, as well as
varying Standard Model parameters. N (µ, �) denotes a Gaussian profile of mean µ and width �.

on a Markov-Chain Monte-Carlo (MCMC) scanning technique and impose on each of the173

studied setups a set of constraints that is described in the next subsection. In this scanning174

procedure, the choice of the next point is driven by a product of likelihoods where each of175

these is associated with a specific constraint accounting for measurements and theoretical176

predictions in the NMFV MSSM framework.177

3.2 Indirect constraints on general squark mixing178

The masses and flavour-violating mixings of the superpartners can be indirectly probed by179

numerous flavour physics constraints, the anomalous moment of the muon as well as by the180

properties of the recently discovered Standard-Model-like Higgs boson. We additionally181

incorporate a constraint on the lightest superpartner that is imposed to be the lightest182

neutralino, so that it could be a phenomenologically viable dark matter candidate. We183

dedicate the rest of this section to a brief description of all observables that have been184

considered in our MCMC scanning procedure and that are summarized in Table 3.185

Non-minimal flavour violating squark mixing involving third generation squarks is by186

construction very sensitive to constraints arising from B-physics observables. In particular,187

B-meson rare decays and oscillations are expected to play an important role as the Standard188

Model contributions are loop-suppressed. Although we only consider squark mixing be-189

tween the second and third generations, we also include constraints arising from observables190

related to the kaon sector. Even if not present at the scale at which we calculate the super-191

symmetric spectrum (i.e., the electroweak symmetry breaking scale), squark mixings with192

the first generation are induced by the non-vanishing CKM matrix and renormalisation-193

– 6 –

TeV-scale MSSM with additional NMFV-parameters governed by 19+3 parameters
— efficient study of the full parameter space:  Markov-Chain Monte-Carlo (MCMC)

Impose Higgs mass and flavour constraints (SPheno W. Porod, SuperIso N. Mahmoudi)
In addition, require neutralino LSP plus vacuum stability (Vevacious B. O’Leary)  
— study distributions of input parameters and physical quantities
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Figure 1. The one-dimensional prior (yellow histogram) and posterior (violet curve) distributions
of the parameters of our NMFV MSSM description. The prior only incorporates theoretical inputs
while the posterior distribution shows the impact of all experimental observations listed in Table 3.
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Figure 1. The one-dimensional prior (yellow histogram) and posterior (violet curve) distributions
of the parameters of our NMFV MSSM description. The prior only incorporates theoretical inputs
while the posterior distribution shows the impact of all experimental observations listed in Table 3.
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Figure 1. The one-dimensional prior (yellow histogram) and posterior (violet curve) distributions
of the parameters of our NMFV MSSM description. The prior only incorporates theoretical inputs
while the posterior distribution shows the impact of all experimental observations listed in Table 3.
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Results — flavour-conserving parameters
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Figure 1. The one-dimensional prior (yellow histogram) and posterior (violet curve) distributions
of the parameters of our NMFV MSSM description. The prior only incorporates theoretical inputs
while the posterior distribution shows the impact of all experimental observations listed in Table 3.
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Figure 2. Same as Figure 1 in the case of the flavour-violating input parameters of our NMFV
MSSM description.

4.2 Flavour-violating parameters

We now turn to the analysis of the constraints that are imposed on the seven non-minimally

flavour-violating parameters �q↵� that are at the centre of interest of the present analysis.

The corresponding prior and posterior distributions are displayed in Figure 2, and we detail

the impact of the most important observables on Figure 3, Figure 4 and Figure 5.

The theoretical constraints on any additional stop-scharm mixing in the left-left sector

(�LL) are relatively mild such that an almost flat behaviour is observed (see Figure 2). The

�LL parameter is then mainly constrained by the B-meson oscillation parameter �MBs
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Figure 2. Same as Figure 1 in the case of the flavour-violating input parameters of our NMFV
MSSM description.

4.2 Flavour-violating parameters

We now turn to the analysis of the constraints that are imposed on the seven non-minimally

flavour-violating parameters �q↵� that are at the centre of interest of the present analysis.

The corresponding prior and posterior distributions are displayed in Figure 2, and we detail

the impact of the most important observables on Figure 3, Figure 4 and Figure 5.

The theoretical constraints on any additional stop-scharm mixing in the left-left sector

(�LL) are relatively mild such that an almost flat behaviour is observed (see Figure 2). The

�LL parameter is then mainly constrained by the B-meson oscillation parameter �MBs
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Results — physical squark masses
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Benchmark scenarios for future studies
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BR(ũ1 ! t �̃0
1) = 0.99

�LL = 0.14 �uRR = 0.17

�uLR = 0.09 �uRL = �0.10

0

500

1000

1500

2000

2500

3000

M
as
s
(G

eV
)

ũ1
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ũ1 = 0.07 t̃+ 0.84 c̃+ 0.09 ũ
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In total, typical features of NMFV captured in four benchmark scenarios



Towards a test of SUSY-GUTs at the LHC
— the example of SU(5)
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Motivation

Assumption (optimistic!):   A new state is observed at LHC — e.g. squark…

Question:  What can we learn from it…?

In particular:  What can we learn about grand unification…?

Matter unification — accidental permutation symmetries at high scale 

Possibility to set up tests at the TeV scale — Large Hadron Collider

potentially (almost) 
insensitive to quantum corrections 

In the following:  Consider the example of SU(5)-like unification in Supersymmetry…



SU(5) — Standard Model and MSSM

Matter (super)fields fit into complete representations of the SU(5) gauge group

10 =
�
Q ,U ,E

�
5̄ =

�
L,D

�

Hint towards Grand Unified Theory (GUT) containing SU(5) as a subgroup

SU(5) → SU(3) × SU(2) × U(1)

Is Nature SU(5)-symmetric at short distance…?

Sfermions belonging to same representations share common soft mass matrices

M2
10 ⌘ M2

Q̃
= M2

Ũ
= M2

Ẽ

M2
5 ⌘ M2

D̃
= M2

L̃



SU(5)-specific relations — GUT scale

Requiring the superpotential to be invariant implies:
�
Yd

�
ij

=
�
Y`

�
ji

() Yd = Y t
`

�
Yu

�
ij

=
�
Yu

�
ji

() Yu = Y t
u

at GUT scale

If SUSY-breaking mediated by SU(5) singlet, these relations propagate into soft sector:
�
Td

�
ij

=
�
T`

�
ji

() Td = T t
`

�
Tu

�
ij

=
�
Tu

�
ji

() Tu = T t
u

at GUT scale

Yu ⇡ Y t
u

Tu ⇡ T t
u

test SU(5) hypothesis…

Renormalization group evolution — we expect at the TeV scale:

Yd 6= Y t
`

Td 6= T t
`

not very useful…



SU(5)-specific relations — TeV scale

Renormalization group equations (one-loop) of up-type Yukawa and trilinear couplings
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h
3Tr
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16

3
g23 � 3g22 �

13

15
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i
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h
3Tr
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16

3
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15
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i

+ Yu

h
6Tr
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†
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+ 4Y †

uTu + 2Y †
d Td +

32

3
M3g

2
3 + 6M2g

2
2 +

26

15
M1g

2
1

i

Beta-functions mostly dominated by symmetric contributions,
while non-symmetric terms are suppressed…

n

SU(5)�type SUSY GUT
o

=)
n

Tu ⇡ T t
u at TeV scale

o

Related observables at LHC….?



SU(5)-specific relations — TeV scale
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Figure 1. The asymmetry A2,3 (black solid line) together with the 2� exclusion bands from �MBs

(blue dashed lines) and BR(B0
s ! µµ) (red dashed-dotted lines) evaluated in the reference scenario

of Tab. 2 for the case of low tan � = 10. The grey area represents the allowed zone once all
constraints are taken into account.

Moreover, the value of the Higgs mass also does not strongly depend on the variation of

(au)23,32 or (ad)23,32.

Coming back to our main center of interest, we can see in Figs. 1 and 2 that the

asymmetry A
23

does not exceed a few percent. As expected from RGE considerations, we

can conclude that none of the asymmetries Aij exceeds this value on a large part of the

MSSM parameter space. In the following, we find that, during the LHC era, such a level

of precision will be most probably di�cult to reach. We will therefore not mention ✏irr or

Aij for the rest of this Paper.

4 Strategies and tools for testing the SU(5) hypothesis at the TeV scale

Any strategy that can be set up to test the SU(5) relation au ⇡ atu necessarily relies on a

comparison involving at least two up-squarks. Apart from this relation, the squark matrix

is in general arbitrary, so that each of the six up-type squarks can take any mass. Some of

the squarks can be light enough to be produced on-shell at the LHC, while others may be

too heavy such that they appear only virtually in intermediate processes.

As a result, a panel of possibilities for SU(5) tests will appear, depending on the

exact features of the up-squark spectrum. It can be convenient to split the possibilities

of SU(5) tests into three categories, depending on whether the tests involve only virtual,

both virtual and real, or only real up-type squarks. In the following, we outline the tools
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Figure 2. Same as Figure 1 in the case of the flavour-violating input parameters of our NMFV
MSSM description.

4.2 Flavour-violating parameters

We now turn to the analysis of the constraints that are imposed on the seven non-minimally

flavour-violating parameters �q↵� that are at the centre of interest of the present analysis.

The corresponding prior and posterior distributions are displayed in Figure 2, and we detail

the impact of the most important observables on Figure 3, Figure 4 and Figure 5.

The theoretical constraints on any additional stop-scharm mixing in the left-left sector

(�LL) are relatively mild such that an almost flat behaviour is observed (see Figure 2). The

�LL parameter is then mainly constrained by the B-meson oscillation parameter �MBs
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Hypothesis of non-minimal flavour violation in the squark sector not obviously disfavoured  
by experimental data (B-physics, K-physics, Higgs mass…) 
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MSSM description.
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mũ1 δu,RL ~ Tu,32
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Figure 1. The one-dimensional prior (yellow histogram) and posterior (violet curve) distributions
of the parameters of our NMFV MSSM description. The prior only incorporates theoretical inputs
while the posterior distribution shows the impact of all experimental observations listed in Table 3.
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Lightest squark states (mixtures of stop and charm) accessible at the LHC
— and not completely ruled out (yet…?)

Flavour violation in the squark sector

δu,LR ~ Tu,23



Testing the SU(5) hypothesis at the LHC

Natural supersymmetry  → Effective theory approach… 

Heavy supersymmetry  → Effective theory approach…  

Top-charm supersymmetry  → Mass insertion approximation…

Any test of the SU(5) relation relies on a comparison involving at least two (up-type) squarks

The mass spectrum may exhibit different features:

S. Fichet, B. Herrmann, Y. Stoll — Phys. Lett. B 742 (2015) 69-73, arXiv:1403.3397 [hep-ph]
S. Fichet, B. Herrmann, Y. Stoll — JHEP 05 (2015) 091, arXiv:1501.05307 [hep-ph]

Arbitrary mass spectra  → Bayesian analysis…

Y. Stoll — PhD Thesis — Université Grenoble-Alpes
S. Fichet, B. Herrmann — to be published…

Need for a more general analysis not relying on specific mass hierarchies:

http://dx.doi.org/10.1016/j.physletb.2015.01.013
http://www.arxiv.org/abs/1403.3397
http://dx.doi.org/10.1007/JHEP05(2015)091
http://www.arxiv.org/abs/1501.05307


Bayesian statistics (on one slide…)

| logB
01

| Odds Probability Strength of evidence

< 1.0 . 3 : 1 < 0.750 Inconclusive

1.0 ⇠ 3 : 1 ⇡ 0.750 Weak evidence

2.5 ⇠ 12 : 1 ⇡ 0.923 Moderate evidence

5.0 ⇠ 150 : 1 ⇡ 0.993 Strong evidence

Table 1. The empirical Je↵rey scale used in the comparison of two models.

particular value  = 0. In this case, the Bayes factor reduces to the Savage Dickey density

ratio (SDDR)

S =
p
�
A

23

��d,M
1

�

p
�
A

23

��M
1

�
�����
A23=0

(3.6)

The comparison of two models M
0

and M
1

is done using the empirical Je↵rey scale [27]

presented in Table 1. A value of B
01

or S greater than 3, 12, or 150 indicates a weak,

moderate, or strong evidence in favour of the model M
0

. A value below 1/3, 1/12, or 1/50

corresponds to evidence against M
0

, i.e. in favour of M
1

. Note that the comparison is

inconclusive if B
01

or S is found to be between 1/3 and 3. In the following subsection, we

will see how to compute S in practice.

3.2 Test scenario and counter example

In order to evaluate the power of our statistical test, we define a reference scenario, which

we assume to correspond to reality in the following Section. This scenario has been defined

according to the following criteria:

• The low-energy spectrum derives from SU(5) GUT boundary conditions as explained

in Sec. 2;

• We impose a number of constraints detailed in Table 2 which are related to flavour

observables and the Higgs boson mass;

• We require a relatively important mixing between the second and third generations

of squarks leading to sizeable branching ratios;

• We require relatively low squark massesmũ1 , mũ2 , mũ3 , andmũ4 , which are accessible

at the LHC;

• We require the first generation of squarks to be rather heavy (i.e. ũ
5

and ũ
6

are not

accessible at the LHC).

Note that the last requirement is chosen purely by simplicity for illustration purposes, our

test being generic such it can deal with the case where all squarks are accessible at the

LHC.
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Jeffreys scale

Probability  =  “measurement of the degree of belief about a proposition”

In practice, the probability densities (and thus the SDDR) can be evaluated by using  
Markov Chain Monte Carlo methods…

SDDR =
p
�
A23

��d
�

p
�
A23

�
�����
A23=0

Savage Dickey density ratio

Here: nested models

Important application:  Comparison of two models with respect to given data

Bayes factor

B01 =
p
�
d
��M0

�

p
�
d
��M1

�



Test scenario — derived from SU(5) boundary conditions

�MBs

�
17.76± 2.81

�
ps�1 [16, 17]

✏K 2.23± 0.26 [18, 19]

BR
�
B0

s ! µ+µ�� �
3.12± 2.08

�
⇥ 10�9 [17, 20]

BR
�
b ! s�

� �
3.55± 0.68

�
⇥ 10�4 [16, 21]

BR
�
⌧ ! µ�

�
< 4.5⇥ 10�8 [22, 23]

mh0

�
125.1± 3.0

�
GeV [24]

Table 2. Constraints imposed on the parameter space to define our reference scenarios.
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Table 3. Boundary conditions at the unification scale Q = MGUT on the soft parameters defining
our reference spectrum. All dimensionful quantities are given in GeV.

mũ1 mũ2 mũ3 mũ4 mh0 m�̃0
1

�
Tu

�
33

�
Tu

�
23

�
Tu

�
32

R 1144.6 1405.4 1468.8 1786.5 122.6 419.3 -2017.0 -810.6 -884.3

C 1153.9 1381.1 1471.3 1792.5 121.4 419.2 -1965.2 1199.1 -1252.7

Table 4. Physical masses of four lightest up-type squarks, the lightest Higgs boson, and the lightest
neutralino for our reference scenario (R) and the counter example scenario (C). We also indicate
the values of the trilinear couplings. All dimensionful quantities are given in GeV.

The chosen reference spectrum fulfilling the above criteria is presented in Tables 3

and 4 showing the input parameters at the high scale and the resulting physical masses,

respectively.

Finally, in order to evaluate the e�ciency of the SU(5) test in case that the spectrum

does not include a symmetric trilinear coupling matrix at the TeV scale, we define a counter

example scenario. This is derived from the reference spectrum at Q = 1 TeV described

above, but introducing a maximal asymmetry at the scale Q = 1 TeV,

�
Tu

�
23

⇡ �
�
Tu

�
32

. (3.7)

In Table 4, we also indicate the physical masses for this case. In the following analysis, we

will note the SDDR associated to the reference and counter example scenario by SR and

SC , respectively.
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Renormalisation group evolution  
and spectrum calculation:  SPHENO [W. Porod 2003-2015]
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Counter example at TeV scale



Test observables — Large Hadron Collider

Consider production of up-type squarks and subsequent decay into top and charm jets

Statistical errors evaluated assuming Gaussian distributions for these observables

Cross-sections and branching ratios numerical 
evaluated using XSUSY [Fuks, Herrmann 2007] 

Test scenario: Ntt = 328, Ncc = 51, Nct = 26
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Minimal scenario — SU(5) case

L = 300 fb�1

p
s = 14 TeV

O1 = Ncc/Ntt

O2 = Nct/Ntt

O3 = mũ1/mũ2

O4 = Rũ1 t̃L/Rũ1 t̃R

O5 = Rũ1c̃L/Rũ1c̃R

Test inconclusive… 
(idem for counter-example)
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Optimistic scenario — SU(5) case

L = 300 fb�1
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s = 14 TeV

Test inconclusive… 
(but weak evidence against SU(5) 
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High-luminosity scenario — SU(5) case

Weak evidence in favour of  
SU(5) hypothesis
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High-luminosity scenario — Counter example

Moderate evidence against 
SU(5) hypothesis
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Conclusion



Conclusion

Non-minimally flavour-violating terms may be present in the Lagrangian of a supersymmetric  
theory — interesting signatures at colliders (but rather mild impact w.r.t. dark matter)

Several non-minimally flavour violating terms can be simultaneously sizeable

Flavour-violating couplings may open windows towards GUT physics 
— effective theory and MCMC approaches in order to test SU(5) hypothesis


