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The Standard Model…

en.wikipedia.org/wiki/Standard_Model

http://en.wikipedia.org/wiki/Standard_Model


The Standard Model… and its shortcomings

Dark matter in the Universe…?

Hierarchy problem…?

Gauge cou
pling un

ification
…?

Gravity…?

Neutrino 
masses…?

Lepton-flavour non-universality…?

Flavour p
roblem…?

Other sca
lars…?





The following is a very personal selection of beyond 
Standard Model frameworks

I will not cover models featuring axions or leptoquarks
(while I believe they are interesting extensions of the SM)

I will cover (non-minimal) supersymmetric extensions 
(but only TeV-scale aspects) and scotogenic models



Supersymmetric frameworks

Q |bosoni ! |fermioni
Q |fermioni ! |bosoni



Minimal Supersymmetric Standard Model
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Supersymmetry broken at the TeV scale — introduce soft-breaking terms into the Lagrangian
Minimal Supersymmetric Standard Model probably best-studied BSM framework…



Reminder — Squark mass limits from ATLAS/CMS
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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.

58

 [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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ATLAS coll. — JHEP 1806 (2018) 108 — arXiv: 1711.11530 ATLAS coll. — JHEP 09 (2018) 050 — arXiv: 1805.01649

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…
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Figure 6: Observed and expected exclusion contours at 95% CL, as well as ±1� variation of the expected limit, in
the t̃1, c̃1– �̃0

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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Squark flavour structure — MFV and beyond
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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 at LHC…?



Two active squark flavours — bino-like neutralino — all other states decoupled 

Simplified parameter setup featuring NMFV

3

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
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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

Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — Eur.Phys.J.C 78 (2018) 10, 844 — arXiv:1808.07488 [hep-ph]
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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 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 — Eur.Phys.J.C 78 (2018) 10, 844 — 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


Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — PhysTeV Les Houches 2017 — arXiv:1803.10379 [hep-ph]
Chakraborty, Endo, Fuks, Herrmann, Nojiri, Pani, Polesello — Eur.Phys.J.C 78 (2018) 10, 844 — arXiv:1808.07488 [hep-ph]

Modified limits and complementary analysis

Limits are weakened when 
relaxing the MFV hypothesis
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Scotogenic frameworks

“σκότος” —- “darkness” 

  “γεννώ” —- “generate”

νi νj

ϕ

χ

Radiative generation of neutrino masses involving particles from the dark sector…



A singlet-doublet scotogenic framework
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Neutrino masses and coupling parameters
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Parameters and constraints
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Numerical evaluation — SARAH + SPheno    Staub, Porod, Goodsell (2003-2021) 

                                — micrOMEGAs    Bélanger, Boudjema, Pukhov, Semenov et al. (2004-2021)



6B;m`2 d, .Bbi`B#miBQM Q7 i?2 �#bQHmi2 p�Hm2b Q7 i?2 +QmTHBM; T�`�K2i2`b gi
F

�M/ gi 
Ui = e, µ, ⌧V Q#i�BM2/ 7`QK i?2 J�`FQp *?�BM JQMi2 *�`HQ �M�HvbBbX

8 _2bmHib

AM i?Bb a2+iBQM- r2 rBHH T`2b2Mi i?2 K�BM `2bmHib 7`QK Qm` J�`FQp *?�BM JQMi2 *�`HQ
bim/B2b T`2b2Mi2/ BM a2+X 9X �7i2` � /Bb+mbbBQM Q7 i?2 +QmTHBM;b �M/ i?2 +QMbi`�BMib 7`QK
i?2 H2TiQM �M/ M2mi`BMQ b2+iQ`b- r2 rBHH BM T�`iB+mH�` 7Q+mb QM i?2 `2bmHiBM; /�`F K�ii2`
T?2MQK2MQHQ;vX

8XR *QmTHBM;b- M2mi`BMQ K�bb2b- �M/ H2TiQM ~�pQm` pBQH�iBQM
h?2 +QmTHBM;b gF �M/ g �`2 bi`QM;Hv `2H�i2/ iQ i?2 K2�bm`2/ M2mi`BMQ K�bb2b �M/ KBtBM;
T�`�K2i2`b i?`Qm;? 1[X UjXRyVX h?2 Q#i�BM2/ /Bbi`B#miBQMb Q7 i?2 �#bQHmi2 p�Hm2b �`2
b?QrM BM 6B;X dX �b +�M #2 b22M- i?2 +QmTHBM;b �`2 +QMbi`�BM2/ iQ #2 `�i?2` bK�HH �M/
+�MMQi 2t+22/ �#Qmi 10�3X *QMb2[m2MiHv- i?2 +QmTHBM;b gF �M/ g +�MMQi #2 2tT2+i2/
iQ +QMi`B#mi2 bB;MB}+�MiHv iQ H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b bm+? �b µ ! e� �M/ Qi?2`
/2+�vbX AM Qi?2` rQ`/b- i?2 H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b ?�p2 �HKQbi MQ BKT�+i QM
i?2 pB�#H2 p�Hm2b Q7 i?2 +QmTHBM;b gF �M/ g X

�b +QKTH2K2Mi�`v BM7Q`K�iBQM- r2 +QKTmi2 i?2 ;2QK2i`B+�H K2�M p�Hm2 Q7 i?2 2H2@
K2Mib Q7 i?2 K�i`Bt G U`2;`QmTBM; i?2 +QmTHBM;b gF �M/ g - b22 1[X UkXdVV-
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h?2 MmK2`B+�H p�Hm2b Q7 i?Bb T�`�K2i2` �`2 b?QrM BM 6B;X 3X q2 b22 i?�i i?2 ;2QK2i`B+�H
K2�M p�Hm2 Q7 i?2 +QmTHBM;b Bb `2H�iBp2Hv bi�#H2 T2�FBM; �`QmM/ G ⇡ 3.2 · 10�5X h?Bb p�Hm2
`2T`2b2Mib i?2 ivTB+�H Q`/2` Q7 K�;MBim/2 M22/2/ iQ K22i i?2 2tT2`BK2Mi�H +QMbi`�BMib 7`QK
i?2 M2mi`BMQ b2+iQ`X A7 QM2 2Mi`v Q7 i?2 K�i`Bt G Bb MmK2`B+�HHv H�`;2` UbK�HH2`V- Bi ?�b iQ
#2 +QKT2Mb�i2/ #v Qi?2` 2H2K2Mib r?B+? �`2 i?2M bK�HH2` UH�`;2`VX LQi2 i?�i i?2 rB/i? Q7
i?2 b?QrM /Bbi`B#miBQM Bb +�mb2/ #v i?2 7�+i i?�i r2 p�`v i?2 T�`�K2i2`b Q7 i?2 b+�H�` �M/
72`KBQM b2+iQ`b �TT2�`BM; BM i?2 K�i`Bt ML Q7 1[X UjXRyVX

G2i mb MQr /Bb+mbb i?2 +QmTHBM; gR- r?B+? Bb MQi `2H�i2/ iQ i?2 M2mi`BMQ b2+iQ`- #mi
+QMbi`�BM2/ 7`QK H2TiQM ~�pQm` /�i�X 6B;X N b?Qrb i?2 /Bbi`B#miBQMb i?�i r2 Q#i�BM 7Q` i?2
i?`22 BM/BpB/m�H +QmTHBM;b �7i2` BKTQbBM; i?2 +QMbi`�BMib BM Qm` J�`FQp *?�BM JQMi2 *�`HQ
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Couplings  and  mainly bound by neutrino mass constraints
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Coupling parameters

Couplings  constrained by lepton-flavour violating processes
(in particular )

gR
μ → eγ
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6B;m`2 Ry, .Bbi`B#miBQM Q7 i?2 /�`F K�ii2` K�bb Q#i�BM2/ 7`QK i?2 J�`FQp *?�BM JQMi2
*�`HQ bim/v BKTQbBM; i?2 +QMbi`�BMib Q7 h�#X 9 UH27iV �M/ 7Q` � `�M/QK b+�M mbBM; i?2
b�K2 T�`�K2i2` BMi2`p�Hb #mi rBi?Qmi BKTQbBM; i?2 +QMbi`�BMib U`B;?iVX h?2 i?`22 ?Bb@
iQ;`�Kb b?Qr i?2 /Bbi`B#miBQM 7Q` i?2 i?`22 TQbbB#H2 /�`F K�ii2` +�M/B/�i2b U�0

1- �0
1- A0VX

h?2 T2`+2Mi�;2b BM i?2 H2;2M/ +Q``2bTQM/ iQ i?2 `2H�iBp2 Q++m``2M+2 Q7 2�+? /�`F K�ii2`
+�M/B/�i2X

Tb2m/Q@b+�H�` A0X
q2 bi�`i #v BMp2biB;�iBM; i?2 K�bb BMi2`p�H i?�i +�M #2 2tT2+i2/ 7Q` i?2 /�`F K�ii2`

T�`iB+H2X AM 6B;X Ry r2 b?Qr i?2 Q#i�BM2/ /Bbi`B#miBQM Q7 i?2 /�`F K�ii2` K�bb iQ;2i?2` rBi?
Bib `2bT2+iBp2 M�im`2X JQ`2Qp2`- r2 +QKT�`2 i?2 bBim�iBQM �7i2` BKTQbBM; i?2 +QMbi`�BMib
Q7 h�#H2 9- BX2X i?2 pB�#H2 T�`�K2i2` TQBMib Q#i�BM2/ 7`QK i?2 J�`FQp *?�BM JQMi2 *�`HQ
UJ*J*V �M�HvbBb- iQ i?2 bBim�iBQM rBi?Qmi BKTQbBM; i?2b2 +QMbi`�BMib- Q#i�BM2/ 7`QK �
Tm`2 `�M/QK b+�M rBi? i?2 QMHv `2[mB`2K2Mi i?�i i?2 /�`F K�ii2` T�`iB+H2 Bb 2H2+i`B+�HHv
M2mi`�HX h?2 mM+QMbi`�BM2/ b�KTH2 �BKb �i FMQrBM; i?2 T`BQ` /Bbi`B#miBQM Q7 i?2 /�`F
K�ii2` K�bbX *QKT�`BM; iQ i?2 TQbi2`BQ` /Bbi`B#miBQM UQ#i�BM2/ 7`QK i?2 J*J* �M�HvbBbV
�HHQrb iQ +QM+Hm/2 +QM+2`MBM; i?2 BKT�+i Q7 i?2 +QMbi`�BMib QM i?2 /�`F K�ii2` K�bb
/Bbi`B#miBQMX

6B`bi- r2 Q#b2`p2 i?�i i?2 KQ/2H BMi`BMbB+�HHv T`272`b 72`KBQMB+ /�`F K�ii2` Qp2` b+�H�`
Q` Tb2m/Q@b+�H�` /�`F K�ii2`X �H`2�/v BM i?2 +�b2 rBi?Qmi BKTQbBM; +QMbi`�BMib- i?2 7Q`K2`
�++QmMib 7Q` �#Qmi eyW Q7 i?2 �++2Ti2/ T�`�K2i2` TQBMibX AKTQbBM; i?2 2tT2`BK2Mi�H
+QMbi`�BMib- i?Bb T2`+2Mi�;2 Bb bHB;?iHv BM+`2�b2/ iQ �#Qmi e9WX �i i?2 b�K2 iBK2- i?2
T2`+2Mi�;2 Q7 Tb2m/Q@b+�H�` /�`F K�ii2` /2+`2�b2b- K�BMHv /m2 iQ i?2 /�`F K�ii2` /B`2+i
/2i2+iBQM +QMbi`�BMi- r?B+? rBHH #2 /Bb+mbb2/ BM KQ`2 /2i�BH BM a2+X 8XjX

a2+QM/- �7i2` BKTQbBM; i?2 +QMbi`�BMib- i?2 K�bb /Bbi`B#miBQM �bbQ+B�i2/ iQ 72`KBQMB+
/�`F K�ii2` /BbTH�vb � `�i?2` b?�`T b?�T2 T2�FBM; �i m
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⇠ 1.1 h2oX AM +QMi`�bi- i?2 b+�H�`

�M/ Tb2m/Q@b+�H�` /�`F K�ii2` 72�im`2 Km+? rB/2` /Bbi`B#miBQMb `2�+?BM; 7`QK �#Qmi dyy
:2o iQ �#Qmi Rdyy :2oX h?2 +�b2 Q7 b+�H�` /�`F K�ii2` ?�b #22M /Bb+mbb2/ BM /2i�BH BM
_27X (jk)X

h?2 bi`BFBM; #2?�pBQm` BM i?2 72`KBQMB+ +�b2 +�M #2 i`�+2/ iQ `2[mB`BM; i?2 T`2/B+i2/
`2HB+ /2MbBiv iQ K22i i?2 SH�M+F HBKBi Q7 ⌦CDMh2 ⇡ 0.12 Ub22 h�#H2 9VX AM Q`/2` iQ mM/2`@
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Dark matter mass and nature

χ0
1 (64%)

ϕ0
1 (32%)

A0 (4%)

mDM [GeV]

Constraints prefer fermionic dark matter 

with mχ0
1

∼ 1.0 − 1.2 TeV

Scalar dark matter mainly singlet-like

Fermion mass prediction driven by co-annihilations 
(dark matter mainly doublet-dominated)



Direct detection

XENON nT 
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Upcoming experiments will constrain mainly (doublet-like) scalar dark matter 

Fermionic dark matter (especially the doublet) difficult to constrain 
— efficient co-annihilation around  allows for small couplingsmDM 1 − 1.2 TeV



Summary and outlook

New physics may be hiding in “next-to-simple” decay patterns…

Mass spectrum may be quite predictive due to various constraints…

Interesting times lay ahead of us!

No direct signal for new physics so far…
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