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http://arxiv.org/abs/arXiv:1705.04650


Reminder — Squark mass limits from ATLAS/CMS

 [GeV]
1t

~ m
200 400 600 800 1000 1200

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

700
t

) <
 m

0
1χ∼, 

1t~
m(
Δ

W
+m

b

) <
 m

0
1χ∼, 

1t~
m(
Δ) <
 0

0
1χ∼, 

1t~
m(
Δ

0
1
χ∼t→1t

~, 0
1
χ∼Wb→1t

~, 0
1
χ∼bff'→1t

~ production, 1t
~
1t

~Pure Bino LSP model: 

)SUSY
theoryσ1 ±Observed limit (

)expσ1 ±Expected limit (
-1ATLAS t1L 13 TeV, 3.2 fb

-1ATLAS 8 TeV, 20.3 fb

ATLAS  
-1 = 13 TeV, 36.1 fbs

Limit at 95% CL

Figure 20: Expected (black dashed) and observed (red solid) 95% excluded regions in the plane of m�̃0
1

versus mt̃1

for direct stop pair production assuming either t̃1 ! t �̃0
1 , t̃1 ! bW �̃0

1 , or t̃1 ! b f f 0 �̃0
1 decay with a branching

ratio of 100%. The excluded regions from previous publications [37, 168] are shown with the grey and blue shaded
areas.
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… but the obtained mass limits are based on (over-)simplifying assumptions 
    (mass hierarchy, squark and gaugino composition, decay pattern, …) 

In the following:  Consider flavour structure beyond Minimal Flavour Violation…

Current squark and gaugino searches are very helpful and an important starting point… 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Figure 6: Observed and expected exclusion contours at 95% CL, as well as ±1� variation of the expected limit, in
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1 mass plane. The SR with the best expected sensitivity is adopted for each point of the parameter space.
The solid band around the expected limit (dashed line) shows the impact of the experimental and SM background
theoretical uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal
signal cross-section by ±1� of its theoretical uncertainties. The observed limit from the monojet search at

p
s =

13 TeV [64] and from the Run-1 analysis [20, 21] at
p

s = 8 TeV are also overlaid. �m denotes mt̃1, c̃1 � m�̃0
1
.
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Outline

Disclaimer
This work has been a collaboration of experimentalists and theorists initiated at the PhysTeV 
Les Houches workshop 2017. 
I am a theorist — but I hope to cover all essential experimental points. 

Introduction:  MFV vs. NMFV in the squark sector

Recasting of existing LHC limits for NMFV squarks

Proposal for a dedicated NMFV search at LHC

Conclusion



Squark flavour structure — MFV and beyond
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Allow for new sources of flavour violation: corresponding interactions not related to 
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related to CKM-matrix — minimal flavour violation (MFV)
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MFV vs. NMFV at LHC…?



The MSSM up-type squark sector

M2
d̃

are given by101
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!
,

M2
d̃

=

 
M2

Q̃
+ m2

d + Dd̃,L
vdp
2
T †
d � mdµ tan �

vdp
2
Td � mdµ⇤ tan � M2

D̃
+ m2

d + Dd̃,R

!
,

(2.1)

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

Dq̃,L = m2
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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⌘ MŨ1,2
,

�
MŨ
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(2.3)

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

�LL =
(M2

Q̃
)23

(MQ̃)22(MQ̃)33
, �uRR =

(M2
Ũ
)23
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(M2
D̃
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,
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2
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2
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,

�dRL =
vdp
2

(Td)23
(MQ̃)22(MD̃)33
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vdp
2

(Td)32
(MQ̃)33(MD̃)22

.

(2.6)

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

the squared squark mass matrices M2
ũ and M2

d̃
according to128

diag
�
m2

q̃1 , m
2
q̃2 , . . . , m

2
q̃6

�
= Rq̃M2

q̃R
†
q̃ for q = u, d . (2.7)

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

⇣
ũ1 ũ2 ũ3 ũ4 ũ5 ũ6

⌘t
= Rũ

⇣
ũL c̃L t̃L ũR c̃R t̃R

⌘t
,

⇣
d̃1 d̃2 d̃3 d̃4 d̃5 d̃6

⌘t
= Rd̃

⇣
d̃L s̃L b̃L d̃R s̃R b̃R

⌘t
,

(2.8)

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

– 4 –

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

�LL =
(M2

Q̃
)23

(MQ̃)22(MQ̃)33
, �uRR =

(M2
Ũ
)23
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⌘t
= Rũ
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⇣
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In the super-CKM basis, the up-type squark sector is parametrized by the mass matrices:  

diag
�
m2

ũ1
, . . . ,m2

ũ6

�
= RũM2

ũR
†
ũ mũ1 < . . . < mũ6

Mass eigenstates are obtained via 6x6 rotation matrice (generalized “mixing angles”):

NMFV parameters can be considered as free parameters at the TeV scale (this talk…)
or motivated from larger frameworks such as GUTs with flavour symmetries  
                                                         (see e.g. Jordan’s talk after the coffee break…)



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

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

Model (MSSM) including non-minimal flavour violation, the interested reader is referred to Ref. [? ].

Containing the two flavours t̃R and c̃R, in our setup, each physical squark may decay either into a top or a charm

quark and a neutralino, according to

ũi ! t�̃0
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

This four-parameter setup captures the essential features of non-minimal flavour mixing
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FIG. 2: Tree-level Feynman diagrams for the production of neutral squark-antisquark pairs in quark-antiquark (top) and
gluon-gluon collisions (bottom).
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The flavour-violating elements influence squark masses, flavour decomposition, production  
cross-sections and open new decay channels — characteristic NMFV signatures at LHC
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Squark production and decay in the NMFV-MSSM

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]

Both decay modes of a mixed squark can be equally important — expect weaker limits!
Impact of mass configuration on the branching ratio less important than flavour content…

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


Recasting LHC limits on squark searches

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]

Evaluate sensitivity of the two relevant searches within the simplified setup…

pp ! tt̄+ Emiss
T

pp ! cc̄+ Emiss
T

… relying on the acceptances and efficiencies provided by the ATLAS collaboration

“discovery tN_med”

“discovery tN_high”

Estimate signal yields…  
— NLO+NLL corrected stop pair production
— branching ratios (seen on previous slide)

… and compare to ATLAS model-independent upper limits

We cannot reproduce the ATLAS multi-bin fit — our limits are more conservative…

ATLAS coll. — JHEP 1806 (2018) 108 — arXiv: 1711.11530

ATLAS coll. — arXiv: 1805.01649

Borschensky et al. — Eur.Phys.J. C74 (2014) 3174 — arXiv:1407.5066

http://www.arxiv.org/abs/1803.10379
http://arxiv.org/abs/arXiv:1407.5066


Recasting LHC limits on squark searches

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]

maximal mixing

For maximal mixing, the “MFV limits” are weakened by up to around 500 GeV 
(less weakened for m1~m2 since the higher cross-section compensates the smaller branching ratio)

Relaxing the MFV-hypothesis has important impact on the obtained limits 
Current searches have significantly reduced sensitivity in case of sizeable flavour mixing…

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


Proposal for a dedicated LHC search 
for NMFV in the squark sector

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]

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


Dedicated NMFV search at LHC — proposal

Shortcomings of previous analyses may be addressed by taking into account the “tc-channel”

Bartl, Eberl, Herrmann, Hidaka, Majerotto, Porod — Phys. Lett. B 698: 380-388 (2011) — arXiv:1007.5483 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]
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Dedicated NMFV search at LHC — proposal

Shortcomings of previous analyses may be addressed by taking into account the “tc-channel”

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — arXiv:1808.07488 [hep-ph]
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T

Case A 
veto additional b-jets

extra light jet with pT>100 GeV

Case B 

only one b-tagged jet with mbℓ<160 GeV
c-tagged leading jet mjℓ>160 GeV

failing b-tagging for remaining jets mjℓ>160 GeV

Event preselection 
exactly one isolated electron or muon with pT>25 GeV and |η|<2.5

at least one b-tagged jet with pT>50 GeV and |η|<2.5
invariant mass of the b-lepton system mbℓ<160 GeV  (from top decay)

Use asymmetric mT2 variable to reduce dilepton background:  amT2 > 200 GeV
Further background reduction by constructing another transverse mT2 variable:  mT2blj

http://www.arxiv.org/abs/1803.10379
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Dedicated NMFV search at LHC — event selection
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Simplified NMFV model implemented in FeynRules 2.0 and MadGraph5_aMC@NLO
Generate LO matrix elements convoluted with NNPDF 3.0 parton distribution functions
Parton showering and hadronisation using PYTHIA 8.2
Reweight each event to match the production cross-section estimated at NLO+NLL accuracy
Jet reconstruction using FASTJET and compared to DELPHES

http://www.arxiv.org/abs/1803.10379
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Dedicated NMFV search at LHC — expected reach
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Analysis statistics dominated at low luminosity — large difference between Case A and Case B
Difference between two methods reduced at higher luminosity
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Signal-background ratio higher when incorporating c-tagging
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Dedicated NMFV search at LHC — expected reach

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


Conclusions 



“SUSY is not dead…!”

New physics might be hiding in (so far) unexplored corners of parameter space,  
beyond the (sometimes too simple) assumptions and thus not covered by exp. searches 

Taking into account flavour mixing and “mixed signatures” would be very interesting  
and open the searches to interesting physics cases…



Session 1 (SM):    10-19 june 2019
Working groupes:   Higgs / Loops and multilegs / Tools and Monte-Carlos

Session 2 (BSM):  19-28 june 2019
Working groupes:   Higgs / New physics / Tools and Monte-Carlos
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Save the dates! More information soon…  http://phystev.cnrs.fr 
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