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Intro

Motivation

Why BSM flavour physics?

flavour and CP are not good symmetries of nature, already violated in
the SM (Yukawa couplings, CKM matrix)

concrete BSM models typically introduce new sources of flavour and
CP violation

B meson anomalies provide the most promising experimental hints for
breakdown of SM at the TeV scale

Questions addressed in C3a

‚ What is the impact of a non-trivial flavour structure
on direct LHC searches for new particles?

‚ Can high-pT physics provide a complementary probe
of the BSM flavour and CP structure?

3 M.Blanke C3a: New sources of flavour and CP violation at high pT
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Simplified models

Simplified models for a first characterization of new physics at the LHC

Johan Alwall* and Philip C. Schuster†
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Natalia Toro†
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Low-energy supersymmetry (SUSY) and several other theories that address the hierarchy problem

predict pair-production at the LHC of particles with standard model quantum numbers that decay to jets,

missing energy, and possibly leptons. If an excess of such events is seen in LHC data, a theoretical

framework in which to describe it will be essential to constraining the structure of the new physics. We

propose a basis of four deliberately simplified models, each specified by only 2–3 masses and 4–5

branching ratios, for use in a first characterization of data. Fits of these simplified models to the data

furnish a quantitative presentation of the jet structure, electroweak decays, and heavy-flavor content of the

data, independent of detector effects. These fits, together with plots comparing their predictions to

distributions in data, can be used as targets for describing the data within any full theoretical model.

DOI: 10.1103/PhysRevD.79.075020 PACS numbers: 14.80.Ly, 12.60.Jv

I. INTRODUCTION

The LHC experiments are the largest and most complex
in human history, with great potential to shed light on
fundamental physics. As the experimental collaborations
prepare to search for evidence of new physics at the TeV
scale, particle physicists must also prepare for the next
step: finding a framework in which to describe the data.

The standard model served this role through the entire
history of hadron colliders, from the discoveries of the Z,
W, and top quarks through percent- and sub-percent-level
measurement of their properties with Tevatron Run II data.
But there are many proposed extensions of the standard
model; many have qualitatively similar phenomenology,
which depends dramatically on a large number of free
parameters. Within the minimal supersymmetric standard
model (MSSM), for example, each signature that is com-
monly searched for can be produced in multiple ways.
When a signal is seen, it will not be immediately clear
what particles are producing it, what their dominant decay
modes are, or what other species are simultaneously pro-
duced. For this reason, it is useful to step back from the
detailed predictions of any one model or region of parame-
ter space, and characterize these basic properties first in a
manner that allows comparison to any model.

In this paper, we propose a specific approach to charac-
terizing the first robust evidence for new physics seen at the
LHC. We present four ‘‘simplified models,’’ each with a
small set of unambiguous parameters, based on the phe-
nomenology typical of supersymmetry (SUSY) but
stripped of much of the complexity possible in the full

parameter space of supersymmetry. Despite their small
size, these simplified models will give a good coarse-level
description of SUSY-like physics, especially appropriate in
the low luminosity limit. We discuss and illustrate by
example how the parameters of the simplified models can
be constrained, and how deviations from the simplified
models in the data can be used to further characterize the
underlying physics. We also discuss how to use these
models as a basis for comparison of data with theoretical
models such as the MSSM.
These simplified models are a useful first description for

any ‘‘SUSY-like’’ new-physics signal in jetsþMETþ X.
By this we mean that the new physics has a discrete
spectrum of narrow resonances, that the new particles are
odd under some exact parity and are ‘‘partners’’ of a
standard model particle (with the same standard model
gauge and flavor quantum numbers), and that the lightest
parity-odd particle, which is necessarily stable, is neutral
(and hence a dark matter candidate). These theories in-
clude not only the R-parity conserving MSSM (see, e.g.,
[1]), but also UED models with conserved KK parity [2],
Little Higgs with T parity [3], and Randall-Sundrum mod-
els with custodial SU(2) and discrete symmetries [4].
The simplified models are expected to reproduce kine-

matics and multiplicities of observed particles remarkably
well in a wide variety of SUSY-like new physics models—
even when the spectrum of unstable particles in the full
model is far more complex than the simplified model
permits. The simplified model fits can then be used as a
representation of the data, and can be compared to any full
model by simulating both in a simple detector simulator.
This last process of comparison can be done by phenom-
enologists outside the LHC collaborations.
The paper is organized as follows: In the rest of this

introduction, we will motivate the approach of using ‘‘sim-

*alwall@slac.stanford.edu
†schuster@slac.stanford.edu
‡ntoro@stanford.edu
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Simplified models

Consider a simplified dark matter model with an axial-vector mediator Z’ 
which couples to a Majorana dark matter fermion ! and SM quarks. 

Z’

g��
µ�5

gq�
µ�5

The model has only four parameters (M!, MZ’,√g! gq, "Z’), and it can be 
tested in direct and indirect detection, and at the LHC.
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
j

L
)(L̄↵

L�
µL�

L
)
i
, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =

✓
V ⇤
ji
uj
L

di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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ΦTP2b-anomalies: ‘simplified models’ + roads to UV completions

Roads to UV completions
Non-perturbative TeV-scale dynamics

(non-renormalizable models)

Scalar LQ as PNG: Gripaios, ’10;

Gripaios, Nardecchia, Renner, ’14

Vector LQ (or W ′,Z′) as

technifermion resonances: Barbieri

et al. ’15; Buttazzo et al. ’16;

Barbieri et al. ’17

W ′, Z′ as Kaluza-Klein excitations

(e.g. from warped extra dim.):

Megias, Quiros, Salas ’17; Megias,

Panico, Pujolas, Quiros ’17

Perturbative TeV-scale dynamics

(renormalizable models)

Renormalizable models with scalar

mediators (LQ, but also

RPV-SUSY): Hiller, Schmaltz, ’14;

Becirevic et al. ’16; Fajfer et al.

’15-’17; Dorsner et al. ’17; Crivellin,

Müller, Ota ’17; Altmannshofer,

Dev, Soni, ’17

Gauge models: Cline, Camalich

’17; Calibbi, Crivellin, Li, ’17; As-

sad, Fornal, Grinstein, ’17; Di Luzio,

Greljo, Nardecchia, ’17

Probing Physics Beyond the Standard Model with Precision, MITP Mainz, 6 March 2018 W. Porod, Uni. Würzburg – p. 6
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where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
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and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
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td
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ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =
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V ⇤
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◆
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L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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ΦTP2b-anomalies: ‘simplified models’ + roads to UV completions
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(3,1,2/3)

Figure 7. Projected sensitivity of future colliders to di-LQ production (where each decays to a
muon and a jet) for the luminosities and centre of mass energies given in the legend. We also show
the scalar LQ cross-section times branching ratio predicted for some future collider scenarios by
the curves labelled �NLO ⇥BR. Shaded parts of the curve indicate the conservative extrapolation
method at low masses that underestimates the actual limit.

Figure 8. Parameter space of the LQ on a log-log scale for couplings |ybµy⇤sµ| vs mass in TeV. The
green strip indicates the region compatible with the B-anomalies at 1�. The di↵erent red-shaded
regions are excluded by Bs � B̄s mixing up to the solid red (dotted brown) line for the V1 (V3)
vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
to MLQ ⇠ 12 TeV is the projected 95% CL limit on scalar LQ pair production for FCC-hh at 100
TeV with 10 ab�1.

can roughly double that to 4 (5) TeV with 1 (10) ab�1. At FCC-hh the limits are improved

by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit

allowed by Bs� B̄s mixing. The relevant four-fermion operator of the e↵ective Lagrangian

for this process can be written as

Lb̄sb̄s = cbbLL
�
b̄�µPLs

� �
b̄�µPLs

�
+ h.c. . (3.9)

– 16 –

arXiv:1710.06363 [hep-ph]
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Figure 7. Projected sensitivity of future colliders to di-LQ production (where each decays to a
muon and a jet) for the luminosities and centre of mass energies given in the legend. We also show
the scalar LQ cross-section times branching ratio predicted for some future collider scenarios by
the curves labelled �NLO ⇥BR. Shaded parts of the curve indicate the conservative extrapolation
method at low masses that underestimates the actual limit.

Figure 8. Parameter space of the LQ on a log-log scale for couplings |ybµy⇤sµ| vs mass in TeV. The
green strip indicates the region compatible with the B-anomalies at 1�. The di↵erent red-shaded
regions are excluded by Bs � B̄s mixing up to the solid red (dotted brown) line for the V1 (V3)
vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
to MLQ ⇠ 12 TeV is the projected 95% CL limit on scalar LQ pair production for FCC-hh at 100
TeV with 10 ab�1.

can roughly double that to 4 (5) TeV with 1 (10) ab�1. At FCC-hh the limits are improved

by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit

allowed by Bs� B̄s mixing. The relevant four-fermion operator of the e↵ective Lagrangian

for this process can be written as

Lb̄sb̄s = cbbLL
�
b̄�µPLs

� �
b̄�µPLs

�
+ h.c. . (3.9)
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B physics anomalies

the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
j

L
)(L̄↵

L�
µL�

L
)
i
, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =

✓
V ⇤
ji
uj
L

di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:

5

See also Bernigaud, Blanke, de Medeiros, Talbert, Zurita, 

work in progress

http://arxiv.org/abs/arXiv:1710.06363
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ΦTP2b-anomalies: ‘simplified models’ + roads to UV completions

Roads to UV completions
Non-perturbative TeV-scale dynamics

(non-renormalizable models)

Scalar LQ as PNG: Gripaios, ’10;

Gripaios, Nardecchia, Renner, ’14

Vector LQ (or W ′,Z′) as

technifermion resonances: Barbieri

et al. ’15; Buttazzo et al. ’16;

Barbieri et al. ’17

W ′, Z′ as Kaluza-Klein excitations

(e.g. from warped extra dim.):

Megias, Quiros, Salas ’17; Megias,

Panico, Pujolas, Quiros ’17

Perturbative TeV-scale dynamics

(renormalizable models)

Renormalizable models with scalar

mediators (LQ, but also

RPV-SUSY): Hiller, Schmaltz, ’14;

Becirevic et al. ’16; Fajfer et al.

’15-’17; Dorsner et al. ’17; Crivellin,

Müller, Ota ’17; Altmannshofer,

Dev, Soni, ’17

Gauge models: Cline, Camalich

’17; Calibbi, Crivellin, Li, ’17; As-

sad, Fornal, Grinstein, ’17; Di Luzio,

Greljo, Nardecchia, ’17
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muon and a jet) for the luminosities and centre of mass energies given in the legend. We also show
the scalar LQ cross-section times branching ratio predicted for some future collider scenarios by
the curves labelled �NLO ⇥BR. Shaded parts of the curve indicate the conservative extrapolation
method at low masses that underestimates the actual limit.
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green strip indicates the region compatible with the B-anomalies at 1�. The di↵erent red-shaded
regions are excluded by Bs � B̄s mixing up to the solid red (dotted brown) line for the V1 (V3)
vector LQ, and up to the dashed pink line for the S3 scalar LQ, respectively. The region in blue up
to MLQ ⇠ 12 TeV is the projected 95% CL limit on scalar LQ pair production for FCC-hh at 100
TeV with 10 ab�1.

can roughly double that to 4 (5) TeV with 1 (10) ab�1. At FCC-hh the limits are improved

by an order of magnitude with respect to current searches, reaching exclusions up to 10

and 12 TeV for 1 and 10 ab�1, respectively.

These projected bounds on the LQ mass are to be compared with the upper limit

allowed by Bs� B̄s mixing. The relevant four-fermion operator of the e↵ective Lagrangian

for this process can be written as
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
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where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
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and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
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ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
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A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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Embedding simplified models into UV complete 
models (composite Higgs, extended gauge sectors,…) 

provides further rich phenomenology and tests

http://arxiv.org/abs/arXiv:1710.06363


10

B physics anomalies

   SU(4)×SU(3)  × GEW =  4321 models: 

    SU(4)  ×  SU(2)L×SU(2)R PS group: flavor universality

  Second observation:   we can “protect” the light families charging under SU(4) 

only the 3rd gen. or, more generally, “separating” the universal SU(3) component 

   SU(4)×SU(3) 
   SU(4)3×SU(3)1,2 

Accidental U(2)5 flavor
symm. in the gauge sect.

Non-universality
via mixing  

[ PS ]warped-5d, 3-branes

[PS]3 = [SU(4)×GEW]3

   SU(4)h×SU(4)l×GEW×GHC   SU(3)×GEW×GHC

   SU(4)×SU(3)×GEW

SU(2)L×SU(2)R 

SU(2)L×U(1)Y 

UV completions Fuentes-Martin & Stangl '20

Bordone et al. '17

Barbieri,  '17

Di Luzio, Greljo, Nardecchia, '17

Fuentes-Martin et al. '20 + work in prog.

G. Isidori –  B-physics anomalies: facts, hopes, dreams, & worries      Beyond the anomalies II – Durham, Apr. 2021 

Speculations on UV completions



arXiv:1506.03116 [hep-ph]

11

The landscape of models

http://arxiv.org/abs/arXiv:1506.03116
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Collider DM searches

Pre-LHC

SUSY 

UED

 little Higgs

From full theories to EFT and back

LHC
(Extended from a slide by U- Haisch)

….. but SUSY DM searches very active and exciting field throughout, 

see talk by. E.Rossi and K.R. Schmidt-Holberg earlier this morning

3
G. Polesello, Dark Matter @ LHC 2018 



• mediate between theory and data

• allow to explore the space of theories and signatures

• allow to interpret data in a more model-independent way 

• connect different kinds of searches for new physics 

Simplified models

How do we choose the right simplified models?

• top-down: consider limits of complete theories

• bottom-up: consider minimal extensions of the Standard Model

• connect to a wide range of complete theories

• imply novel experimental signatures

• be theoretically consistent (e.g. respect unitary)  

A good simplified model should 

13
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A simplified top-philic dark matter model

Add a fermionic DM candidate X and a scalar mediator Y to the SM 
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Figure 1. Ratio of the mediator width to its mass �Y /mY (upper panels) and mediator branching
ratios (lower panels) as a function of the mediator mass for di↵erent coupling choices and a dark
matter mass fixed to mX = 50 GeV (solid lines) and 300 GeV (dashed lines).

mX > mt

Cosmology relic

indirect

mX < mt Planck, FermiLAT

Astrophysics mX > mY

direct mX > 1 GeV LUX, CDMSLite

Colliders

/ET
mY > 2mX +tt̄

mY > 2mX +j, +Z, +h

no /ET

mY > 2mt 4t

mY > 2mt tt̄

mY < 2mX , 2mt jj, ��

Table 1. Signatures of our simplified top-philic dark matter model.

– 6 –

Arina,…,MK,…JHEP 1611 (2016) 111
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A simplified top-philic dark matter model

Add a fermionic DM candidate X and a scalar mediator Y to the SM 

Figure 14. Results of our four-dimensional parameter scan projected onto the (mY ,mX) plane
once constraints set from the LHC results are imposed. The points excluded by the diphoton, the tt̄
and the four-top considered searches all satisfy the relic density, narrow width and direct detection
constraints.

points are located is reasonable, as we expect any significant monojet signal in the region

where mY > 2mX . Furthermore, we expect the branching ratio to missing energy to be

lower in the region where mY > 2mt due to the kinematically allowed decays into a pair of

top quarks. This in turn leads to a lower signal cross section in all channels with missing

energy and hence a lower number of points which can be excluded by monojet searches in

the mY > 2mt region.

The points excluded by the 8 TeV tt̄ + /ET measurements lie in roughly the same

region as the points excluded by the monojet search, but with a more defined edge of

mY = 2mt. Conversely, the 8 TeV tt̄ resonance search provides constraints in the region

of mY 2 [400, 600] GeV and mX & 100 GeV, and is able to rule out gt couplings of O(1).

The four top searches constrain roughly the same region of the (mY ,mX) parameter space

as the tt̄ searches. However, the characteristic size of the couplings four top searches are

able to constrain is significantly larger than the case of tt̄.

Finally the diphoton resonant search excludes mY 2 [150, 2mt] GeV with 2mX > mY ,

ruling out gt couplings larger than 0.6. In the (mY ,mX) plane, we can observe that the

constraints arising from all mediator resonance searches, i.e. the diphoton and tt̄ analyses,

are largely complementary to those issued from searches in channels with large missing

energy.

– 31 –

Arina,…,MK,…JHEP 1611 (2016) 111
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Top-flavoured dark matter Model

A simplified model of top-flavoured dark matter

Flavoured Dirac-fermionic DM �j and couples to right-handed up-type

quarks via a coloured scalar mediator MB, Kast (2017)

LNP = i�̄/@� � m��̄� + (Dµ�)†(Dµ
�) � m

2
�
�
†
���

ij
ūRi�j�

+�H� �
†
� H

†
H + ��� �

†
� �

†
�

Assumptions:

� constitutes the only new source of flavour violation

DM is top-flavoured:
2

m�t < m�u , m�c

2
see Jubb, Kirk, Lenz (2017) for charm-flavoured dark matter

9 M.Blanke Signatures of top-flavoured dark matter
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Top-flavoured dark matter

Single-top signatures of top-flavoured dark matter

Top-flavoured DM also induces flavour-violating final states:

t + j + /ET (dominated by mediator pair-production)

“monotop” t + /ET

Blanke, Pani, Polesello, Rovedi (in prog.)

10 M.Blanke C3a: New sources of flavour and CP violation at high pT

JHEP 01 (2021) 194
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JHEP 01 (2021) 194

Top-flavoured dark matter

(HL-)LHC reach for single-top final states

Blanke, Pani, Polesello, Rovedi (in prog.)
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dedicated single-top searches

cover additional parameter space

have significant discovery reach at the HL-LHC

11 M.Blanke C3a: New sources of flavour and CP violation at high pT

JHEP 01 (2021) 194
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Figure 3.3: Constraints on the final states tt̄ + /ET , tt + /ET and t̄t̄ + /ET obtained from [35].
The area under the curve is excluded.

m� � m� plane, obtained by recasting the cross-section limits of [35]. The value of D3 is fixed
whereas D1 = D2 is varied. In Figure 3.3a the excluded region shrinks with growing couplings
D1 = D2. This is due to the fact that increasing the couplings to up and charm quarks reduces
the branching ratio of the mediator � decaying into final states with top flavour.

At the same time a growing coupling D1 enhances the t-channel production process. In
Figure 3.3b one can see that due to this reason for couplings D1 > 0.5 the excluded area
grows for increasing values of D1 = D2. Note that in this case contributions of the t-channel
production of � proportional to �2 grow larger than the QCD contributions to the overall
cross-section. In particular, a large coupling D1 also enhances the production of the same
sign final state tt + /ET , enhanced by the PDFs of two up quarks in the initial state. This
can be seen explicitly in Figure 3.3b. The excluded region grows quickly for increasing D1

and non-vanishing DM mass m�. As explained above, this dependence on m� originates
from the Majorana nature of � necessary for this contribution. Thus, even for the maximally
constraining case of D1 = D2 = D3 = 1.5 regions with a small m� and m� & 1 TeV are not
excluded.

The results of recasting the jj + /ET limits are shown in Figure 3.4. In this case we fix
the value of D1 = D2 and vary the value of D3. In contrast to the final states with top
flavour, increasing the value of D3 reduces the branching ratio into this final state. At the
same time, both the mediator pair-production cross-section and the final state branching ratio
grow with increasing D1 = D2. The pattern in Figure 3.4 matches this expectation. We
observe that an increasing value of D3 shrinks the excluded area. When comparing Figure
3.4a and Figure 3.4b, we also see that the excluded region grows sizeably when the values of
D1 and D2 are increased. While this in general is due to an increased production cross-section
and branching ratio, it partially originates – in analogy to the final states with top flavour –
from the production rate of the same-sign intermediate �� state that grows for an increasing

10

19

Testing flavoured Majorana dark matter

Acaroglu, Blanke, e-Print: 2109.10357 [hep-ph]

https://arxiv.org/abs/2109.10357
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m� � m� plane, obtained by recasting the cross-section limits of [35]. The value of D3 is fixed
whereas D1 = D2 is varied. In Figure 3.3a the excluded region shrinks with growing couplings
D1 = D2. This is due to the fact that increasing the couplings to up and charm quarks reduces
the branching ratio of the mediator � decaying into final states with top flavour.

At the same time a growing coupling D1 enhances the t-channel production process. In
Figure 3.3b one can see that due to this reason for couplings D1 > 0.5 the excluded area
grows for increasing values of D1 = D2. Note that in this case contributions of the t-channel
production of � proportional to �2 grow larger than the QCD contributions to the overall
cross-section. In particular, a large coupling D1 also enhances the production of the same
sign final state tt + /ET , enhanced by the PDFs of two up quarks in the initial state. This
can be seen explicitly in Figure 3.3b. The excluded region grows quickly for increasing D1

and non-vanishing DM mass m�. As explained above, this dependence on m� originates
from the Majorana nature of � necessary for this contribution. Thus, even for the maximally
constraining case of D1 = D2 = D3 = 1.5 regions with a small m� and m� & 1 TeV are not
excluded.

The results of recasting the jj + /ET limits are shown in Figure 3.4. In this case we fix
the value of D1 = D2 and vary the value of D3. In contrast to the final states with top
flavour, increasing the value of D3 reduces the branching ratio into this final state. At the
same time, both the mediator pair-production cross-section and the final state branching ratio
grow with increasing D1 = D2. The pattern in Figure 3.4 matches this expectation. We
observe that an increasing value of D3 shrinks the excluded area. When comparing Figure
3.4a and Figure 3.4b, we also see that the excluded region grows sizeably when the values of
D1 and D2 are increased. While this in general is due to an increased production cross-section
and branching ratio, it partially originates – in analogy to the final states with top flavour –
from the production rate of the same-sign intermediate �� state that grows for an increasing
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Testing flavoured Majorana dark matter
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Figure 1: Diagrams for the simplified models with direct gluino pair production considered
in this study: (upper left) T1tttt, (upper right) T1bbbb, (lower left) T1qqqq, and (lower right)
T5qqqqVV.
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Figure 2: Diagrams for the simplified models with direct squark pair production considered in
this study: (left) T2tt, (middle) T2bb, and (right) T2qq.

The search is performed using methodologies similar to those presented in Ref. [8]. The search
regions, however, have been optimized for the larger amount of data, and refinements to the
background estimation procedures have been implemented. The main difference with respect
to Ref. [8] is that for the evaluation of background from top quark and W+jets events, we now
implement a transfer factor method rather than construct event-by-event background predic-
tions separately for events with a hadronic tau lepton decay and for events with an electron or
a muon. Also, the larger data set of the current analysis allows us to evaluate the background
from Z(! nn)+jets events, in the cases with Nb-jet > 0, using extrapolation factors based en-
tirely on data, rather than relying on simulation for these extrapolations when Njet � 9.

The interpretation of the results is performed using a set of representative SUSY models, each
of which is characterized by a small number of mass parameters. For this purpose, we use
so-called simplified models [33–36]. For gluino pair production, the T1tttt, T1bbbb, T1qqqq,
and T5qqqqVV [37] simplified models are considered (Fig. 1). In the T1tttt model, each gluino
undergoes a three-body decay eg ! tt ec0

1, where ec0
1 is the LSP. The T1bbbb and T1qqqq models

are the same as the T1tttt model, except the tt system is replaced by bottom quark-antiquark
(bb) or light-flavored (u, d, s, c) quark-antiquark (qq) pairs, respectively. In the T5qqqqVV
scenario, each gluino decays to a light-flavored qq pair and either to the next-to-lightest neu-
tralino ec0

2 or to the lightest chargino ec±
1 . The probability for the decay to proceed via the ec0

2,
ec+

1 , or ec�
1 is 1/3 for each channel. The ec0

2 (ec±
1 ) subsequently decays to the ec0

1 and to an on- or
off-mass-shell Z (W±) boson. In this model, we assign mec±

1
= mec0

2
= 0.5(mec0

1
+ meg ).

For squark-antisquark production, three simplified models are considered, denoted T2tt, T2bb,

Recast simplified SUSY model searches 

Acaroglu, Blanke, e-Print: 2109.10357 [hep-ph]

https://arxiv.org/abs/2109.10357
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Testing flavoured Majorana dark matter

Interesting new signature: same-sign di-tops + MET
Top-flavoured dark matter

LHC smoking gun: Same-sign di-tops+ /ET

Majorana mass term for � allows for
contributions from additional diagrams

uu initial state enhanced by valence quark
PDFs

‚ final states with same-sign quarks

top charge-sign can be determined in
semi-leptonic top decays

essentially background-free

O(fb) cross-sections predicted for
tt + /ET

‚ dedicated search highly motivated
Acaroglu, Blanke (in prog.)

14 M.Blanke C3a: New sources of flavour and CP violation at high pT

Acaroglu, Blanke, e-Print: 2109.10357 [hep-ph]

https://arxiv.org/abs/2109.10357
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Testing flavoured Majorana dark matter: work in progress

• Refine dark matter relic density calculations and indirect 
detection limits. 


• Explore different LHC signatures and search limits, using tools 
such as SModelS, Contur, CheckMATE, MadAnalysis.


• Recast existing LHC searches to probe novel DFV signatures.  


• Focus in particular on long-lived particle searches. 


• Devise strategies to distinguish Dirac and Majorana dark matter. 


• Improve theory prediction by higher-order effects. 
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Flavour anomalies at future colliders
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Flavour anomalies at future colliders

Altmannshofer, Stangl, Straub '17
 bL           sL

NP

 bL           sL

SM

μ μμ, e μ, e

All effects well described by NP 
of short-distance origin only in 
b→sμμ and (& not in ee)

LH structure on the quark side
largely favored

Helicity structure on the lepton 
side less clear 

G. Isidori –  Hints of physics beyond the SM in the Flavor Sector                       PSI, 26th Apr. 2018 

Anomalies in B → K(*) μμ / ee [LHCb]

The largest anomaly is the one in the P5' [B → K*μμ] angular distribution. 

Less significant correlated anomalies present also in other B → K*μμ obs.

Most interesting deviations from the SM in the μ/e “clean” LFU ratios.  

<latexit sha1_base64="08jTaIlV+9UvVqvmAYzN4Wwybs4="></latexit>

L = LSM +
1

(40TeV)2
(s�µb)(µ�

µµ)
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Exploring physics beyond the SM with effective field theories

LSM�EFT = LSM +
1

⇤
L5 +

1

⇤2
L6 +

1

⇤3
L7 +

1

⇤4
L8 + . . .

<latexit sha1_base64="SGmorAUO+gKUy1g3hGl4nnXzEMc="></latexit>

𝜎

Energy

Z’

Z

M𝜇𝜇

EFT

See Susanne’s talk
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BSM searches: EFT vs full model

Vector-triplet benchmark model

SciPost Physics Submission

that appears in the final result. For the field  this latter piece is given by

X  = �
�
2
SUV,int.

� 2
, (8)

where only the interaction part of the action excluding the interactions with gauge bosons
through the covariant derivative appears. The interactions with the gauge bosons are
included in the propagator part of the functional derivative, which allows for an evaluation
in which only gauge covariant objects appear at every step and the final result is manifestly
gauge invariant. The price to be paid for this manifest gauge covariance is that every
occurrence of a covariant derivative has to be shifted by a loop momentum in the evaluation
of the functional trace in Eq.(6). We therefore have to parameterize Eq.(8) as

X  = U  + iDµZ
µ

  
+ iZ

†µ
  

Dµ + . . . , (9)

where Dµ is the covariant derivative of the UV-model. The quantities U  , Z
µ

  
and Z

†µ
  

only depend on covariant derivatives through commutators whereas the explicit covariant
derivatives appearing in Eq.(9) are so-called open covariant derivatives that act on every-
thing to their right. The ellipsis denotes terms with further open covariant derivatives.
Importantly, contributions with one open covariant derivative arise at dimension six when-
ever there is a scalar field charged under the gauge group and therefore they contribute
to the matching through the presence of the Higgs field. Consequently, for our matching
computations we use an extension of the results of Ref. [37], adding gauge bosons and the
heavy resonance of our model. Since the gauge boson fluctuations appear in loops they
have to be gauge fixed. This gauge fixing does not disturb the manifest gauge invariance
at the level of the background fields and the gauge-fixing parameter can be chosen at
convenience. Choosing Feynman gauge allows for easy incorporation of these operators
into the results of Ref. [37], since we can treat gauge bosons like scalar fields with an
extra index. Care has to be taken to account for the overall sign in the propagator. For
the resonance this choice is not available since it does not have a gauge-fixing term and
some operators with up to two open covariant derivatives have to be computed for the
matching.

2.3 Triplet model

The UV model we study in this paper is a gauge-triplet extension of the Standard
Model [14, 18–21]. In the unbroken electroweak phase, the Lagrangian reads

L = LSM �
1

4
eV µ⌫A eV A

µ⌫ �
g̃M

2
eV µ⌫AfWA

µ⌫ +
m̃

2

V

2
eV µA eV A

µ

+
X

f

g̃f
eV µA

J
fA

µ + g̃H
eV µA

J
HA

µ +
g̃V H

2
|�|

2 eV µA eV A

µ , (10)

where eV A
µ is a new, massive vector field transforming as a triplet of SU(2)L, fWA

µ are the
SM weak gauge bosons, and � is the SM Higgs doublet. The kinetic term of the vector
field includes a covariant derivative,

eV A

µ⌫ = eDµ
eV A

⌫ �
eD⌫

eV A

µ with eDµ
eV A

⌫ = @µ
eV A

⌫ � g2f
ABCfWB

µ
eV C

⌫ . (11)

where A,B,C are SU(2)L indices and the covariant derivative carries a tilde to indicate

that it contains the fields fWA
µ . The currents coupling the heavy vector to the SM-fields

are given by

J
lA

µ = l̄i�µt
A
lj �

ij
, J

qA

µ = q̄i�µt
A
qj �

ij
, J

HA

µ = �
†
i
 !
D

A

µ� , (12)

6

• One-loop matching to dim-6 SMEFT Lagrangian 


• Global fit to EWPO, Higgs & di-boson measurements and resonance searches


• Comparison with limits from direct searches 

Brivio, Brugisser, Geoffrey, Kilian, MK, Luchmann, Plehn, Summ, arXiv:2108.01094 [hep-ph]


https://arxiv.org/abs/2108.01094
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Exploring physics beyond the SM: EFT vs full modelSciPost Physics Submission
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Figure 12: Left: Z 0 prediction for mV = 4TeV, g̃H = 2, g̃f = 0.5 (shown by a star in the
right panel) for the WW search [68], compared to the SMEFT prediction. Right: SMEFT
limits (��

2 = 5.991) for mV = 4TeV and profiled over the matching scale, for the WW

and WH distributions alone and the full dataset. We also show the 95%CL exclusion
from the WH resonance search [67]. The gray box marks the ATLAS search region, the
narrow-width is shaded in pink.

distribution as in the direct search. For all lines in this plot, the heavy triplet mass is fixed
to mV = 4TeV, the maximum value accessible by the resonance search. Strictly speaking,
the direct and indirect constraints extracted from the same measurement apply to com-
plementary regions of the parameter space: the former are valid for masses mV . 4TeV
and for narrow vector triplets within the pink-shaded region of Fig 12, while the latter
hold for mV � 4TeV irrespective of the resonance width. Obviously, a comparison should
be taken with a grain of salt.

Nevertheless, it can be instructive to examine the interplay between the signals pro-
duced by a heavy resonance and by its corresponding SMEFT approximation. The left
panel of Fig. 12 shows the mWW resonant distribution obtained for a benchmark point
at mV = 4TeV, g̃H = 2, g̃f ⌘ g̃l = g̃q = 0.5, compared to the ATLAS measurement [67]
(black data points) and the SMEFT signal matched to this benchmark model at dimen-
sion six. This point is indicated by a cross in Fig. 12 (right), and it is excluded at 95%CL
by both the ATLAS WH and WW searches, but falls within the 2�-allowed region of
our SMEFT global analysis. This discrepancy is obvious from the high-energy mWW tail,
where aside from the mass peak the dimension-6 SMEFT also misses the initial rise of
the distribution. Among the Wilson coe�cients that contribute to WW production, only

fW /⇤2 = 0.28TeV�2 takes a value above the permille level, while f (3)

�Q
= 0 because g̃q = g̃l.

This results in SMEFT signals of only a few percent across the entire mWW distribution,
which are always well within the uncertainties. It is worth pointing out that in such a
situation the best place to look for the SMEFT signal might not just be the bins where
the energy enhancement is largest, but rather those where the uncertainties are smallest.

While not surprising, these conclusions do not extend to arbitrary BSM scenarios. One
characteristic of the case examined here is that the resonance is narrow. As a consequence,
the e↵ect in mWW is only visible close to mV , where the SMEFT expansion immediately
breaks down. The situation improves when we include higher-dimensional operators [16,
83]. At dimension six, the matching to our specific model suppresses all energy-enhanced
SMEFT contributions to WW production, so the signal is under-estimated across the
emWW distribution. This does not have to be the case in other BSM models. For instance,
it is possible that the dimension-6 approximation over-estimates the model predictions, in

25

• SMEFT sensitivity from EWPO

• Complementarity of direct and SMEFT searches 

https://arxiv.org/abs/2108.01094

https://arxiv.org/abs/2108.01094
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Flavour anomalies at future colliders

• Matching of various BSM models for flavour anomalies to EFT 
Lagrangian;


• global fit of the resulting EFT to flavour observables;  


• global fit of the EFT to existing collider data and future collider 
projections;


• explore complementary of EFT global fits and direct searches; 


• provide targets for future colliders, e.g. precision vs. energy.  



28

Thank you! 


