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A brief summary: Higgs Physics
1) Testing the SM Higgs-like scalar*

*however

h! ⌧µ

[From Adam Falkowski’s blog ]

26 11. Status of Higgs boson physics
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Figure 11.6: (Left) The observed and predicted mττ distributions for all
H → τ+τ− subchannels combined by the CMS experiment. The inset shows
the difference between the observed data and the expected SM background
contributions, together with the expected signal distribution for a SM Higgs boson
with mH = 125GeV [138]. (Center) The mbb distribution for the pp → V (H → bb)
channels with all backgrounds except dibosons subtracted. The solid histograms
for the backgrounds and the signal are summed cumulatively [140]. (Right) The
combination of all pp → V (H → bb) channels into a single multivariate distribution.
The two bottom panels show the ratio of the data to the background-only prediction
(above) and to the predicted sum of background and SM Higgs boson signal with a
mass of 125GeV (below).

between the observed and expected background distributions, together with the expected
distribution for a SM Higgs boson signal with mH = 125GeV. The significance of the
observed excess at mH = 125GeV is 3.4 standard deviations, close to the expected
sensitivity, and corresponds to a signal strength of µ = 0.86± 0.29. At mH = 125.36GeV,
the observed (expected) deviation from the background-only hypothesis in ATLAS
corresponds to a local significance of 4.5 (3.4) standard deviations and the best fit value
of the signal strength is µ = 1.43+0.43

−0.37 [139].

When the ATLAS and CMS H → ττ measurements are combined [141], the significance
of the observed excess corresponding to mH = 125.09GeV is 5.5 standard deviations and
the combined signal strength is µ = 1.11+0.24

−0.22.

III.4.2. H → bb

The production mode gg → H with H → bb̄ is overwhelmed by the background from
the inclusive production of pp̄ → bb̄ + X via the strong interaction. The associated
production modes WH and ZH (collectively termed VH modes) allow use of the leptonic
W and Z decays for triggering, and to purify the signal and reject QCD backgrounds.
The W bosons are reconstructed via their leptonic decay W → ℓν̄ℓ where ℓ = e, µ or τ .
The Z bosons are reconstructed via their decay into e+e−, µ+µ−or νν̄. The Higgs boson
candidate mass is reconstructed from two b-tagged jets in the event. Backgrounds arise
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µ = 1.11+0.24
�0.22
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Table 11.1: State-of-the-art of the theoretical calculations in the main different
Higgs production channels in the SM, and main MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

g

g
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q
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Figure 11.1: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

procedures when including higher-order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.2, from Refs. [42–45], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

√
s = 7, 8, 13 and 14TeV. The

Higgs boson production cross sections in pp̄ collisions at
√

s = 1.96TeV for the Tevatron
are obtained from Ref. [47].

(i) Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production mechanism with the
largest cross section is the gluon-fusion process, gg → H + X , mediated by the exchange
of a virtual, heavy top quark [48]. Contributions from lighter quarks propagating in the
loop are suppressed proportional to m2

q . QCD radiative corrections to the gluon-fusion

October 6, 2016 14:51

µhtt = 2.0± 0.4 [unofficial]



A brief summary: Direct Searches

2) No evidence of New Physics from direct searches 



A brief summary: Flavour Physics
3) No clear* evidence of New Physics from indirect searches 

*more details in the next slide
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Figure 1: Left: angle α (or φ2) extracted from the ππ isospin analysis with different
values of the B → π0π0 BR. Middle: angle α extracted from the combination of the
different charmless B decay systems. Both plots show the one-dimensional p.d.f. for
the given variable. Right: ρ − η plane showing the result of the SM fit. The black
contours display the 68% and 95% probability regions selected by the given global fit.
The 95% probability regions selected by the single constraints are also shown.

3 Beyond the SM: Unitarity Triangle Analysis in

presence of New Physics

We perform a full analysis of the UT reinterpreting the experimental observables in-
cluding possible model-independent NP contributions. The possible NP effects con-
sidered in the analysis are those entering neutral meson mixing (∆F = 2 transitions)
and they can be parameterised in a model-independent way as:

CBq e
2iφBq =

⟨Bq|H full
eff |Bq⟩

⟨Bq|HSM
eff |Bq⟩

=

(

1 +
ANP

q

ASM
q

e2i(φ
NP
q −φSM

q )

)

where in the SM CBd,s
= 1 and φBd,s

= 0, or equivalently ANP
q = 0 and φNP

q = 0. In
addition, HSM

eff is the SM ∆F = 2 effective Hamiltonian, H full
eff is its extension in a

general NP model, and q = d or s.
The following experimental inputs are added to the fit to extract information on

the Bs system: the semileptonic asymmetry in Bs decays, the di-muon charge asym-
metry, the Bs lifetime from flavour-specific final states, and CP-violating phase and
the decay-width difference for Bs mesons from the time-dependent angular analyses
of Bs → J/ψφ decays.

From the full NP analysis, the global fit selects a region of the (ρ, η) plane (left
plot in Figure 2, with ρ = 0.154 ± 0.040 and η = 0.367 ± 0.048) which is consistent
with the results of the SM analysis. The NP parameters in the Bd and Bs systems
are also extracted from the fit and found in agreement with the SM expectations:
CBd

= 0.81± 0.12, φBd
= (−3.4± 3.6)◦, CBs = 0.87± 0.09 and φBs = (−7± 5)◦. The

two right plots in Figure 2 show the values still available for the NP parameters in
the Bd system. Currently, the ratio of NP/SM amplitudes needs to be less than 25%

2



Anomalies in B-meson decays

Flavor models for

¯B ! D(⇤)⌧ ⌫̄
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The ratio of the measured B̄ ! D(⇤)`⌫̄ decay rates for ` = ⌧ vs. e, µ deviate from the Standard
Model (SM) by about 4�. We show that the data are in tension with the SM, independent of
form factor calculations, and we update the SM prediction for B(B ! Xc⌧ ⌫̄)/B(B ! Xc`⌫̄). We
classify the operators that can accommodate the measured central values, as well as their UV
completions. We identify models with leptoquark mediators that are minimally flavor violating in
the quark sector, and are minimally flavor violating or ⌧ -aligned in the lepton sector. We explore
experimental signatures of these scenarios, which are observable in the future at ATLAS/CMS,
LHCb, or Belle II.

I. INTRODUCTION

Measurements of the B̄ ! D⌧ ⌫̄ and B̄ ! D

⇤
⌧ ⌫̄ decay

rates are now available from BaBar [1, 2] and Belle [3]
with their full datasets. The B̄ ! D

⇤
⌧ ⌫̄ decay mode

was also observed recently by LHCb [4]. These measure-
ments are consistent with each other and with earlier
results [5, 6], and together show a significant deviation
from Standard Model (SM) predictions for the combina-
tion of the ratios

R(X) =
B(B̄ ! X⌧ ⌫̄)

B(B̄ ! Xl⌫̄)
, (1)

where l = e, µ. The measurements are consistent with
e/µ universality [7, 8]. The R(D(⇤)) data, their aver-
ages [9], and the SM expectations [10–12] are summarized
in Table I. (If the likelihood of the measurements is Gaus-
sian, then the deviation from the SM is more than 4�.)
Kinematic distributions, namely the dilepton invariant
mass q

2, are also available from BaBar and Belle [2, 3],
and must be accommodated by any model that modifies
the rates. In the future, Belle II is expected to reduce
the measured uncertainties of R(D(⇤)) by factors of ⇠ 5
or more [13], thereby driving experimental and theory
precision to comparable levels.

In the type-II two-Higgs-doublet model (2HDM), the
B̄ ! D

(⇤)
⌧ ⌫̄ rate (as well as B� ! ⌧ ⌫̄) receives contribu-

tions linear and quadratic inmb m⌧ tan2 �/m2
H± [14–16],

R(D) R(D⇤) Corr.

BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018 �0.45

Belle 0.375+0.064
�0.063 ± 0.026 0.293+0.039

�0.037 ± 0.015 �0.32

LHCb 0.336 ± 0.027 ± 0.030

Exp. average 0.388 ± 0.047 0.321 ± 0.021 �0.29

SM expectation 0.300 ± 0.010 0.252 ± 0.005

Belle II, 50 ab�1 ±0.010 ±0.005

TABLE I. Measurements of R(D(⇤)) [1, 3, 4], their aver-
ages [9], the SM predictions [10–12], and future sensitiv-
ity [13]. The first (second) experimental errors are systematic
(statistical).

which can be substantial if tan� is large. However, the
R(D(⇤)) data are inconsistent with this scenario [1].

Discovering new physics (NP) in transitions between
the third and second generation fermion fields has long
been considered plausible, since the flavor constraints are
weaker on four-fermion operators mediating such transi-
tions. (Prior studies of B ! Xs⌫⌫̄ [17] and B(s) !
⌧

+
⌧

�(X) [18, 19] decays were motivated by this con-
sideration.) However, B̄ ! D

(⇤)
⌧ ⌫̄ is mediated by the

tree-level b ! c transition. It is suppressed in the SM
neither by CKM angles (compared to other B decays)
nor by loop factors, with only a modest phase space sup-
pression due to the ⌧ mass. This goes against the usual
lore that the first manifestations of new physics at low
energies are most likely to occur in processes suppressed
in the SM.

The goal of this paper is to explore flavor structures
for NP capable of accommodating the central values of
the R(D(⇤)) data summarized in Table I. To do so, a
sizable NP contribution to semileptonic b ! c decays
must be present, and the NP mass scale must be near
the weak scale. This requires nontrivial consistency with
other constraints, such as direct searches at the LHC and
precision electroweak data from LEP. When NP cou-
plings to other generations are present, constraints from
flavor physics, such as meson mixing and rare decays,
also play a role. For example, any flavor model predicts
some relation between the b̄c ⌫̄⌧ and b̄u ⌫̄⌧ operators, so
models explaining R(D(⇤)) must accommodate the ob-
served B

� ! ⌧ ⌫̄ branching ratio, which agrees with the
SM [20, 21]. We show below that despite strong con-
straints some scenarios remain viable and predict signals
in upcoming experiments.

We begin by presenting new inclusive calculations that
demonstrate that the measured central values of R(D(⇤))
are in tension with the SM, independent of form factor
computations. Then, in Sec. II, we perform a general
operator analysis to identify which four-fermion opera-
tors simultaneously fit R(D) and R(D⇤). In Sec. III we
discuss possible mediators that can generate the viable
operators. We identify working models with leptoquark
mediators that are minimally flavor violating in the quark
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Figure 1: Examples of b ! s loop diagrams contributing to the decay B0

s

! �µ+µ� in the SM.

The T-odd CP asymmetries A
8

and A

9

are predicted to be close to zero in the SM and
are of particular interest, as they can be large in the presence of contributions beyond the
SM [12].

2 Detector and simulation

The LHCb detector [13,14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary vertex, the impact parameter (IP), is measured
with a resolution of (15 + 29/p

T

)µm, where p

T

is the component of the momentum
transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.
The online event selection is performed by a trigger [15], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction.

Simulated signal samples are used to determine the e↵ect of the detector geometry,
trigger, reconstruction and selection on the signal e�ciency. In addition, simulated
background samples are used to determine the pollution from specific background processes.
In the simulation, pp collisions are generated using Pythia [16] with a specific LHCb
configuration [17]. Decays of hadronic particles are described by EvtGen [18], in which
final-state radiation is generated using Photos [19]. The interaction of the generated
particles with the detector, and its response, are implemented using theGeant4 toolkit [20]

2

is assessed by incorporating a resolution e↵ect that takes into account the di↵erence between
the mass shape in simulated events for B+! J/ (! e+e�)K+ and B+! K+e+e� decays and
contributes a relative systematic uncertainty of 3% to the value of R

K

.
The e�ciency to select B+! K+µ+µ�, B+! K+e+e�, B+! J/ (! µ+µ�)K+ and B+!

J/ (! e+e�)K+ decays is the product of the e�ciency to reconstruct the final state particles.
This includes the geometric acceptance of the detector, the trigger and the selection e�ciencies.
Each of these e�ciencies is determined from simulation and is corrected for known di↵erences
relative to data. The use of the double ratio of decay modes ensures that most of the possible
sources of systematic uncertainty cancel when determining R

K

. Residual e↵ects from the trigger
and the particle identification that do not cancel in the ratio arise due to di↵erent final-state
particle kinematic distributions in the resonant and non resonant dilepton mass region.

The dependence of the particle identification on the kinematic distributions contributes a
systematic uncertainty of 0.2% to the value of R

K

. The e�ciency associated with the hardware
trigger on B+! J/ (! e+e�)K+ and B+! K+e+e� decays depends strongly on the kinematic
properties of the final state particles and does not entirely cancel in the calculation of R

K

, due
to di↵erent electron and muon trigger thresholds. The e�ciency associated with the hardware
trigger is determined using simulation and is cross-checked using B+ ! J/ (! e+e�)K+ and
B+! J/ (! µ+µ�)K+ candidates in the data, by comparing candidates triggered by the kaon
or leptons in the hardware trigger to candidates triggered by other particles in the event. The
largest di↵erence between data and simulation in the ratio of trigger e�ciencies between the
B+! K+`+`� and B+! J/ (! `+`�)K+ decays is at the level of 3%, which is assigned as a
systematic uncertainty on R

K

. The veto to remove misidentification of kaons as electrons contains
a similar dependence on the chosen binning scheme and a systematic uncertainty of 0.6% on R

K

is
assigned to account for this.

Overall, the e�ciency to reconstruct, select and identify an electron is around 50% lower than
the e�ciency for a muon. The total e�ciency in the range 1 < q2 < 6GeV2/c4 is also lower for
B+! K+`+`� decays than the e�ciency for the B+! J/ (! `+`�)K+ decays, due to the softer
lepton momenta in this q2 range.

The ratio of e�ciency-corrected yields of B+! K+e+e� to B+! J/ (! e+e�)K+ is deter-
mined separately for each type of hardware trigger and then combined with the ratio of e�ciency-
corrected yields for the muon decays. R

K

is measured to have a value of 0.72+0.09

�0.08

(stat)±0.04 (syst),
1.84+1.15

�0.82

(stat)± 0.04 (syst) and 0.61+0.17

�0.07

(stat)± 0.04 (syst) for dielectron events triggered by elec-
trons, the kaon or other particles in the event, respectively. Sources of systematic uncertainty are
assumed to be uncorrelated and are added in quadrature. Combining these three independent
measurements of R

K

and taking into account correlated uncertainties from the muon yields and
e�ciencies, gives

R
K

= 0.745+0.090

�0.074

(stat) ± 0.036 (syst).

The dominant sources of systematic uncertainty are due to the parameterization of the B+ !
J/ (! e+e�)K+ mass distribution and the estimate of the trigger e�ciencies that both contribute
3% to the value of R

K

.
The branching fraction of B+! K+e+e� is determined in the region from 1 < q2 < 6GeV2/c4

by taking the ratio of the branching fraction from B+ ! K+e+e� and B+ ! J/ (! e+e�)K+

decays and multiplying it by the measured value of B(B+! J/ K+) and J/ ! e+e� [11]. The

7
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New Physics
•SM is very successful in describing physics up to the EW scale
•SM is not a complete theory (neutrino masses, dark matter, baryon asymmetry)
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and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from
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follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-

6
1. Neutrino masses, from Dirac neutrino to GUT see-saw 

•Big question is ⇤?
•Unfortunately, no unique indication from observed BSM physics

2. Dark Matter, from axions to Wimpzillas

3. Baryon asymmetry, from EW baryogenesis to GUT baryogenesis

•However we have some indications….



New Physics from naturalness
•Upper bound from naturalness of the EW scale

m2
H = m2

tree + �m2
H

�m2
H =

3p
2⇡2

GFm
2
t⇤

2 ⇡ (0.3⇤)2
⇤ . 100 GeV

•Completely natural solution expected at LEP,  after LHC ⇤ & 1000 GeV

•The Hamletic question: to be or not to be… natural?

•Only “problem” in favour of New Physics at the LHC has an aesthetical/theoretical/
philosophical origin

5. Agnostic way,  “Without prejudice” Be open minded, try to find other handles 

 1. The orthodox way, “Let us wait a bit more” SUSY, Composite Higgs

 3. The miraculous way, “The top is the top” No, new physics above the top mass 

4. The risky way,  “Multiverse” Is it possible to get predictions? 

 2. The insisting way, “Never give up” Relaxion, Twin Higgs



New Physics from indirect searches

•Lower bounds from experiments
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and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from
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follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-
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•             , extra symmetries are required, New Physics can be lightc! 0

• SM has extra accidental approximates symmetries

• If New Physics is generic then                 , and  c = O(1) ⇤� v

• Neutrino Physics fix the scale  HH``

⇤
! mv =

v2

⇤
= O(eV)! ⇤ ⇠ 1015 GeV



Accidental Matter at LHC
• One may ask the following question:

Which extensions of the SM particle content with
 masses close to EW scale

1. form consistent EFTs with a cut-off as high as 

2. are cosmologically viable

3. automatically preserve the accidental and approximate structure of the SM?

1015 GeV

automatically = without requiring any additional protective mechanism, just gauge symmetry 

close to EW scale = LHC target

SM X ⇤
E

1015 GeV100 GeV

[with L. Di Luzio, R. Grober, J.F. Kamenik,
hep-ph/1504.00359, 
JHEP 1507 (2015)]



Accidental Symmetry in the SM
• Fundamental symmetries of SM: Lorentz + gauge symmetry

• Matter content

• Most general renormalizable Lagrangian

LSM = Lkin + V (H) + LYukawa

• No extra symmetries imposed by hand, however we get various accidental ‘gifts’

Lkin �
X

f

if†�µDµf invariant under U(3)5

• Yukawa sector breaks this symmetry to 

U(3)5 ! U(1)5 = U(1)Y ⇥ U(1)B ⇥ U(1)Le ⇥ U(1)Lµ ⇥ U(1)L⌧

completely transparent to indirect low energy probes. In Sec. 3 we estimate the new particles’
lifetimes. In turn in Sec. 4 we consider bounds on possibly long lived states coming from early
universe cosmology, in particular the e↵ects on big bang nucleosynthesis (BBN) turn out to
be most important. Sec. 5 explores the collider phenomenology of the remaining viable SM
extensions and estimates the current lower bounds on the new particles’ masses coming from
existing LHC searches. We conclude in Sec. 6 while a more detailed technical discussion of the
RG evolution and the relevant decay width calculations are relegated to the Appendices.

2 Accidentally safe extensions of the SM at the elec-
troweak scale

In this section, we classify those extensions of the SM which automatically preserve (only
requiring the SM gauge and Lorentz symmetries) the accidental and approximate symmetry
structure of the SM, without imposing additional protective mechanisms. For simplicity, we
will limit our discussion to the case where a single extra representation � is added to the SM
field content. We start by listing all the d  3 operators made of SM fields. If � is a fermion,
we require that the new state does not couple to them at the renormalizable level. In this way,
GF is automatically preserved and an extra accidental symmetry guarantees the stability of the
new particle at the renormalizable level. On the other hand, the case of extra scalars is more
involved since they can always couple with the Higgs field at the renormalizable level without
breaking GF and their stability depends on the allowed interactions with the Higgs field. Finally,
the presence of extra Lorentz vectors requires either the extension of the SM gauge group or
a strong dynamics. In the former case one needs to add also scalars in order to spontaneously
break the extra gauge sector,2 thus going beyond our minimality assumption, while new vectors
due to a strong dynamics are incompatible with a large mass gap ⇤e↵ � ⇤EW. Hence, we will
limit our discussion to the inclusion of either spin 0 or 1/2 extra representations.

In the following, we adopt a two-component notation where all the fermions fields are Weyl
spinors belonging to the same irreducible representation of the Lorentz group. The SM fermions
are collectively denoted by  SM and their quantum numbers are fixed according to Table 3. The
list of all the possible d  3 operators made of SM fields is provided in Table 4.

Spin SM field SU(3) SU(2) U(1)
0 H 1 2 +1

2

1/2 q 3 2 +1
6

1/2 uc 3 1 �2
3

1/2 dc 3 1 +1
3

1/2 ` 1 2 �1
2

1/2 ec 1 1 +1

Table 3: SM field content and quantum numbers.

2Alternatively, the couplings of an unbroken gauge group with SM fields are strongly constrained by long
range interactions, while a completely dark gauge sector would just decouple from the SM.
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Accidental Symmetry Beyond the SM

the SU(4)L̂ symmetry it is always possible, without loss of generality, to redefine the L̂�

superfield in such a way that only the fourth component acquires a VEV. Then we define

operatively the Higgs in such a way that it corresponds to the component which develops

a VEV, ĥd ⇥ L̂4, while the leptons do not, �̂i ⇥ L̂i.

Despite our notation makes explicit the underlying non-abelian flavour symmetry

SU(3)4 � SU(4), it is also useful to translate it into the more common SU(3)5 language.

This connection is provided in Appendix A. Then we can formally split the superpotential

in Eq. (8) in an RPC and an RPV term

WRPC = yij
U q̂iû

c
jĥu + yij

Dĥdq̂id̂
c
j + yij

E ĥd�̂iê
c
j + µ ĥuĥd , (15)

WRPV = µiĥu�̂i + 1
2⇤

ijk�̂i�̂j ê
c
k + (⇤

0
)ijk�̂iq̂j d̂

c
k + 1

2(⇤
00
)ijkûc

i d̂
c
j d̂

c
k , (16)

and similarly for the soft terms (cf. again Appendix A).

The MFV expansion in Eq. (14) can be easily decomposed in the SU(3)5 language by

means of the dictionary given in Eq. (49) of Appendix A

�
m̃2

q

⇥i

j
= m̃2

⇤
cq⇥i

j + d1
q(yUy†

U)i
j + d2

q

⇧
(yDy†

D)i
j + (⇤⇥)lik⇤⇥�

ljk

⌃⌅

(m̃2
uc)

i
j = m̃2

⇤
cuc⇥i

j + d1
uc(y†

UyU)i
j + d2

uc(⇤
00
)ikl(⇤

00�)jkl

⌅

(m̃2
dc)

i
j = m̃2

⇤
cdc⇥i

j + d1
dc

⇧
(y†

DyD)i
j + (⇤⇥)lki⇤⇥�

lkj

⌃
+ d2

dc(⇤
00
)kil(⇤

00�)kjl

⌅

(m̃2
ec)

i
j = m̃2

⇤
cec⇥i

j + d1
ec

⇧
2(y†

EyE)i
j + ⇤lki⇤�

lkj

⌃⌅

(m̃2
�)

i
j = m̃2

⇤
cL⇥i

j + d1
L

⇧
(yEy†

E)i
j + ⇤ilk⇤�

jlk

⌃
+ d2

L(⇤⇥)ilk⇤⇥�
jlk + d3

L µiµ�
j/|µ|2

⌅

(m̃2
d)

i = m̃2
�
d1

L⇤ilk(y�
E)lk + d2

L(⇤⇥)ilk(y�
D)lk + d3

L µiµ�/|µ|2
⇥

m̃2
hd

= m̃2
⇤
cL + d1

L Tr(yEy†
E) + d2

L Tr(yDy†
D) + d3

L µ µ�/|µ|2
⌅

b = m̃2 (cBµ/|µ| + . . .)

bi = m̃2 (cBµi/|µ| + . . .)

aij
U = A

�
cAU yij

U + . . .
⇥

aij
D = A

�
cADyij

D + . . .
⇥

aij
E = A

�
cAEyij

E + . . .
⇥

(a⇥)ijk = A
�
cAE⇤ijk + . . .

⇥

(a⇥0 )ijk = A
�
cAD(⇤⇥)ijk + . . .

⇥

aijk

⇥00 = A
⇤
cA

�
00 (⇤

00
)ijk + . . .

⌅
,

(17)

where for simplicity we have truncated the expansion at the second order in the spurions.

If R-parity is an exact symmetry of the MSSM then neutrinos are massless and there

is no lepton flavor violation. Consequently the flavor violation in the lepton sector can

be linked to the amount of R-parity violation. For instance the RPV couplings in the

expansion of m̃2
� in Eq. (17) are responsible for flavour violating mass insertions leading

to processes like �i ⇤ �j�.
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•Most generic renormalizable superpotential wich is SUSY, Lorentz and gauge invariant

• Accidental symmetries of the SM broken
• Dangerous contribution to the proton decayFigure 6.5: Squarks would mediate disas-

trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
}
π0

u

u∗

e+

λ′′∗
112 λ′

112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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•An example: MSSM

• Possible solution:  ad hoc symmetry (ex. R-parity, U(1) Baryon symmetry, ecc. )

• Origin of the problem: gauge quantum numbers of the new states allow couplings with 
SM fermions at the renormalizable level

|�0�00| < 10�24



Accidentally safe extensions
• We add one single state (a scalar or a fermion) at time that transforms as a irrep. of 
the SM gauge group 

• We have to avoid renormalizable couplings with SM fermions

OSM SU(3) SU(2) U(1)
qH(H†) 3 1� 3 +2

3
(�1

3
)

ucH(H†) 3 2 �1
6
(�7

6
)

 SMH(H†) dcH(H†) 3 2 +5
6
(�1

6
)

`H(H†) 1 1� 3 0(�1)
ecH(H†) 1 2 +3

2
(+1

2
)

qq 3� 6 1� 3 +1
3

quc 1� 8 2 �1
2

qdc 1� 8 2 +1
2

q` 3 1� 3 �1
3

qec 3 2 +7
6

ucuc 3� 6 1 �4
3

ucdc 3� 6 1 �1
3

 SM SM uc` 3 2 �7
6

ucec 3 1 +1
3

dcdc 3� 6 1 +2
3

dc` 3 2 �1
6

dcec 3 1 +4
3

`` 1 1� 3 �1
`ec 1 2 +1

2

ecec 1 1 +2
HH 1 3 +1

H HH† 1 1� 3 0
combinations HHH 1 4 +3

2

HHH† 1 2� 4 +1
2

Table 4: List of all the possible d  3 operators made of SM fields.
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New states and their symmetry

2.1 New fermions

Let us denote the new fermion field by �. If � transforms under a complex or pseudoreal
representation of the gauge group (so that a Majorana mass term is forbidden), we introduce
another field �c with conjugate quantum numbers. In this way, the new state is vectorlike and
a mass term can be always added. In particular, we want to forbid the following interactions:
� SM, � SMH and � SMH†.3 By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6=  SM, (1, 1, 0), (1, 3, 0), (1, 3, 1), (1, 2, 3
2
), (3, 2, 5

6
), (3, 2, 7

6
), (3, 3, 1

3
), (3, 3, 2

3
) . (2)

If � transforms under a real representations of the SM group, then we can also add a Majorana
mass term and the most general Langragian reads (see e.g. [9] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (3)

which is invariant under the Z2 transformation � ! ��. On the other hand, if � transforms
under a complex or pseudoreal representations of the SM group, we introduce an extra Weyl
fermion �c with conjugate gauge quantum numbers with respect to �, so that a Dirac mass
term is allowed, and get

L = LSM + i�†�µDµ�+ i�c†�µDµ�
c + M(�T ✏�c + h.c.) , (4)

which is invariant under the U(1) transformation �! ei✓� and �c ! e�i✓�c. In both the cases
an accidental symmetry implies the stability of the new particles and the fact that they have
to be pair produced.

2.2 New scalars

Let us denote the new scalar field again by �. In order to preserve GF we have to avoid the
couplings of the form � SM SM. By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6= (1, 1, 1), (1, 3, 1), (1, 1, 2), (1, 2, 1
2
), (3, 1, 1

3
), (3, 1, 2

3
), (3, 1, 4

3
), (3, 2, 1

6
), (3, 2, 7

6
), (3, 3, 1

3
),

(6, 1, 1
3
), (6, 1, 2

3
), (6, 1, 4

3
), (6, 3, 1

3
), (8, 2, 1

2
) . (5)

Analogously to the case of extra fermions in Sect. 2.1, gauge interactions do not lead to the
decay of � at the renormalizable level. This is possible (depending on the quantum numbers
of �) due to the presence of renormalizable interactions between � and H, which are listed in
Table 5.

2.3 Scalar potentials

In the presence of a new scalar multiplet � the scalar potential can be written as

V (H,�) = VSM + ⌘
�
m2

� |�|2 + ↵ |�|2 |H|2 + �(�†T a
��)(H†T a

HH)
�

+
⇥
�(�†C�T a

��
⇤)(HT CHT a

HH) + h.c.
⇤
+O(�4) , (6)

3Notice that terms of the form ��H or ��H† cannot be present, due to SU(2) symmetry.
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• Adding a new fermion 

2.1 New fermions

Let us denote the new fermion field by �. If � transforms under a complex or pseudoreal
representation of the gauge group (so that a Majorana mass term is forbidden), we introduce
another field �c with conjugate quantum numbers. In this way, the new state is vectorlike and
a mass term can be always added. In particular, we want to forbid the following interactions:
� SM, � SMH and � SMH†.3 By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6=  SM, (1, 1, 0), (1, 3, 0), (1, 3, 1), (1, 2, 3
2
), (3, 2, 5

6
), (3, 2, 7

6
), (3, 3, 1

3
), (3, 3, 2

3
) . (2)

If � transforms under a real representations of the SM group, then we can also add a Majorana
mass term and the most general Langragian reads (see e.g. [9] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (3)

which is invariant under the Z2 transformation � ! ��. On the other hand, if � transforms
under a complex or pseudoreal representations of the SM group, we introduce an extra Weyl
fermion �c with conjugate gauge quantum numbers with respect to �, so that a Dirac mass
term is allowed, and get

L = LSM + i�†�µDµ�+ i�c†�µDµ�
c + M(�T ✏�c + h.c.) , (4)

which is invariant under the U(1) transformation �! ei✓� and �c ! e�i✓�c. In both the cases
an accidental symmetry implies the stability of the new particles and the fact that they have
to be pair produced.

2.2 New scalars

Let us denote the new scalar field again by �. In order to preserve GF we have to avoid the
couplings of the form � SM SM. By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6= (1, 1, 1), (1, 3, 1), (1, 1, 2), (1, 2, 1
2
), (3, 1, 1

3
), (3, 1, 2

3
), (3, 1, 4

3
), (3, 2, 1

6
), (3, 2, 7

6
), (3, 3, 1

3
),

(6, 1, 1
3
), (6, 1, 2

3
), (6, 1, 4

3
), (6, 3, 1

3
), (8, 2, 1

2
) . (5)

Analogously to the case of extra fermions in Sect. 2.1, gauge interactions do not lead to the
decay of � at the renormalizable level. This is possible (depending on the quantum numbers
of �) due to the presence of renormalizable interactions between � and H, which are listed in
Table 5.

2.3 Scalar potentials

In the presence of a new scalar multiplet � the scalar potential can be written as

V (H,�) = VSM + ⌘
�
m2

� |�|2 + ↵ |�|2 |H|2 + �(�†T a
��)(H†T a

HH)
�

+
⇥
�(�†C�T a

��
⇤)(HT CHT a

HH) + h.c.
⇤
+O(�4) , (6)

3Notice that terms of the form ��H or ��H† cannot be present, due to SU(2) symmetry.
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• If the irrep of the new state is real, then we have a Majorana field, most general 
Lagrangian is given by 

• Invariant under G� = Z2, �! ��

2.1 New fermions

Let us denote the new fermion field by �. If � transforms under a complex or pseudoreal
representation of the gauge group (so that a Majorana mass term is forbidden), we introduce
another field �c with conjugate quantum numbers. In this way, the new state is vectorlike and
a mass term can be always added. In particular, we want to forbid the following interactions:
� SM, � SMH and � SMH†.3 By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6=  SM, (1, 1, 0), (1, 3, 0), (1, 3, 1), (1, 2, 3
2
), (3, 2, 5

6
), (3, 2, 7

6
), (3, 3, 1

3
), (3, 3, 2

3
) . (2)

If � transforms under a real representations of the SM group, then we can also add a Majorana
mass term and the most general Langragian reads (see e.g. [9] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (3)

which is invariant under the Z2 transformation � ! ��. On the other hand, if � transforms
under a complex or pseudoreal representations of the SM group, we introduce an extra Weyl
fermion �c with conjugate gauge quantum numbers with respect to �, so that a Dirac mass
term is allowed, and get

L = LSM + i�†�µDµ�+ i�c†�µDµ�
c + M(�T ✏�c + h.c.) , (4)

which is invariant under the U(1) transformation �! ei✓� and �c ! e�i✓�c. In both the cases
an accidental symmetry implies the stability of the new particles and the fact that they have
to be pair produced.

2.2 New scalars

Let us denote the new scalar field again by �. In order to preserve GF we have to avoid the
couplings of the form � SM SM. By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6= (1, 1, 1), (1, 3, 1), (1, 1, 2), (1, 2, 1
2
), (3, 1, 1

3
), (3, 1, 2

3
), (3, 1, 4

3
), (3, 2, 1

6
), (3, 2, 7

6
), (3, 3, 1

3
),

(6, 1, 1
3
), (6, 1, 2

3
), (6, 1, 4

3
), (6, 3, 1

3
), (8, 2, 1

2
) . (5)

Analogously to the case of extra fermions in Sect. 2.1, gauge interactions do not lead to the
decay of � at the renormalizable level. This is possible (depending on the quantum numbers
of �) due to the presence of renormalizable interactions between � and H, which are listed in
Table 5.

2.3 Scalar potentials

In the presence of a new scalar multiplet � the scalar potential can be written as

V (H,�) = VSM + ⌘
�
m2

� |�|2 + ↵ |�|2 |H|2 + �(�†T a
��)(H†T a

HH)
�

+
⇥
�(�†C�T a

��
⇤)(HT CHT a

HH) + h.c.
⇤
+O(�4) , (6)

3Notice that terms of the form ��H or ��H† cannot be present, due to SU(2) symmetry.
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• If Dirac, similarly 

G� = U(1), �! ei✓�• Invariant under 

2.1 New fermions

Let us denote the new fermion field by �. If � transforms under a complex or pseudoreal
representation of the gauge group (so that a Majorana mass term is forbidden), we introduce
another field �c with conjugate quantum numbers. In this way, the new state is vectorlike and
a mass term can be always added. In particular, we want to forbid the following interactions:
� SM, � SMH and � SMH†.3 By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6=  SM, (1, 1, 0), (1, 3, 0), (1, 3, 1), (1, 2, 3
2
), (3, 2, 5

6
), (3, 2, 7

6
), (3, 3, 1

3
), (3, 3, 2

3
) . (2)

If � transforms under a real representations of the SM group, then we can also add a Majorana
mass term and the most general Langragian reads (see e.g. [9] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (3)

which is invariant under the Z2 transformation � ! ��. On the other hand, if � transforms
under a complex or pseudoreal representations of the SM group, we introduce an extra Weyl
fermion �c with conjugate gauge quantum numbers with respect to �, so that a Dirac mass
term is allowed, and get

L = LSM + i�†�µDµ�+ i�c†�µDµ�
c + M(�T ✏�c + h.c.) , (4)

which is invariant under the U(1) transformation �! ei✓� and �c ! e�i✓�c. In both the cases
an accidental symmetry implies the stability of the new particles and the fact that they have
to be pair produced.

2.2 New scalars

Let us denote the new scalar field again by �. In order to preserve GF we have to avoid the
couplings of the form � SM SM. By inspecting Table 4 we conclude that � cannot have the
following quantum numbers:

� 6= (1, 1, 1), (1, 3, 1), (1, 1, 2), (1, 2, 1
2
), (3, 1, 1

3
), (3, 1, 2

3
), (3, 1, 4

3
), (3, 2, 1

6
), (3, 2, 7

6
), (3, 3, 1

3
),

(6, 1, 1
3
), (6, 1, 2

3
), (6, 1, 4

3
), (6, 3, 1

3
), (8, 2, 1

2
) . (5)

Analogously to the case of extra fermions in Sect. 2.1, gauge interactions do not lead to the
decay of � at the renormalizable level. This is possible (depending on the quantum numbers
of �) due to the presence of renormalizable interactions between � and H, which are listed in
Table 5.

2.3 Scalar potentials

In the presence of a new scalar multiplet � the scalar potential can be written as

V (H,�) = VSM + ⌘
�
m2

� |�|2 + ↵ |�|2 |H|2 + �(�†T a
��)(H†T a

HH)
�

+
⇥
�(�†C�T a

��
⇤)(HT CHT a

HH) + h.c.
⇤
+O(�4) , (6)

3Notice that terms of the form ��H or ��H† cannot be present, due to SU(2) symmetry.
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• Adding a new complex scalar 

L = LSM + V (�) + �1 �†�H†H + �2 (�†T a
��)(H†⌧aH)

G� = U(1), �! ei✓�• Invariant under • Real scalar G� = Z2, �! ��



Landau Poles
• Extra matter changes the running of the gauge couplings
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Figure 4: Same as in Fig. 3 for di↵erent extensions of the SM featuring a Majorana isospin-J fermion
of dimensionality n = 2J + 1. Notice that in ref. [6] only Majorana fermions with n  5 are allowed,
based on a one-loop analysis. However, at two loops only n � 4 survives, thus excluding the minimal
dark matter case.
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• We have to avoid the appearance of Landau poles 
below the cut-off ⇤

SU(2)
1

1

2 3

3

4 5 6

6

7 8

8

10

SU(3)

Asymptotically
Free 

• Ex. complex scalars

• (In some cases two loop 
effects are important)



Cosmology
• At renormalizable level Lightest Particle (LP) is stable

• In this limit, following a standard hot big bang evolution of the universe, we obtain a 
thermal relic fixed by the annihilation rate � (��! �SM�SM )

⌦�

• Gauge quantum numbers are such 
that the new state is (part of) the dark 
matter relic abundance

• Gauge quantum numbers are such 
that the thermal relic of the new state 
is not phenomenologically viable



Minimal Dark Matter
• A generic irrep under the SM gauge group is (m,n,y)

• DM is colorless m=1

• Direct detection, no coupling with Z-boson, y=0 

Minimal Dark Matter
Cirelli, Fornengo, Strumia, 

hep-ph/0512090
NPB (2006)

• No landau poles below GUT, n  7

• No dangerous renomalizable couplings, 2 candidates left!

(1, 5, 0)F m� ⇡ 10 TeV(1, 7, 0)S m� ⇡ 25 TeV

• In our analysis, the scalar candidate not viable, decays at dimension-5

���H†H

⇤

• In our analysis, value of the mass can be lower than the one required by the relic 
density



Millicharged Minimal Dark Matter
• In our reasoning, we found another class of candidates Del Nobile, Nardecchia, Panci, 

hep-ph/1512.05353
JCAP (2016)(1, n, ✏)
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Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac
triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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• Accidental symmetry aries from electromagnetism!

• Cosmological and direct detection bounds

• Accidental symmetry never broken by higher dimensional operators



Dangerous Relics

�5 ⇠
m3

�

⇤2

• At non-renormalizable level accidental symmetries are broken and the LP decays, 
lifetime depends on dimension of effective operator

• Stable charged or coloured relics, are severely bounded.

• We have to restrict to irrep such that is possible to have dim-5 operators that 
generate a sufficiently fast decay.

�6 ⇠
m5

�

⇤4
Too slow!⇤ = 1015 GeV

LSM + L� +
X 1

⇤
O5 (�SM , �) +

X 1
⇤2
O6 (�SM , �) + . . .

• Next problem, we have to avoid 
to spoil the prediction from Big 
Bang Nucleosynthesis…
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Figure 11: Comparison of BBN Yp (left hand panel) and D/H (right hand panel) constraints
on the abundances and lifetimes of metastable hadronically decaying particles with the cor-
responding estimates for the cases of viable � multiplets. Each line, going from bottom to
top, corresponds to the mass range 0.5 TeV < m� < 5 TeV. The only explicitly labeled
examples are (1, 5, 2)S,QLP=3, (1, 5, 2)S,QLP=4, (1, 5, 1)S,QLP=3 and (1, 2, 5/2)S,QLP=3, which are
potentially constrained. The case (1, 7, 0) is not shown as its lifetime is longer than 106 s for
0.5 TeV < m� < 5 TeV and ⇤e↵ = 1015 GeV.

scale as m�1/3
� and we can use a single reference value to constrain the abundances of � at

di↵erent m�. As discussed above, this leads to a conservative O(1) overestimate of the actual
Yp constraints for decays of � involving also uncolored final states. The comparison of the
lifetimes and relic abundances of all � candidates from Tables 1 and 2 in the mass range of
0.5 TeV < m� < 5 TeV with the Yp bound estimated in this way is shown in Fig. 11 (left hand
side). Notice the almost discontinuous drop of the abundance for some representations. This is
due to the fact that for colored multiplets featuring a neutral component there is a qualitative
change of behaviour when the lifetime of the particle becames smaller than the annihilation
lifetime of the associated hadronic bound state (cf. Fig. 10). We observe that all the � are
consistent with the Yp constraint. Also, most of the candidates have lifetimes shorter than
⇠ 10 s (for ⇤e↵ ⇠ 1015 GeV), so that no further bounds from BBN processes at later times can
be derived. The only exceptions are the cases in Table 6 where the lightest � component can
only decay through long cascades involving o↵-shell heavier components and W bosons as well as
(1, 7, 0)S decaying exclusively through loop-induced processes. For these cases the D/H bound
applies as shown in Fig. 11 (right hand side). In particular, while all the colored multiplets
(including those decaying with cascades) are consistent with this constraint due to their low
relic abundance after the second stage of strong annihilations, all the long-lived uncolored cases
are in general constrained. In the relevant region of relic abundances and lifetimes, the bound
turns out to be insensitive to the exact � relic abundance or decay mode and so even our crude
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Accidental Colourless Matter

introduce new sources of GF breaking, one should only consider GF singlet operator extensions
of the SM. In Sec. 2 we list all d  3 operators involving quark and lepton fields that transform
nontrivially under GF and demand that the new degrees of freedom do not couple to any of these
at the renormalizable level. Since both B and L are subgroups of GF the above prescription
also automatically preserves these accidental symmetries of the SM. The relevant Lagrangian
is restricted only by imposing the SM gauge and Lorentz invariance, not by new symmetries.
Finally, such theory is assumed to represent a consistent description of nature up to the cut-o↵
scale ⇤e↵ . In particular, we require that all of the marginal couplings (in particular the SM
gauge couplings) remain perturbative up to ⇤e↵ . As we show in Sec. 2.5, this condition alone
limits the size of the new representations and leads to a finite list of possible SM extensions
satisfying both requirements.

Interestingly, it turns out that such SM extensions generically posses extended accidental
symmetries which ensure the stability of the lightest particles in the new multiplets at the
renormalizable level. If these are charge- and color neutral, they can form viable dark matter
candidates, a possibility, which has been throughly investigated in the literature [4–8]. On the
other hand, scenarios where the lightest component of the new multiplet is charged and/or
colored are in general constrained by cosmological observations as well as searches for exotic
forms of matter on Earth and in the Universe. Taking also these constraints into account,
the final list of viable uncolored and colored weak representations are given in Tables 1 and 2,
respectively, which summarize the main results of our investigation.

Spin � QLP O dim(O) ⇤2�loop
Landau[GeV]

0 (1, 2, 3
2
) 1,2 �H†`` + �†H†ecec + Dµ�†`†�µec 5 �MP (g1)

0 (1, 2, 5
2
) 2,3 �†Hecec 5 �MP (g1)

0 (1, 5, 0) 0,1,2 �HHH†H† + �W µ⌫Wµ⌫ + ���H†H 5 �MP (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH† + ���†H†H† 5 �MP (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0) 0,1,2,3 ���H†H 5 1.4⇥ 1016 (g2)

1/2 (1, 4, 1
2
) -1 �c`HH + �`H†H + ��µ⌫`Wµ⌫ 5 8.1⇥ 1018 (g2)

1/2 (1, 4, 3
2
) 0 �`H†H† 5 2.7⇥ 1015 (g1)

1/2 (1, 5, 0) 0 �`HHH† + ��µ⌫`HWµ⌫ 6 8.3⇥ 1017 (g2)

Table 1: List of new uncolored states � which can couple to SM fields without breaking the
accidental symmetries of the SM (see discussion in the text) and which are compatible both
with cosmology and a cuto↵ scale of ⇤e↵ ⇡ 1015 GeV. QLP is the charge of the lightest particle
(LP) in the multiplet (states with Y = 0 are understood to be real) and O is the operator
responsible for the decay of � (gauge indices are suppressed). In the last column, the symbol in
the bracket stands for the gauge coupling, g1,2,3, triggering the Landau pole. MP ⇡ 1018 GeV
is the Planck scale.

The details of the above sketched construction and analysis are contained in the rest of the
paper which is organized as follows. In Sec. 2 we exploit accidental symmetries beyond the SM
to construct SM extensions with new degrees of freedom at the weak scale, which are however
completely transparent to indirect low energy probes. In Sec. 3 we estimate the new particles’
lifetimes. In turn in Sec. 4 we consider bounds on possibly long lived states coming from early
universe cosmology, in particular the e↵ects on big bang nucleosynthesis (BBN) turn out to
be most important. Sec. 5 explores the collider phenomenology of the remaining viable SM

4

Which extensions of the SM particle content with masses close to EW scale

1. form consistent EFTs with a cut-off as high as 

2. are cosmologically viable

3. automatically preserve the accidental and approximate structure of the SM?

 (implications of non-renormalizable operators for Minimal Dark Matter work in progress with E. Del Nobile, P. Panci)

1015 GeV



Accidental Coloured Matter
Spin � QLP O dim(O) ⇤2�loop

Landau[GeV]

0 (3, 1, 5
3
) 5

3

�†Hqec + �H†uc`
+Dµ�†uc†�µec 5 �MP (g1)

0 (3, 2, 5
6
) 1

3
, 4

3

�†Hqq + �†Hucec

+�H†q` + �H†ucdc

+�Hucuc + �†H†dcec

+Dµ�q†�µuc

+Dµ�†q†�µec

+Dµ�dc†�µ`

5 �MP (g1)

0 (3, 2, 11
6
) 4

3
, 7

3
�H†ucuc + �†Hdcec 5 5.5⇥ 1019 (g1)

0 (3, 3, 2
3
) -1

3
, 2

3
, 5

3

�†H†qec + �Huc`
+�H†dc`

+Dµ�q†�µ`
5 �MP (g1)

0 (3, 3, 5
3
) 2

3
, 5

3
, 8

3
�†Hqec + �H†uc` 5 3.2⇥ 1017 (g1)

0 (3, 4, 1
6
) -4

3
,-1

3
,2
3
,5
3

�H†qq + �†Hq` 5 �MP (g2)
0 (3, 4, 5

6
) -2

3
,1
3
,4
3
,7
3

�†Hqq + �H†q` 5 �MP (g2)

0 (6, 2, 1
6
) -1

3
, 2

3

�H†qq + �†Hucdc

+�†H†dcdc

+Dµ�†q†�µdc

5 �MP (g1)

0 (6, 2, 5
6
) 1

3
, 4

3

�†Hqq + �Hucuc

+�H†ucdc

+Dµ�q†�µuc

5 �MP (g1)

0 (6, 2, 7
6
) 2

3
, 5

3
�†Hdcdc 5 �MP (g1)

0 (8, 1, 0) 0

�Hquc + �H†qdc

+Dµ�D⌫Gµ⌫

+Dµ�q†�µq
+Dµ�uc†�µuc

+Dµ�dc†�µdc

+�Gµ⌫Gµ⌫ + �Gµ⌫Bµ⌫

+���H†H

5 �MP (g1)

0 (8, 1, 1) 1
�H†quc + �†Hqdc + Dµ�†uc†�µdc

+���†H†H† 5 �MP (g1)

0 (8, 3, 0) 0,1

�Hquc + �H†qdc

+�Gµ⌫Wµ⌫

+Dµ�q†�µq
+���H†H

5 �MP (g1)

0 (8, 3, 1) 0,1,2 �H†quc + �†Hqdc + ���†H†H† 5 1.0⇥ 1017 (g1)
1/2 (6, 1, 1

3
) 1

3
�c�µ⌫dcGµ⌫ 5 �MP (g1)

1/2 (6, 1, 2
3
) 2

3
��µ⌫ucGµ⌫ 5 �MP (g1)

1/2 (8, 1, 1) 1 �c�µ⌫ecGµ⌫ 5 4.0⇥ 1016 (g1)

Table 2: Same as in Table 1 for colored states.
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Collider Phenomenology 

 1. The new exotic fermions and scalars are pair produced

X

X

• Non-renormalizable terms negligible @ collider � SMHH

⇤
,
� SM SMH

⇤
, . . .

•       is a good symmetry, important implications:G�

 2. Lightest Particle inside the SU(2) multiplet is stable 

• We discuss the phenomenology as follows
 1. Colourless and charged LP

 2. Colourless and neutral LP

 3. Coloured multiplets

�, Z, g



Colourless and Charged LP
• Charged stable particle will undergo charge exchange with the detector material

• Energy loss, described by Bethe-Block formula

• LP behaves like a muon, but with different 
charge and mass

• Various analysis from ATLAS and CMS, we 
are using CMS [arXiv:1305.0491]
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Neutral LP
• Strategy similar to DM models at the LHC

• Mono-x searches, with x=jet,photon,W and Z bosons
• Not very sensitive, strongest constraint is coming from 
mono-jet searches CMS [arXiv:1408.3583]

• More detailed analysis, Cirelli, Sala, Taoso [arXiv:1407.7058], 
for the case of a wino-like multiplet (1,3,0)

•Back to LEP: Z width
•Bound m� > 45 GeV

•Another option: disappearing tracks
•Sensitive if lifetime of the charged state is long enough

•Typically we get shorter lifetime [arXiv:1310.3675]

10

AMSB chargino signal

AMSB signal 
production process : gluino pair production
+ multiple energetic jets from gluino decay 
+ large missing ET made by neutralinos
+ high-pT decaying track of charginos
bench-mark point :
m(chargino) = 90.2GeV, X-sec= 0.061pb

• Wino is the lightest gaugino in this model.
m (bino) : m (wino) : m (gluino) ~ 3:1:7

• NLSP (chargino) and LSP (neutralino) are highly 
degenerated. (dM ~ 200MeV.)
• The lifetime of chargino becomes long (cτ ~ 
O(100) mm ) due to the mass degeneracy.

• Long-lived chargino decays to the neutralino and
soft π/eν.

• Decaying long-lived charginos are reconstructed
as disappearing/kink tracks. 

•Back to LEP:  Neutralino searches 

•Bound m� & 90 GeV e+e� ! �̃1�̃1� ! �̃0�̃0� + X



Coloured Matter
• Coloured, long-lived new particles Hadronize before decaying

• Large theoretical uncertainties

• Physical aspects: 1) Production 2) Hadronization 3) Interactions 4) Stopping & decay 

• 1) Production
� • Large cross section, due to strong interactions

• Pair production (due to accidental symmetry)

• Fate of the particle depends on velocity at production
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Figure 9: Velocity distribution normalised to the total cross section for colored sermonic states
(top) and colored scalars (bottom) for

p
s = 8 TeV (left) and

p
s = 14 TeV for m� = 500 GeV

(blue), m� = 800 GeV (pink) and m� = 1.1 TeV.

displacements of atoms from the lattice. In both cases the heavy long lived particle
loses energy, however the energy loss dE/dx from ionisation is much larger than the
one generated in the non-ionising way.

The main role of the heavy elementary parton is to contribute to the electric charge
of the hadron. Indeed the SM gauge quantum number and the requirement to obtain
a colour singlet hadron state has an important influence on the total charge of the re-
sulting bound state. We notice that considering all the cases in table ??, the resulting
bound state has always integer charge. The most unfavourable situation, from the
point of view of detection, happen when the resulting hadron is electromagnetically
neutral.

• Strong interactions.

Before discussing the various kind of interactions between the heavy hadrons and
the matter in the detector, let us clarify the role of the parton Ci in the nuclear
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Fig. 13. R-hadron–proton scattering processes: (a) elastic scattering; (b) inelastic scattering leading to baryon and charge exchange; (c) inelastic
scattering leading to charge exchange; (d) resonance formation.

scattering processes and a description of the phenomenological approaches which have been used to describe them.
Before discussing these different approaches, we summarise which general observations can be made, independently
of any specific model.

One important feature of R-hadron scattering common to all approaches is the passive nature of the exotic heavy
coloured object. The probability that the parton Ci of colour state i will interact perturbatively with the quarks in
the target nucleon is small, since such interactions are suppressed by the squared inverse mass of the parton. As a
consequence, the heavy hadron can be seen as consisting of an essentially non-interacting heavy state Ci acting as
spectator, accompanied by a coloured hadronic cloud of light constituents, responsible for the interaction. Hence the
interaction cross section will be typical of that of a meson. In addition, the effective interaction energy of the heavy
object is small. As an example, consider a C8qq̄ state with a total energy E = 450 GeV and a mass m of the C8 parton
of 300 GeV, the Lorentz factor will be ! = 1.5. Although the kinetic energy of the R-hadron is 150 GeV, the kinetic
energy of the interacting qq̄ system is only (! − 1)mqq̄ ≈ 0.3 GeV (if the quark system consists of up and down
quarks). For R-hadrons produced at the Tevatron or LHC with masses above 100 GeV, the centre-of-mass energy of the
system of quarks and a stationary nucleon can thus be at most around a few GeV. Thus, the energy scales relevant for
heavy hadron scattering processes from nucleons are low and comparable with low-energy hadron–hadron scattering
for which Regge theory is often applied. The heavy state Ci serves only as a reservoir of kinetic energy.

Although R-hadrons may scatter elastically or inelastically the energy absorbed in an elastic scattering process, such
as that illustrated in Fig. 13(a), is expected to be small [266], since the high-mass R-hadron scatters on a lower mass
target nucleus, and inelastic collisions are expected to be largely responsible for the energy loss of an R-hadron. These
inelastic collisions may cause the conversion of one species of R-hadron to another in two ways: baryon exchange,
which was overlooked until recently [232], and charge exchange, as shown in Figs. 13(b) and (c), respectively. In the
first process, an exothermic inelastic R-meson–nucleon interaction results in the release of a pion. The reverse reaction
is suppressed by phase space and because of the relative absence of pions in the nuclear environment. Thus, most
R-mesons will convert early in the scattering chain, in passing through hadron absorbing material, e.g. a calorimeter, to
baryons and remain as baryons. This is important, since baryons have larger scattering cross sections. Baryon formation
offers one opportunity for a charge exchange process to take place. Charge exchange may arise in any meson-to-meson,
meson-to-baryon, or baryon-to-baryon process. Although exact predictions of individual processes are difficult to make,
the low energies involved in R-hadron scattering imply that reggeon and not pomeron-exchange will dominate, and
thus charge exchange reactions may well form a substantial contribution to all interactions. This may lead to striking
topologies of segments of tracks of charged particles with opposite signs of charge on passage through hadron absorbers
or calorimeter material. It is also interesting to note that such a configuration can also arise if a neutral R-meson, formed
as an intermediate state during scattering, oscillates into its own anti-particle and then subsequently interacts to become
a charged R-hadron [241,242].

Several phenomenological approaches have been developed [26,232,267] to describe R-hadron nuclear scattering
which are described later in Sections 5.2.1 and 5.2.2. Although these differ in the phenomenology used, they are largely
based on the generic picture of R-hadron scattering described above, much of which was first introduced in [266].
Low-energy hadron–hadron data are typically used to estimate scattering cross sections and several of these models
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Table 3
Predictions from PYTHIA of the fractions of different species of R-hadrons following the hadronisation of a gluino (left) and a stop (right) of mass
500 GeV produced at the LHC. The HERWIG gluino predictions [230] are for a 2000 GeV mass, but almost identical for 50 GeV

R-hadron PYTHIA HERWIG R-hadron Fraction (%)
fraction (%) fraction (%)

R+
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, R−
g̃du

34.2 28.2 R+
t̃d
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For the actual hadronisation of the coloured heavy object there are two main models available. In PYTHIA the Lund
string fragmentation model [221] is used, wherein an assumed linear confinement potential is approximated by a string
with a constant tension of ! ≈ 1 GeV/fm. A colour triplet C3 (or C3) is at the endpoint of such a string. When the
C3 moves away from its production vertex it pulls out the string behind itself, to which it loses energy. This string
may then break by the production of a light quark-antiquark or diquark-antidiquark pair, where the q or q1q2 is in
a colour-antitriplet state which can combine with the C3 to form a singlet. Further breaks of the string may occur,
which causes the formation of a jet of hadrons. The composition of the different light flavours is assumed universal
and thus constrained e.g. by LEP data [222,223] (u : d : s ≈ 1 : 1 : 0.3, with diquarks further suppressed). A mixture of
different charge states is finally produced. The energy–momentum fraction z retained by the R-hadron is described by
an appropriate fragmentation function, with parameters that fit e.g. B meson spectra [224,225]. These functions have
a mass dependence consistent with Eq. (14) for the extrapolation from b to C3 hadronisation.

A colour octet C8 in the Lund string model is viewed as the incoherent sum of a colour and an anticolour charge
(the planar or NC → ∞ approximation [226]), such that an octet C8 is attached to two string pieces instead of one
only. Each of these pieces is allowed to break as above. One gives a quark or an antidiquark, the other an antiquark or
diquark, and these combine to form an R-meson or R-baryon. Diquark–antidiquark “hadrons” are rejected. In addition,
a new mechanism is introduced: a gg pair may be produced, such that an R-glueball is formed and the leftover gluon
attaches to the two string pieces. Its relative importance is not known. The equivalent mechanism for normal gluons
would lead to the production of glueballs. There are a few indications that this may occur, [227,228], but it cannot
be at a significant rate. Based on the absence of real evidence for normal glueballs [229], the default value for the
R-glueball fraction in PYTHIA is 10%, and can be changed. Clearly a scenario in which glueballs are predominantly
formed in the hadronisation step will have a large impact on experimental searches which rely on the reconstruction of
tracks. However, as is outlined in Section 4.4, the behaviour of an R-glueball when it interacts in material is expected
to be similar to that of a neutral R-meson and it may therefore convert into a charged R-hadron which would leave
behind a track.

Predictions from PYTHIA of the fractions of different R-hadron species formed in the hadronisation of a gluino and a
stop are shown in Table 3. The predicted species of an R-hadron arising from an antistop are almost exactly the charge
conjugates of a stop R-hadron. The key observation is that, when neglecting the a priori fraction of R-glueballs of 10%,
roughly 50% of the produced states are charged. The gluino R-baryon numbers are somewhat lower than expected.
This is an artifact of approximations used in hadronisation model. However, these should anyway contribute less than
10% of the R-hadrons produced. It is also interesting to note that, as discussed in Section 5.2, although R-hadrons will
largely start out as mesons, nuclear scattering in calorimeters will ensure that they mostly end up as baryons as they
leave the detector.

HERWIG is based on cluster fragmentation. In this picture all gluons are nonperturbatively split into quark–antiquark
pairs at the end of the perturbative cascade. Partons from adjacent such breaks, and from original (anti)triplets, are then

• Interest in triplets,sextet,octets

C3, C6, C8

• Bound states
C3q, C3q1q2, . . .

C6qg, C6qqq, C6qq, . . .
C8qq, C8q1q2q3, C8g, . . .



Coloured Matter & Summary
 4. Stopping & decay

• Depending on the mass of the new coloured state, a non-negligible number of 
particles could stop and decay

mg̃ > 1250 GeV mt̃ > 935 GeV

 @ LHC all searches made in the context of R-hadrons, some results

• We expect similar bounds in our cases

• Longer time-of-flight + anomalous energy loss (using the the cloud model)

• Out-of-time decay + (extra assumption on the decay, ecc.)

 [CMS arXiv:1305.0491]

 [ATLAS arXiv:1411.6795]

 [ATLAS arXiv:1310.6584] mt̃, mb̃ & 350 GeVmg̃ & 900 GeV

Spin � QLP Mass bound [GeV]
0 (1, 2, 3

2
) 1, 2 430, 420

0 (1, 2, 5
2
) 2, 3 460, 460

0 (1, 5, 0) 0, 1, 2 75, 500, 600
0 (1, 5, 1) -1, 0, 1, 2, 3 640, 85, 320, 490, 600
0 (1, 5, 2) 0, 1, 2, 3, 4 85, 530, 410, 500, 570
0 (1, 7, 0) 0, 1, 2, 3 75, 500, 600, 670

1/2 (1, 4, 1
2
) -1 860

1/2 (1, 4, 3
2
) 0 90

1/2 (1, 5, 0) 0 95

Table 9: LHC/LEP bounds summary. ?A stronger exclusion bound, depending on the couplings
size �, can be gained from the invisible Higgs width. In braces the exclusion bound is given if
the second lightest particle has Q = �1 instead of Q = 1.

5.1 Renormalizable cases

The cases which can decay through renormalizable interactions are a scalar SU(2) singlet
(1, 1, 0)S, a scalar triplet (1, 3, 0)S and the two scalar quadruplets (1, 4, 1/2)S and (1, 4, 3/2)S.
In all of these cases, the new state aquires a vev. Apart from the singlet these vevs must be
small to be in accordance with electroweak precision measurements, cf. section 2.3.

The neutral components of the states can mix with the Higgs boson. For the singlet, all
the Higgs boson couplings are then modified by the cosine of the mixing angle, whereas all the
couplings to the new scalar are given by the SM Higgs couplings modified with the sine of the
mixing angle. The mixing angle cannot be too large in order to comply with the current Higgs
data, see e.g. Ref. [50].

For the triplet and quadruplets, the couplings are not modified by an overall factor anymore,
but an additional contribution proportional to vev of the new scalar from their kinetic terms
arises. Coupling deviations due to the mixing are hence not universal anymore. In addition the
charged components of the multiplets can modify the Higgs to photon and Higgs to Z photon
rates by their loop contributions. Whether these loop contributions increase or enhance the
diphoton rates depends on the sign of the couplings in the scalar potential. If the new charged
scalars are rather light, their loop contributions to the diphoton rate can be quite large, whereas
for heavier masses their loop contributions become smaller, so e.g. for a multiplet with both a
two and a one charged scalar, an enhancement in the diphoton rate necessarily lies below 25%
for masses larger than 500 GeV, whereas if there is only a singly charged new scalar, a possible
enhancement due to the new scalar is already below 25% for a mass of 200 GeV of the new
charged scalar [51, 52].

Masses of the new neutral scalars below 62.5 GeV are restricted by the invisible Higgs boson
width. Low masses of the triplets and quadruplets can also be constraint by the Z width. For
more details see part 5.3.

The charged components of the multiplets can also be detected directly. They decay into
vector bosons or via cascades into a vector bosons and the (o↵-shell) neutral components of the
multiplet. The coupling to two vector bosons is proportional to the vev of the multiplet. By
now, searches for charged Higgs bosons [53, 54] ADD ALSO REF. To SINGLE CHARGED IN
TTBAR PRODUCTION??? have only been performed for decays of the charged scalars into

24

Summary collider bounds



Conclusions

• LHC so far, Higgs but no answer on the naturalness of the EW scale

• Numerous indirect probes are suggesting that either the NP is highly non 
generic or the NP is very high

• SM has various accidental and approximate symmetries, we constructed 
extensions that preserve such a structure

• General prediction: long lived stable particles at the LHC, bounds and 
phenomenology depends crucially on the nature of the lightest particle


