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Squark flavour structure in the MSSM
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Allow for new sources of flavour violation: corresponding interactions not related to 
CKM-matrix any more (no suppression!) — non-minimal flavour violation (NMFV)

Assume same flavour structure as in Standard Model: flavour-changing currents are 
related to CKM-matrix — minimal flavour violation (MFV)
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MFV vs. NMFV…? 
Disentangle flavour structure from LHC observations…?



The MSSM up-type squark sector
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respectively. In these notations, we have introduced the soft supersymmetry-breaking102

squark mass matrices M2
Q̃
, M2

Ũ
and M2

D̃
for left-handed, up-type right-handed and down-103

type right-handed squarks respectively, as well as the matrices Tu and Td that embed the104

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

Moreover, VCKM stands for the CKM matrix, µ denotes the superpotential Higgs(ino) mass108

parameter and tan � = vd
vu

is the ratio of the vacuum expectation values of the neutral109

components of the two Higgs doublets. Finally, the squark mass matrices also include110

(flavour-diagonal) D-term contributions111
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Z

�
Iq � eq sin2 ✓W

�
cos 2� and Dq̃,R = m2

Zeq sin2 ✓W cos 2� , (2.2)

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

In order to reduce the number of supersymmetric input parameters, we assume that114

the first two generations of squarks are degenerate so that the (flavour-conserving) soft115

masses are determined by six free parameters,116
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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 –

NMFV terms manifest as non-diagonal entries in the soft-breaking matrices 
— dimensionless and scenario-independent parametrization:

entries of the squared squark mass matrices with respect to the diagonal ones. We therefore125

parameterise all considered NMFV e↵ects by seven dimensionless quantities126
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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
ũ and M2
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according to128
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By convention the mass eigenstates are taken ordered such that m2
q̃1

< · · · < m2
q̃6

. The129

6⇥ 6 rotation matrices Rũ and Rd̃ carry the information about the flavour decomposition130

of the squarks,131
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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 M1. The wino and gluino tree-level masses M2 and M3 are then obtained by135

making use of a relation inspired by Grand-Unified theories,136

M1 =
1

2
M2 =

1

6
M3 . (2.9)

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

(M˜̀)11 = (M˜̀)22 = (M˜̀)33 ⌘ M˜̀ , (2.10)

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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In the super-CKM basis, the up-type squark sector is parametrized by the mass matrices:  

diag
�
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ũ1
, . . . ,m2
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�
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Mass eigenstates are obtained via 6x6 rotation matrice (generalized “mixing angles”):

Quantity of interest for our analysis:  Stop-content of the lightest up-type squark

xt̃ = (Rũ)
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Experimental constraints

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(K0 ! ⇡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 [? ].
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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



TeV scale MSSM — flavour-violating parameters
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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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Extensive analysis of the MSSM with squark NMFV featuring 22 parameters at the TeV scale
— Markov Chain Monte Carlo (MCMC) study
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Hypothesis of NMFV in the squark sector 
not obviously disfavoured by exp. data  

(B-physics, K-physics, Higgs mass, …)

http://www.arxiv.org/abs/1803.10379


The flavour-violating elements influence squark masses, flavour decomposition, production  
cross-sections and open new decay channels — characteristic signatures at the LHC

Signatures of squark flavour violation at the LHC
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of collider searches including the possibility that one squark decays into a top and the second into a charm-quark.

We discuss the results, in particular, the role of charm-tagging within this context in Sec. IV. Finally, conclusions are

given in Sec. V.

II. MODEL SETUP AND EXISITING LHC LIMITS

This Section is dedicated to the introduction of the simplified model featuring top-charm mixing in the up-type

squark sector, which we base the following analysis on. We also discuss the adopted search strategy and recast recent

squark searches, which have been performed within flavour-conserving frameworks at the Large Hadron Collider

(LHC).

A. A simplified model for squark flavour violation

For the following analysis, we consider a simplified model capturing the essential features of non-minimal flavour

violation in the squark sector, namely the fact that a single mass eigenstate contains several flavours. Therefore,

our setup consists of two active flavours, a “right-handed” top-squark t̃R and a “right-handed” charm-squark c̃R,

which manifest as two physical eigenstates labelled ũ1 and ũ2 and containing potentially both flavours. The mixing

is parametrized through a mixing angle ✓tc according to

0

@ũ1

ũ2

1

A =

0

@ cos ✓tc sin ✓tc

� sin ✓tc cos ✓tc

1

A

0

@c̃R

t̃R

1

A . (1)

By convention, ũ1 is the lighter of the two squark mass eigenstates. Moreover, our setup included one neutralino �̃0
1,

assumed to be bino-line and with a mass fixed to m�0
1
= 50 GeV. As we will show in the following, these assumptions

do not have a significant impact on the analysis, the main ingredient being the squark mixing angle ✓tc and the

resulting branching ratios of the squarks into quarks and the neutralino. The rest of the MSSM mass spectrum is

assumed to be decoupled and ignored in the following. The choice of assuming “right-handed” squarks is motivated

by the fact this situation turns out to be less a↵ected by experimental constraints from B-physics as compared to

states involving “left-handed” squarks.

The setup of our interest is thus based on three parameters: the masses mũ1 and mũ2 of the two physical squarks

together with the flavour mixing angle ✓tc. For the parametrization of the general Minimal Supersymmetric Standard
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1 , ũi ! c�̃0

1 with i = 1, 2 . (2)

At the Large Hadron Collider, the signature associated to the pair-production of squarks will therefore include missing
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Recasting LHC limits on squark searches

Dedicated searches by ATLAS (and CMS):   
 
                                                                                                               ATLAS Collaboration — arXiv:1711.11520 [hep-ex]
 

Recasting of the observed limits in the simplified parameter space (                     )

t̃t̃⇤ ! tt̄ Emiss
T c̃c̃⇤ ! cc̄ Emiss

T

mũ1 ,mũ2 , ✓tc

Non-negligible mixing has important impact on the current exclusion limits 
 

Obtained limits more conservative than original limits due to less complete analysis  
(in particular: missing multi-bin information)
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Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — work to be published…
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Defining dedicated kinematic variables allows signal-background discrimination such that  
mixed stop scenarios with squark masses up to about 1 TeV would yield a 2σ excess  
at the LHC with 300 fb-1 (this range being extended to about 1.3 TeV for 3000 fb-1)

It is crucial to include analyses dedicated to the decay of top-partners into a single top  
quark and a lighter jet

mũ1
m

�̃
0 1

4

transverse energy (Emiss
T ) being the two neutralinos in the subsequent squark decays. Typical search strategies focus

on the MFV-inspired processes

pp ! tt̄+ Emiss
T and pp ! cc̄+ Emiss

T . (3)

Considering the squarks being mixtures of two flavours as introduced above, the possibility of di↵erent decays after

pair-production has to be considered. The corresponding signature is

pp ! tc+ Emiss
T ! `bc+ Emiss

T , (4)

one squark decaying into a top quark, the other squark decaying into a charm quark [? ]. Moreover, we assume

leptonic top decay. In consequence, we propose to target final states containing an isolated lepton, one tagged b-jet,

one c-tagged jet, and a large amount of missing transverse energy.
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FIG. 1. Branching ratios of the ũ1 ! t�̃0
1 (dashed line) and ũ1 ! c�̃0

1 (solid line) decays, shown as functions of the mixing

angle ✓tc. In the Left figure, the red and blue curves correspond to squark masses of mũ1 = 500 GeV and mũ1 = 1000 GeV,

respectively with a fixed m�0
1
= 50 GeV. In the right plot, we fix mũ1 to 500 GeV and vary m�0

1
for three di↵erent values 50

GeV (red), 200 GeV (blue) and 300 GeV (cyan).

The branching ratios which are relevant for the squark decays depend significantly on the mixing angle ✓tc. The is

illustrated in Fig. 1, where we show the branching ratios of the decays (3) as a function of the mixing angle and for

di↵erent selected mass configurations. As can be seen, both decay modes can have equally sizeable rates.

Another parameter of interest for the signature under consideration is the mass di↵erence between the decaying

squark and the neutralino. As can be seen in Fig. 1, the impact of the masses is marginal unless the mass di↵erence

comes close to the top-mass threshold. As indicated above, for the rest of our analysis, the neutralino mass is held

fixed at 50 GeV, while the squark masses remain free parameters.
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Typical scenarios with squark flavour violation
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mũ1 mũ2
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states accessible at LHC

De Causmaecker, Fuks, Herrmann, Mahmoudi, O’Leary, Porod, Sekmen, Strobbe  — JHEP 1511 (2015) 125 — arXiv:1509.05414 [hep-ph]

Lightest up-type states mainly not stop-like 
(contrary to the “usual” MFV-like MSSM !)
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Likelihood inference of flavour decomposition

Bernigaud, Herrmann — work to be published…

“observed” data 
(or test scenario…)

Model database  
(e.g. MCMC study, simplified scan,…)

Average likelihood for  
    distinct bins in     xt̃

Observables from LHC

Inference of stop component  
by fitting a Gaussian likelihood…

xt̃

Di,�i

presence of the observed rather distinct regions is an important feature which will turn out

to be crucial in the identification of the squark flavour decomposition from the observables

given in Eq. (3.2).

4 Likelihood inference in a simplified model

In order to infer the stop composition of the observed squark, we start by construct-

ing a maximum likelihood estimator. The likelihood is defined as the function of the

parameters in a specific model given the observed data. For a given set of data D =

(mũ1 ,m�̃
0
1
,m

�̃
±
1
, Rc/t, Rb/t) obtained at LHC, we associate a likelihood value to each point

of our random parameter scan. Assuming a Gaussian distribution, this likelihood takes the

form

lnL(✓) = �
X

i

✓
✓i �Di

�i

◆2

(4.1)

with ✓ being the set of parameters associated to the parameter point under consideration.

We now devide the interval x
t̃
2 [0; 1] into N bins of equal size. For each bin j =

1, . . . , N , we then compute the average likelihood of all random parameter points featuring

their value of x
t̃
inside the given bin. This bin-wise likelihood is computed according to

L̂j(xt̃) =
1

Nj

NjX

k=1

L(✓) (4.2)

where Nj denotes the number of points inside the bin j. From the obtained values of

L̂j(xt̃) over the interval x
t̃
2 [0; 1], we can fit a Gaussian distribution in order to find the

maximum of likelihood. The uncertainty is then based on the standard deviation value of

the fit.

Several subtleties appear and have to addressed when performing this analysis. The

first one is of technical nature: In order to fill the full x
t̃
interval in a consistent way, we

need a rather large number of parameter points. Note that this number depends on the

chosen bin size. The second, and more tricky part, resides in the uncertainties �i involved

in Eq. (4.1). Usually this standard deviation correspond to the uncertainty associated with

the measurement of the observables Di. However, in our case, since di↵erent parameter

points ✓i can lead to the same observation, there is an additional feature. If almost all

of the points in a given bin lead to a rather low value of L(✓) and if the values of �i are

rather low, one of the points may have a great importance. This in turn can lead to a bad

estimation of the stop component x
t̃
. The conclusion of this is that the uncertainties �i

in Eq. (4.1) have in fact two components: the uncertainty of the observable itself and in

addition an uncertainty coming from the density and distribution of the randomly chosen

parameter points.

For the sake of simplicity, and in order to illustrate the proposed inference method, we

fix in a first step the parameters associated to the neutralino and chargino decomposition

as

N1l = 0.5, U11 = V12 = 1, U12 = V11 = 0 , (4.3)
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✓i

The cases x
t̃
⇡ 0 and x

t̃
⇡ 0 correspond to MFV with respectively ũ1 being a pure c̃

or t̃ state. In order to have a suitable distinction, we define MFV and NMFV and t̃- or

c̃-like squarks as follows:

x
t̃
< 0.05 () c̃�MFV

x
t̃
< 0.50 () c̃�NMFV

x
t̃
> 0.50 () t̃�NMFV

x
t̃
> 0.95 () t̃�MFV

(2.6)

Note that, although the given definition of the above categories is somewhat arbitrary, the

exact value of the cuts between MFV and NMFV does not have a major impact on our

study. It might a↵ect the e�ciency of the studies presented in the following.

3 Observables related to flavour violation at LHC

� Maybe unify Sections 2 and 3...?

If a squark should be observed at the Large Hadron Collider or any future hadron

collider, it will most likely be produced from (flavour-conserving) gluon-initiated processes

and manifest through its decay into quarks and gauginos. In our setup, this corresponds

to the following decay modes

ũ1 ! t�̃0
1 , ũ1 ! c�̃0

1 , ũ1 ! b�̃+
1 , (3.1)

which are simoultaneously open if the squark is a mixture of the two flavours, i.e. if 0 <

x
t̃
< 1. Here, the neutralinos manifest as missing transverse energy, while the charginos

will decay further into W -bosons and neutralinos.

Our study is based on the assumption that these decays are observed, and that we

have access to the observables

mũ1 , m
�̃
0
1
, m

�̃
+
1
, Rc/t =

BR(ũ1 ! c�0
1)

BR(ũ1 ! t�0
1)
, Rb/t =

BR(ũ1 ! b�+
1 )

BR(ũ1 ! t�0
1)

. (3.2)

Note that the production cross-section of the squarks, as well as their branching ratios

alone, are di�cult to access. We therefore choose to work with the ratios defined above

rather than with the pure associated event rates.

Analytical expressions for the relevant decay rates in the NMFV framework can be

found in Ref. [2]. Note that in the definition of the ratios Rc/t and Rb/t, we assume

without loss of generality that the decay into top quarks is always open.

For the further study, it is interesting to work those expressions in order to find the

x
t̃
-dependence of the observables in certain limits concerning the nature of the involved

neutralinos and charginos. For example, assuming a pure higgsino-like neutralino and

neglecting the neutralino mass with respect to the squark mass, we obtain

Rc/t

���
�̃
0
1=H̃0, mũ1�m�̃0

1

=
�cmc

�tmt

1� x
t̃

x
t̃

, (3.3)
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Likelihood inference:  Selected results

Bernigaud, Herrmann — work to be published…

This analysis basically allows to recover the actual stop component of the squark 
 

Limitations arise from the large number of parameter points required to perform the fit  
and the evaluation of the uncertainty entering the likelihood…  
 

A similar study of the full model suffers from the non-flat prior of the stop component…
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Multi-variate analysis:  MFV vs. NMFV

Bernigaud, Herrmann — work to be published…

Observables from LHC
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c̃-like squarks as follows:

x
t̃
< 0.05 () c̃�MFV

x
t̃
< 0.50 () c̃�NMFV
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> 0.50 () t̃�NMFV
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> 0.95 () t̃�MFV
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Note that, although the given definition of the above categories is somewhat arbitrary, the

exact value of the cuts between MFV and NMFV does not have a major impact on our

study. It might a↵ect the e�ciency of the studies presented in the following.

3 Observables related to flavour violation at LHC

� Maybe unify Sections 2 and 3...?

If a squark should be observed at the Large Hadron Collider or any future hadron

collider, it will most likely be produced from (flavour-conserving) gluon-initiated processes

and manifest through its decay into quarks and gauginos. In our setup, this corresponds

to the following decay modes

ũ1 ! t�̃0
1 , ũ1 ! c�̃0

1 , ũ1 ! b�̃+
1 , (3.1)

which are simoultaneously open if the squark is a mixture of the two flavours, i.e. if 0 <

x
t̃
< 1. Here, the neutralinos manifest as missing transverse energy, while the charginos

will decay further into W -bosons and neutralinos.

Our study is based on the assumption that these decays are observed, and that we

have access to the observables
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Note that the production cross-section of the squarks, as well as their branching ratios

alone, are di�cult to access. We therefore choose to work with the ratios defined above

rather than with the pure associated event rates.

Analytical expressions for the relevant decay rates in the NMFV framework can be

found in Ref. [2]. Note that in the definition of the ratios Rc/t and Rb/t, we assume

without loss of generality that the decay into top quarks is always open.

For the further study, it is interesting to work those expressions in order to find the

x
t̃
-dependence of the observables in certain limits concerning the nature of the involved

neutralinos and charginos. For example, assuming a pure higgsino-like neutralino and

neglecting the neutralino mass with respect to the squark mass, we obtain
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ũ1 ! t�̃0
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Training data 
(e.g. MCMC study, simplified scan,…)

MVA classifier (MLP, neural network)

Root TMVA

MLP “super” variable  
to classify the data

Test categories: xt̃ < 0.05 c̃�MFV

0.05 < xt̃ < 0.50 c̃�NMFV

0.50 < xt̃ < 0.95 t̃�NMFV

xt̃ > 0.95 t̃�MFV



14

Selected resultsMulti-variate analysis:  Selected results

Bernigaud, Herrmann — work to be published…
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c̃�MFV

xt̃ < 0.05

t̃�NMFV

0.5 < xt̃ < 0.95
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Selected results

t̃�MFV

xt̃ > 0.95

c̃�NMFV

0.05 < xt̃ < 0.5
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c̃�NMFV

0.05 < xt̃ < 0.5



Multi-variate analysis:  Selected results

Bernigaud, Herrmann — work to be published…

14

Selected results

c̃�MFV

xt̃ < 0.05

Eff. 72%  
misid. 1%

Eff. 89%
misid. 5%

14

Selected results

t̃�MFV

xt̃ > 0.95

Eff. 34%
misid. 5%

Eff. 57%
misid. 20%

MVA classifier less efficient for stop-like cases… partly due to prior (again), but more  
features to be understood…

MVA classifier works better for the full NMFV-MSSM than for the simplified setup  
(the opposite holds for the likelihood inference approach)



Summary

Non-minimal flavour violation in Supersymmetry is well motivated both from the theoretical  
and phenomenological point of view — rich phenomenology at the TeV scale…

Identification of the flavour structure based on observations at the TeV scale 

Likelihood inference interesting approach, but suffers from dependence on the prior… 

Multivariate analysis needs less information, but difficult to handle uncertainties and  
difficult to “really” interpret results… Dependence on prior to be clarified!

Need for dedicated searches for NMFV final states at LHC…

NMFV terms can be motivated from GUT theories / flavour symmetries (not discussed here)…


