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Systematic approach to direct searches
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(accidentally)

- pair production via gauge interactions

- blind to indirect searches, colliders as the main probes 

- pheno: prompt decays vs. long-lived particles

(prompt regime)
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Systematic approach to direct searches



Outline

• The scale of new physics 

• Accidental matter  

• Collider pheno 

• A physics case for CLIC
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BSM status @ LHC
• SM-like Higgs

• No evidence of new physics beyond the SM                                (colored)

1 Introduction
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Pre-LHC: indirect searches
• The SM as an effective field theory (EFT):

2.1. Massless neutrinos in the SM 11
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Figure 2.1: Bounds on the scale ⇤ that suppresses non-renormalizable operators that violate
B,L,CP, Lf , Bf and a↵ect precision data. Maybe the ‘hierarchy problem’ suggests new-physics
around few hundred GeV.

massless neutrinos. This line of reasoning leads to more successful predictions: baryon flavour
and CP are violated in a very specific way, described by the CKM matrix, giving rise (among
other things) to characteristic rates of K0 $ K̄0, B0 $ B̄0 transitions. Since CKM CP violation
is accompanied by flavour mixing, CP-violating e↵ects which do not violate flavour, like electric
dipoles, are strongly suppressed, in agreement with experimental data.2

The Higgs vev breaks SU(2)L ⌦ U(1)Y ! U(1)em

hHi = (0, v) with v ⇡ 174GeV, (2.2)

and gives Dirac masses to charged leptons and quarks3 mass terms mi = �iv

mE `R`L +mD dRdL +mU uRuL

but neutrinos remain massless. Within the SM, neutrinos are fully described by the Lagrangian
term

L̄iD/L

i.e. a kinetic term plus gauge interactions with the massive vector bosons, ⌫̄Z⌫ and ⌫̄W `L.

when discussing baryogenesis in section 10.3. To be less precise, massless neutrinos were already suggested, before
the SM, by the V �A structure of weak interactions.

2Most of these theoretical successes would be lost if extensions of the SM motivated by the hierarchy ‘problems’,
such as the MSSM, will be confirmed by future data.

3Dirac and Majorana quadri-spinors are usually presented following the historical development and notation,
but this is confusing. Quadri-spinors are representations of the Lorentz group and of parity, that was believed to
be an exact symmetry. Since we now know that this is not the case, it is more convenient to use the basic fermion
representations of the Lorentz group: the 2-dimensional Weyl spinors. The only Lorentz invariant mass term that
can be written with a single Weyl fermion  is the Majorana term  2. This mass term breaks a U(1) symmetry
 ! eiq ' under which  might be charged (it could be electric charge, hypercharge, lepton number, ...). For
example, a Majorana neutrino mass is possible if the electric charge of neutrinos is exactly zero. With two Weyl
fermions  and  0 one can write three mass terms:  2,  02 and   0. In many interesting cases (all SM fermions,
except maybe neutrinos) the Lagrangian has an unbroken U(1) symmetry (electromagnetism, in the SM) under
which  and  0 have opposite charges, so that then   0 is the only allowed mass term. It is named ‘Dirac mass
term’, and one can group  and  0 in one 4-component Dirac spinor  = ( ,  ̄0). The electron gets its mass from
a Dirac term, that joins two di↵erent Weyl fermions that are therefore named eL and eR rather than  and  0. If
one knows what is doing this is the simplest notation. Since eL and eR have opposite electric charges one usually
prefers to use names like ‘ēR’ or ‘ecR’ or ‘ecL’ in place of ‘eR’. For a clean recent presentation of Weyl spinors
see [32].
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)

L = L(d4)
SM +

X

d>4

1

⇤d�4
e↵

L(d) , (2)

where only SM fields appear as dynamical degrees of freedom in L, and d denotes the canonical
operator dimension. Assuming O(1) coe�cients in the EFT operator expansion, currently all
experimental evidence in particle physics can be accommodated by such a generic theory with
a very large cut-o↵ ⇤e↵ ⇡ 1015 GeV.1 This particular scale is intriguing since it can account
for both the observed neutrino masses suggesting the presence of L violating L(5), as well as
null results of all flavor, CP and B violation probes constraining L(d�6). One may thus ask
the following well defined question. Which extensions of the SM particle content with masses
close to the EW scale (i) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV, (ii)
automatically preserve the accidental and approximate symmetry structure of the SM and thus
do not require the introduction of additional protective mechanisms in order to remain viable

1Cosmological observations suggest that most of the mass in the observable Universe cannot be accounted for
by known forms of matter. The possibility of particle dark matter within our setup is briefly discussed below.
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)

L = L(d4)
SM +

X
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where only SM fields appear as dynamical degrees of freedom in L, and d denotes the canonical
operator dimension. Assuming O(1) coe�cients in the EFT operator expansion, currently all
experimental evidence in particle physics can be accommodated by such a generic theory with
a very large cut-o↵ ⇤e↵ ⇡ 1015 GeV.1 This particular scale is intriguing since it can account
for both the observed neutrino masses suggesting the presence of L violating L(5), as well as

1Cosmological observations suggest that most of the mass in the observable Universe cannot be accounted for
by known forms of matter. The possibility of particle dark matter within our setup is briefly discussed below.
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• Bounds on       (c ~ O(1))⇤e↵ (1)
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)

L = L(d4)
SM +

X

d>4

1

⇤d�4
e↵

L(d) , (3)

where only SM fields appear as dynamical degrees of freedom in L, and d denotes the canonical
operator dimension. Assuming O(1) coe�cients in the EFT operator expansion, currently all
experimental evidence in particle physics can be accommodated by such a generic theory with
a very large cut-o↵ ⇤e↵ ⇡ 1015 GeV.1 This particular scale is intriguing since it can account
for both the observed neutrino masses suggesting the presence of L violating L(5), as well as
null results of all flavor, CP and B violation probes constraining L(d�6). One may thus ask
the following well defined question. Which extensions of the SM particle content with masses
close to the EW scale (i) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV, (ii)

1Cosmological observations suggest that most of the mass in the observable Universe cannot be accounted for
by known forms of matter. The possibility of particle dark matter within our setup is briefly discussed below.
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[e.g. Strumia, Vissani, hep-ph/0606054]
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Pre-LHC: indirect searches
• The SM as an effective field theory (EFT):
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)

L = L(d4)
SM +

X

d>4

1

⇤d�4
e↵

L(d) , (2)

where only SM fields appear as dynamical degrees of freedom in L, and d denotes the canonical
operator dimension. Assuming O(1) coe�cients in the EFT operator expansion, currently all
experimental evidence in particle physics can be accommodated by such a generic theory with
a very large cut-o↵ ⇤e↵ ⇡ 1015 GeV.1 This particular scale is intriguing since it can account
for both the observed neutrino masses suggesting the presence of L violating L(5), as well as
null results of all flavor, CP and B violation probes constraining L(d�6). One may thus ask
the following well defined question. Which extensions of the SM particle content with masses
close to the EW scale (i) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV, (ii)
automatically preserve the accidental and approximate symmetry structure of the SM and thus
do not require the introduction of additional protective mechanisms in order to remain viable

1Cosmological observations suggest that most of the mass in the observable Universe cannot be accounted for
by known forms of matter. The possibility of particle dark matter within our setup is briefly discussed below.
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• NP models at the EW scale need to be non-generic in order to comply with data

Traditional approach:  

- impose extra symmetries protecting B, L, flavor, etc.
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Alternative route:  

- assume no extra symmetries (only Lorentz + SM gauge) and generic EFT



Accidental matter

iii) form a consistent EFT up to                        (suggested by nu masses and p-decay) ?⇤e↵ ⇡ 1015 GeV (1)
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)
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ii) are cosmologically viable ?

Massive neutrinos and invisible axion minimally connected

Stefano Bertolini,1, ⇤ Luca Di Luzio,2, † Helena Kolešová,3, 4, 5, ‡ and Michal Malinský4, §
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We survey a few minimal scalar extensions of the standard electroweak model that provide a simple
setup for massive neutrinos in connection with an invisible axion. The presence of a chiral U(1)
à la Peccei-Quinn drives the pattern of Majorana neutrino masses while providing a dynamical
solution to the strong CP problem and an axion as a dark matter candidate. We paradigmatically
apply such a renormalizable framework to type-II seesaw and to two viable models for neutrino
oscillations where the neutrino masses arise at one and two loops, respectively. We comment on
the naturalness of the e↵ective setups as well as on their implications for vacuum stability and
electroweak baryogenesis.

PACS numbers: 12.60.Fr,14.60.Pq,14.80.Va

I. INTRODUCTION

TeV (1)

��5 / �5(. . .) (2)

��6 / �6(. . .) (3)

��13 / �13(. . .) + �23(. . .) + ��3(. . .) + 8�2
5 + 3�2

6 (4)

��23 / �13(. . .) + �23(. . .) + ��3(. . .) + 8�2
5 + 3�2

6 (5)

���3 / �13(. . .) + �23(. . .) + ��3(. . .) + 2�2
6 (6)

@µT
µ⌫
/� = @µT

µ⌫
� = 0 (7)

⇤ stefano.bertolini@sissa.it
† luca.di.luzio@ge.infn.it
‡ helena.kolesova@fjfi.cvut.cz
§ malinsky@ipnp.troja.m↵.cuni.cz

S =

Z
d4xL/�(x) +

Z
d4x0L�(x

0) (8)

All � 6= 0 =) [U(1)PQ (9)

�6 = 0 =) [U(1)PQ ⌦ U(1)L (10)

SM + � (1)

⇤e↵ ⇡ 1015 GeV (2)

c = 0 (3)

c ⇡ 0 (4)

c ! 0 (5)

⇤e↵ (6)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (7)

1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [? ? ? ] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [? ]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)
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• Accidental symmetries in the SM
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Accidentally safe extensions
• Add a single state    (scalar or fermion)✮� (1)
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H HH† 1 1� 3 0
combinations HHH 1 4 +3/2
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Table 4: List of all possible d  3 operators made of SM fields. Operators of the type  †
SM SM

are not displayed since they couple to Lorentz vectors, which are not considered in our analysis.
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• New fermions: avoid the couplings          and

incompatible with a large mass gap ⇤e↵ � TeV. The same argument applies to composite
particles of higher spins. Finally, extra fundamental particles with spins 3/2 and 2 can appear
in theories of extended and gauged space-time symmetry (c.f. [9, 10]), but such constructions
necessarily go beyond our EFT framework. We will hence 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 fermion fields are Weyl
spinors belonging to the same irreducible representation of the Lorentz group. The accidental
matter multiplets are collectively denoted by �. We use the subscripts S and F to denote
the bosonic (spin 0) and fermionic (spin 1/2) SM gauge representations, respectively, where
appropriate to avoid ambiguity. The SM fermions are collectively denoted by  SM and their
quantum numbers are fixed according to Table 3. The list of all possible d  3 operators made
of SM fields is provided in Table 4.

2.1 New fermions

If a fermionic � 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 vector-like and a mass term can always be
added.

According to our previous discussion, we want to forbid the interactions � SM, � SMH
and � SMH†.2 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) . (15)

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. [11] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (16)

which is invariant under a 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.) , (17)

which is invariant under a U(1) transformation � ! ei✓� and �c ! e�i✓�c. In both cases an
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U(3)5 (4)
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SMi�

µDµ SM (6)

SM + � (7)

⇤e↵ ⇡ 1015 GeV (8)

c = 0 (9)

c ⇡ 0 (10)

c ! 0 (11)

⇤e↵ (12)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (13)

1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).
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e↵

O(d)(SM fields) (13)

1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [1–3] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [2]).
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incompatible with a large mass gap ⇤e↵ � TeV. The same argument applies to composite
particles of higher spins. Finally, extra fundamental particles with spins 3/2 and 2 can appear
in theories of extended and gauged space-time symmetry (c.f. [9, 10]), but such constructions
necessarily go beyond our EFT framework. We will hence 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 fermion fields are Weyl
spinors belonging to the same irreducible representation of the Lorentz group. The accidental
matter multiplets are collectively denoted by �. We use the subscripts S and F to denote
the bosonic (spin 0) and fermionic (spin 1/2) SM gauge representations, respectively, where
appropriate to avoid ambiguity. The SM fermions are collectively denoted by  SM and their
quantum numbers are fixed according to Table 3. The list of all possible d  3 operators made
of SM fields is provided in Table 4.

2.1 New fermions

If a fermionic � 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 vector-like and a mass term can always be
added.

According to our previous discussion, we want to forbid the interactions � SM, � SMH
and � SMH†.2 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) . (15)

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. [11] for two-component notation)

L = LSM + i�†�µDµ�+
1

2
M(�T ✏�+ h.c.) , (16)

which is invariant under a 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.) , (17)

which is invariant under a U(1) transformation � ! ei✓� and �c ! e�i✓�c. In both cases an
accidental symmetry implies stability of the new particles at the renormalizable level and also
requires that they are pair produced in high-energy particle colliders.

2.2 New scalars

For scalar �, in order to preserve GF we have to avoid all 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) . (18)
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� SMH(H†) (1)

� (2)

� (3)

� M (DM)
� [TeV]

(1, 3, ✏)CS 1.6
(1, 3, ✏)DF 2.0
(1, 3, 0)WF 3.0
(1, 5, ✏)CS,DF 6.6
(1, 5, 0)WF 9.6
(1, 7, ✏)CS,DF 16

(1, 3, ✏)CS (4)

� ⇠ (1, n, ✏) (5)

� = 0 (6)

� � · SM · SM (7)

� � · (SM particle) · (SM particle) (8)

�⌧ 1 (9)

O6 =
c6
⇤2

e↵

qqq` (10)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (11)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (12)

O5 =
c5
⇤e↵

``HH (13)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (14)

� (15)
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• New scalars: avoid the couplings   
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requires that they are pair produced in high-energy particle colliders.
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- Kinetic term of real or complex scalar invariant under extra     or 

- Stability not guaranteed (depends on scalar potential interactions)
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• New fermions: avoid the couplings          and



Cosmology

[“Minimal Dark Matter”, Cirelli, 
Fornengo, Strumia, hep-ph/0512090] 

[See e.g. “Non-collider searches for stable massive particles”, Burdin et al. 1410.1374] 

- Colorless and EM neutral stable particles can be DM

- Colored or charged stable particles are severely bounded 

• If the lightest particle (LP) in the multiplet is stable at the ren. level

           implicit assumption:    species are thermally produced (                         )� (1)

���H (2)

Q 6= 0 (3)

Y 6= 0 (4)

m� & 45 GeV (5)

�m . 20 GeV (6)

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (7)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (8)

m� ⇡ 1 TeV (9)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (10)

� 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)

� (11)

WRPV (12)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (13)

U(3)5 (14)

LSM = Lkin + LYuk � V (H) (15)

Lkin �  †
SMi�

µDµ SM (16)

SM + � (17)

3

TRH > m� ⇠ TeV (1)
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(1, 3, ✏)CS 1.5
(1, 3, ✏)DF 2.0
(1, 3, 0)WF 3.0
(1, 5, ✏)CS,DF 6.6
(1, 5, 0)WF 9.6
(1, 7, ✏)CS,DF 16

(1, 3, ✏)CS (6)

� ⇠ (1, n, ✏) (7)

� = 0 (8)

� � · SM · SM (9)

� � · (SM particle) · (SM particle) (10)

�⌧ 1 (11)

O6 =
c6
⇤2

e↵

qqq` (12)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (13)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (14)

O5 =
c5
⇤e↵

``HH (15)

3

 L. Di Luzio (IPPP, Durham) - Accidental Matter                                                       07/16



Cosmology

• Stability broken by non-renormalizable operators

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (1)

� 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)

� (2)

WRPV (3)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (4)

U(3)5 (5)

LSM = Lkin + LYuk � V (H) (6)

Lkin �  †
SMi�

µDµ SM (7)

SM + � (8)

⇤e↵ ⇡ 1015 GeV (9)

c = 0 (10)

c ⇡ 0 (11)

c ! 0 (12)

⇤e↵ (13)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (14)

3

m� . 1 TeV (1)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (2)

� 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)

� (3)

WRPV (4)

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

U(3)5 (6)

LSM = Lkin + LYuk � V (H) (7)

Lkin �  †
SMi�

µDµ SM (8)

SM + � (9)

⇤e↵ ⇡ 1015 GeV (10)

c = 0 (11)

c ⇡ 0 (12)

c ! 0 (13)

⇤e↵ (14)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (15)

3

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (1)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (2)

m� ⇡ 1 TeV (3)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (4)

� 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)

WRPV (6)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (7)

U(3)5 (8)

LSM = Lkin + LYuk � V (H) (9)

Lkin �  †
SMi�

µDµ SM (10)

SM + � (11)

⇤e↵ ⇡ 1015 GeV (12)

c = 0 (13)

c ⇡ 0 (14)

c ! 0 (15)

⇤e↵ (16)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (17)

3

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (1)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (2)

m� ⇡ 1 TeV (3)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (4)

� 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)

WRPV (6)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (7)

U(3)5 (8)

LSM = Lkin + LYuk � V (H) (9)

Lkin �  †
SMi�

µDµ SM (10)

SM + � (11)

⇤e↵ ⇡ 1015 GeV (12)

c = 0 (13)

c ⇡ 0 (14)

c ! 0 (15)

⇤e↵ (16)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (17)

3

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (1)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (2)

m� ⇡ 1 TeV (3)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (4)

� 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)

WRPV (6)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (7)

U(3)5 (8)

LSM = Lkin + LYuk � V (H) (9)

Lkin �  †
SMi�

µDµ SM (10)

SM + � (11)

⇤e↵ ⇡ 1015 GeV (12)

c = 0 (13)

c ⇡ 0 (14)

c ! 0 (15)

⇤e↵ (16)

L = L(d4)
SM +

X

d>4

c(d)

⇤d�4
e↵

O(d)(SM fields) (17)

3

BBN bounds [see backup slides]

Excluded by cosmic rays and heavy isotopes
(if LP charged/colored) 

- Colored or charged stable particles are severely bounded 

- Assuming                       and 
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- Colorless and EM neutral stable particles can be DM
• If the lightest particle (LP) in the multiplet is stable at the ren. level
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Massive neutrinos and invisible axion minimally connected
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We survey a few minimal scalar extensions of the standard electroweak model that provide a simple
setup for massive neutrinos in connection with an invisible axion. The presence of a chiral U(1)
à la Peccei-Quinn drives the pattern of Majorana neutrino masses while providing a dynamical
solution to the strong CP problem and an axion as a dark matter candidate. We paradigmatically
apply such a renormalizable framework to type-II seesaw and to two viable models for neutrino
oscillations where the neutrino masses arise at one and two loops, respectively. We comment on
the naturalness of the e↵ective setups as well as on their implications for vacuum stability and
electroweak baryogenesis.
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1 Introduction

The electroweak (EW) hierarchy puzzle suggests that new physics (NP) degrees of freedom
should appear around or not much above the EW scale. Hence the search for NP is a clear
target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
(c.f. [? ? ? ] for recent reviews). Thus, the overall excellent agreement with the CKM paradigm
predictions suggests a large mass gap above the EW scale. Perhaps even more strikingly,
searches for baryon (B) and lepton (L) number violating processes at low energies suggest that
these accidental quantum numbers of the standard model (SM) are good symmetries of nature
up to scales of the order of 1015 GeV (c.f. [? ]).

Explicit models of TeV scale NP need to resolve the apparent conflict between these two
sets of expectations by postulating exact or approximate symmetries which in term forbid or
su�ciently suppress the most dangerous contributions to flavor changing neutral currents, CP
violation, as well as B and L changing processes. These include explicit B, L or their anomaly
free combinations, discrete space-time symmetries including C, P, CP but also new internal
symmetries like R-parity (or R-symmetry) in supersymmetric (SUSY) extensions of the SM,
KK-parity in extra-dimensional setups, as well as abelian or non-abelian horizontal (flavor)
symmetries.

At the heart of these problems is the fact that generically, extending the SM particle content
will either (i) break some of the SM accidental symmetries, and/or (ii) introduce new sources of
breaking of the approximate SM symmetries, which in general will not be aligned with existing
SM symmetry breaking directions. Examples of the first kind include B and L. Flavor, CP and
custodial symmetry of the Higgs potential fall into the second category.

Consider the SM as the renormalizable part of an e↵ective field theory (EFT)
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ii) decay via dim < 6 op.’s (if LP colored/charged)

• Selection criteria:

i) no ren. coupling of     to SM fermions 

iii) no Landau poles below ⇤e↵ ⇡ 1015 GeV (1)
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a finite set of possibilities
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target being vigorously pursued by the LHC experiments. On the other hand, indirect searches
for NP using flavor and CP violating observables have already probed NP scales up to 108 GeV
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Accidental matter multiplets

In particular, in the SM the global GF ⌘ U(3)5 flavor symmetry of quarks and leptons is only
broken by their respective Yukawas (and the gauging of hypercharge). In order not to introduce
new sources of GF breaking, one should only consider GF singlet operator extensions of the SM.
In Sect. 2 we list all d  3 operators involving quark and lepton fields that transform nontriv-
ially 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. Furthermore, in most cases this
also ensures the absence of new sources of breaking for both custodial and CP symmetries at
the renormalizable level. The exceptions where new breaking can arise in the scalar potential
are discussed in Sect. 2.2.1.

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↵ . The physical idea
behind this requirement is that a Landau pole might be associated with the emergence of some
new, generic dynamics that will break the accidental symmetries of the SM at scales above the
Landau pole. As we show in Sect. 2.4, this condition (together with the cosmological constraints
on stable charged particles) limits the size of the new representations and leads to a finite list
of possible SM extensions.

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

0 (1, 1, 0) 0 �HH† 3 � mPl (g1)
0 (1, 3, 0)‡ 0,1 �HH† 3 � mPl (g1)
0 (1, 4, 1/2)‡ -1,0,1,2 �HH†H† 4 � mPl (g1)
0 (1, 4, 3/2)‡ 0,1,2,3 �H†H†H† 4 � mPl (g1)
0 (1, 2, 3/2) 1,2 �H†``, �†H†ecec, Dµ�†`†�µec 5 � mPl (g1)
0 (1, 2, 5/2) 2,3 �†Hecec 5 � mPl (g1)
0 (1, 5, 0) 0,1,2 �HHH†H†, �W µ⌫Wµ⌫ , �3H†H 5 � mPl (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH†, ���†H†H† 5 � mPl (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0)? 0,1,2,3 �3H†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 weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
LHC reach.
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+ 14 colored scalars and 3 colored fermions [see backup slides]
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In particular, in the SM the global GF ⌘ U(3)5 flavor symmetry of quarks and leptons is only
broken by their respective Yukawas (and the gauging of hypercharge). In order not to introduce
new sources of GF breaking, one should only consider GF singlet operator extensions of the SM.
In Sect. 2 we list all d  3 operators involving quark and lepton fields that transform nontriv-
ially 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. Furthermore, in most cases this
also ensures the absence of new sources of breaking for both custodial and CP symmetries at
the renormalizable level. The exceptions where new breaking can arise in the scalar potential
are discussed in Sect. 2.2.1.

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↵ . The physical idea
behind this requirement is that a Landau pole might be associated with the emergence of some
new, generic dynamics that will break the accidental symmetries of the SM at scales above the
Landau pole. As we show in Sect. 2.4, this condition (together with the cosmological constraints
on stable charged particles) limits the size of the new representations and leads to a finite list
of possible SM extensions.

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

0 (1, 1, 0) 0 �HH† 3 � mPl (g1)
0 (1, 3, 0)‡ 0,1 �HH† 3 � mPl (g1)
0 (1, 4, 1/2)‡ -1,0,1,2 �HH†H† 4 � mPl (g1)
0 (1, 4, 3/2)‡ 0,1,2,3 �H†H†H† 4 � mPl (g1)
0 (1, 2, 3/2) 1,2 �H†``, �†H†ecec, Dµ�†`†�µec 5 � mPl (g1)
0 (1, 2, 5/2) 2,3 �†Hecec 5 � mPl (g1)
0 (1, 5, 0) 0,1,2 �HHH†H†, �W µ⌫Wµ⌫ , �3H†H 5 � mPl (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH†, ���†H†H† 5 � mPl (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0)? 0,1,2,3 �3H†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 weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
LHC reach.
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In particular, in the SM the global GF ⌘ U(3)5 flavor symmetry of quarks and leptons is only
broken by their respective Yukawas (and the gauging of hypercharge). In order not to introduce
new sources of GF breaking, one should only consider GF singlet operator extensions of the SM.
In Sect. 2 we list all d  3 operators involving quark and lepton fields that transform nontriv-
ially 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. Furthermore, in most cases this
also ensures the absence of new sources of breaking for both custodial and CP symmetries at
the renormalizable level. The exceptions where new breaking can arise in the scalar potential
are discussed in Sect. 2.2.1.

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↵ . The physical idea
behind this requirement is that a Landau pole might be associated with the emergence of some
new, generic dynamics that will break the accidental symmetries of the SM at scales above the
Landau pole. As we show in Sect. 2.4, this condition (together with the cosmological constraints
on stable charged particles) limits the size of the new representations and leads to a finite list
of possible SM extensions.
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0 (1, 4, 1/2)‡ -1,0,1,2 �HH†H† 4 � mPl (g1)
0 (1, 4, 3/2)‡ 0,1,2,3 �H†H†H† 4 � mPl (g1)
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0 (1, 5, 0) 0,1,2 �HHH†H†, �W µ⌫Wµ⌫ , �3H†H 5 � mPl (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH†, ���†H†H† 5 � mPl (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0)? 0,1,2,3 �3H†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 weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
LHC reach.
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[Cirelli, Fornengo, Strumia, hep-ph/0512090] 

- Minimal DM candidates (LP is neutral, no Z-boson coupling and sufficiently stable)
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Accidental matter multiplets

In particular, in the SM the global GF ⌘ U(3)5 flavor symmetry of quarks and leptons is only
broken by their respective Yukawas (and the gauging of hypercharge). In order not to introduce
new sources of GF breaking, one should only consider GF singlet operator extensions of the SM.
In Sect. 2 we list all d  3 operators involving quark and lepton fields that transform nontriv-
ially 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. Furthermore, in most cases this
also ensures the absence of new sources of breaking for both custodial and CP symmetries at
the renormalizable level. The exceptions where new breaking can arise in the scalar potential
are discussed in Sect. 2.2.1.

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↵ . The physical idea
behind this requirement is that a Landau pole might be associated with the emergence of some
new, generic dynamics that will break the accidental symmetries of the SM at scales above the
Landau pole. As we show in Sect. 2.4, this condition (together with the cosmological constraints
on stable charged particles) limits the size of the new representations and leads to a finite list
of possible SM extensions.
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1/2 (1, 5, 0) 0 �`HHH†, ��µ⌫`HWµ⌫ 6 8.3⇥ 1017 (g2)

Table 1: List of new weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
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- Scalar MDM: too fast loop-induced decay via d=5 op. [DL, Gröber, Kamenik, Nardecchia 1504.00359]

- Fermion MDM: constrained by gamma-ray searches (dependence on DM profile)
[Cirelli, Hambye, Panci, Sala, Taoso 1507.05519,  Garcia-Cely, Ibarra, Lamperstorfer, Tytgat 1507.05536]
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Beyond MDM
• A millicharge can effectively stabilise the DM:

[Del Nobile, Nardecchia, Panci 1512.05353]
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- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)
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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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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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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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Collider phenomenology
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Collider Phenomenology !

 1. The new exotic fermions and scalars are pair produced

X

X

• Non-renormalizable terms negligible @ collider � SMHH
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, . . .

•       is a good symmetry, important implications:G�

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

• We discuss the phenomenology as follows
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• Lightest state in the EW multiplet stable on detector size:

- Charged LP       LHC bounds [400, 900] GeV  [see backup slides]

- Neutral LP                    LHC bounds milder : a physics case for CLIC 
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Spectrum
• Fermions: mass splitting purely radiative 

the contribution of � to the mass splitting, which yields

m2
I = m2

� +
1

2
↵v2 � 1

4
�v2I ⌘ M2 � �2I , (25)

where �j  I  j denotes the T 3 eigenvalue of the (2j + 1)-dimensional representation � and
we defined the parameter M2 ⌘ m2

� + 1
2
↵v2 and �2 ⌘ 1

4
�v2. Using the general formula for the

one-loop correction in [19] and expanding the loop function for � < M we find

⇢1�loop
0 � 1 =

⌘NC↵em

16⇡ sin2 ✓Wm2
W


2

9

�4

M2
j(j + 1)(2j + 1) +O

✓
�8

M6

◆�
, (26)

where NC is the dimensionality of � under the color factor. Neglecting the higher-order �/M
terms, we finally obtain

M & 72.5 GeV

✓
0.001

⇢exp0 � 1

◆1/2

�
p
⌘NC

p
j(j + 1)(2j + 1) , (27)

which is valid for M > � ⇡ p
� 123 GeV. For O(1) values of the coupling � the typical

bounds on M range in the few hundred GeV region, depending on the dimensionality of the
representation. We hence conclude that the mass bounds coming from loop-level contributions
to ⇢0 are less general (they depend on the value of �) and not particularly constraining when
compared to existing direct searches limits (see Sect. 5).

Alternatively, the information from ⇢0 can be used to give an upper bound on the mass
splitting �m = mI+1 �mI ⇡ � �2

2M
. As an example, let us mention that for the case (1, 5, 2)S

we get �m . 20 GeV. This information is exploited in Sect. 5.3 when inferring collider bounds
on the neutral state of such a multiplet by looking at the charged component production and
decays.

2.3 Mass spectrum

The phenomenology of the new EW states is dictated by the mass spectrum. Typically, on top
of a common mass term m�, there is a radiative splitting within the SU(2)L multiplet and, for
scalars only, a tree-level splitting due to the presence of non-trivial SU(2)L invariants in the
scalar potential. In the m� � v limit the radiative contribution takes the form [4, 20]

�mrad = mQ+1 �mQ ⇡ 166 MeV

✓
1 + 2Q+

2Y

cos ✓W

◆
, (28)

which holds both for fermions and scalars. Notice that if Y = 0 the LP in the multiplet is
always the one with the smallest |Q|. This is not necessarily true when Y 6= 0.4

Similarly, the tree-level splitting in Eq. (25) can be expanded in the m� � v limit, thus
obtaining [4]

�mtree = mI+1 �mI ⇡ �v2

8m�

⇡ � ⇥ 7.6 GeV

✓
1 TeV

m�

◆
. (29)

Notice that, while for fermions the mass spectrum is unambiguously fixed, for scalars it depends
on the values of � and m�. Focussing on the m� < TeV region (relevant for LHC), if � = O(1)

4E.g. the LP of the fermion multiplet (1, 4, 1/2)F has Q = �1.
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• Scalars: radiative + tree-level splitting from potential term 

the contribution of � to the mass splitting, which yields

m2
I = m2

� +
1

2
↵v2 � 1

4
�v2I ⌘ M2 � �2I , (25)

where �j  I  j denotes the T 3 eigenvalue of the (2j + 1)-dimensional representation � and
we defined the parameter M2 ⌘ m2

� + 1
2
↵v2 and �2 ⌘ 1

4
�v2. Using the general formula for the

one-loop correction in [19] and expanding the loop function for � < M we find

⇢1�loop
0 � 1 =

⌘NC↵em

16⇡ sin2 ✓Wm2
W


2

9

�4

M2
j(j + 1)(2j + 1) +O

✓
�8

M6

◆�
, (26)

where NC is the dimensionality of � under the color factor. Neglecting the higher-order �/M
terms, we finally obtain

M & 72.5 GeV

✓
0.001

⇢exp0 � 1

◆1/2

�
p
⌘NC

p
j(j + 1)(2j + 1) , (27)

which is valid for M > � ⇡ p
� 123 GeV. For O(1) values of the coupling � the typical

bounds on M range in the few hundred GeV region, depending on the dimensionality of the
representation. We hence conclude that the mass bounds coming from loop-level contributions
to ⇢0 are less general (they depend on the value of �) and not particularly constraining when
compared to existing direct searches limits (see Sect. 5).

Alternatively, the information from ⇢0 can be used to give an upper bound on the mass
splitting �m = mI+1 �mI ⇡ � �2

2M
. As an example, let us mention that for the case (1, 5, 2)S

we get �m . 20 GeV. This information is exploited in Sect. 5.3 when inferring collider bounds
on the neutral state of such a multiplet by looking at the charged component production and
decays.

2.3 Mass spectrum

The phenomenology of the new EW states is dictated by the mass spectrum. Typically, on top
of a common mass term m�, there is a radiative splitting within the SU(2)L multiplet and, for
scalars only, a tree-level splitting due to the presence of non-trivial SU(2)L invariants in the
scalar potential. In the m� � v limit the radiative contribution takes the form [4, 20]

�mrad = mQ+1 �mQ ⇡ 166 MeV

✓
1 + 2Q+

2Y

cos ✓W

◆
, (28)

which holds both for fermions and scalars. Notice that if Y = 0 the LP in the multiplet is
always the one with the smallest |Q|. This is not necessarily true when Y 6= 0.4

Similarly, the tree-level splitting in Eq. (25) can be expanded in the m� � v limit, thus
obtaining [4]

�mtree = mI+1 �mI ⇡ �v2

8m�

⇡ � ⇥ 7.6 GeV

✓
1 TeV

m�

◆
. (29)

Notice that, while for fermions the mass spectrum is unambiguously fixed, for scalars it depends
on the values of � and m�. Focussing on the m� < TeV region (relevant for LHC), if � = O(1)

4E.g. the LP of the fermion multiplet (1, 4, 1/2)F has Q = �1.
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- LP can be charged for Y ≠ 0

- the LP can be any for                                   

Spin � Odecay dim(Odecay) Stability
0 (1, 1, 0) �HH† 3 ⇥
0 (1, 3, 0) �HH† 3 ⇥
0 (1, 4, 1/2) �HH†H† 4 ⇥
0 (1, 4, 3/2) �H†H†H† 4 ⇥
0 (R, 2k, 1/2) ��H†H† 4 Z2

0 (R, n, 0) ��HH† 4 Z2

0 (C, n, Y ) ��†HH† 4 U(1)
0 (C, 2k, 1/6) ���H† 4 Z3

0 (R, 2k, 1/2) ���†H† 4 ⇥
Table 5: Extra scalar representations which can couple to the Higgs at the renormalizable level
without breaking GF . (C, n, Y ) denote generic quantum numbers under the SM gauge group
which are not already contained in the list of Eq. (22). R stands for a real SU(3)c representation
(i.e. R = 1, 8, 27, . . .) and 2k for an even SU(2)L representation. In the last column, we provide
(when appropriate) the symmetry responsible for the stability of �. The cases denoted by a
“⇥” lead instead to the decay of � at the renormalizable level.

Analogously to the case of extra fermions in Sect. 2.1, gauge interactions alone cannot lead
to the decay of � at the renormalizable level, since the kinetic terms again exhibit a Z2 or a
U(1) invariance for the case of an extra real or complex scalar, respectively. The decay of the
new particle is however possible (depending on the quantum numbers of �) due to the presence
of extra renormalizable interactions between � and H, which are listed in Table 5.

2.2.1 Scalar potential, CP and custodial symmetry

In the presence of any new scalar multiplet � the scalar potential can be written as (see e.g. [12])

V (H,�) = VSM + ⌘
�
m2

� |�|2 + ↵ |�|2 |H|2 + �(�†T a
��)(H

†T a
HH)

�

+
⇥
�(�†C�T

a
��

⇤)(HTCHT
a
HH) + h.c.

⇤
+ . . . , (23)

where ⌘ is equal to 1(1/2) for a complex (real) representation, T a
R and CR denote respectively the

SU(2)L generators and conjugation matrices in the representation R (so, for instance, T a
H = �a/2

and CH = i�2 where �a for a = 1, 2, 3 are the Pauli matrices). We take hHiT = (0, v/
p
2) with

v = 246 GeV. The ellipses in Eq. (23) stand for extra terms, like e.g. (�†T a
��)

2, which do not
sizeably a↵ect the mass splitting of � (see below). In addition, � in specific weak representations
might allow for additional renormalizable operators listed in Table 5.

The first accidental symmetry of the scalar potential that we wish to discuss is CP. Generic
sources of CP violation are severely constrained by the measurement of electric dipole moments
(EDMs) [13]. Among the accidental scalar matter extensions of Tables 1–2, it turns out that
only (1, 4, 1/2)S explicitly violates CP. This can be seen by noticing that for such a multiplet one
can construct three non-hermitian invariants in the scalar potential (cf. the third, fifth and last
row in Table 5) and that only one out of the three phases associated with the corresponding
complex couplings can be rotated away by a re-phasing of � and H. In this case the most
significant experimental constraint comes from the searches for an electron EDM (de), defined

2Notice that terms of the form ��H or ��H† are forbidden by SU(2)L invariance.
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which is valid for M > � ⇡ p
� 123 GeV. For O(1) values of the coupling � the typical

bounds on M range in the few hundred GeV region, depending on the dimensionality of the
representation. We hence conclude that the mass bounds coming from loop-level contributions
to ⇢0 are less general (they depend on the value of �) and not particularly constraining when
compared to existing direct searches limits (see Sect. 5).

Alternatively, the information from ⇢0 can be used to give an upper bound on the mass
splitting �m = mI+1 �mI ⇡ � �2

2M
. As an example, let us mention that for the case (1, 5, 2)S

we get �m . 20 GeV. This information is exploited in Sect. 5.3 when inferring collider bounds
on the neutral state of such a multiplet by looking at the charged component production and
decays.

2.3 Mass spectrum

The phenomenology of the new EW states is dictated by the mass spectrum. Typically, on top
of a common mass term m�, there is a radiative splitting within the SU(2)L multiplet and, for
scalars only, a tree-level splitting due to the presence of non-trivial SU(2)L invariants in the
scalar potential. In the m� � v limit the radiative contribution takes the form [4, 20]

�mrad = mQ+1 �mQ ⇡ 166 MeV

✓
1 + 2Q+

2Y

cos ✓W

◆
, (29)

which holds both for fermions and scalars. Notice that if Y = 0 the LP in the multiplet is
always the one with the smallest |Q|. This is not necessarily true when Y 6= 0.4

Similarly, the tree-level splitting in Eq. (25) can be expanded in the m� � v limit, thus
obtaining [4]

�mtree = mI+1 �mI ⇡ �v2

8m�

⇡ � ⇥ 7.6 GeV

✓
1 TeV

m�

◆
. (30)

Notice that, while for fermions the mass spectrum is unambiguously fixed, for scalars it depends
on the values of � and m�. Focussing on the m� < TeV region (relevant for LHC), if � = O(1)
then the LP is always the one with the highest/lowest I, depending on the sign of �. However,
for � 2 [10�3, 1] the tree-level splitting can be comparable with the radiative one. In such cases
it is possible to show (see below) that:

1. Any particle in the multiplet can be the LP for large domains of the model parameters,
i.e. without any fine-tuning.

2. If the LP has charge QLP, the next-to-LP has always charge QLP ± 1.

This latter fact turns out to be phenomenologically relevant, e.g. when setting bounds on the
neutral LP by looking at the decay of the next-to-LP.

For completeness, we provide here a proof of the two statements above: by combining
Eq. (28) and Eq. (29) one arrives at the expression mI = m�j +a+ bI + cI2, where a and b can
have any sign (since they depend on �mtree), and c > 0. The minimum of mI is obtained for
Imin = � b

2c
. Hence, by an appropriate choice of the ratio b/c, the smallest mI can be anywhere

in the range I 2 [�j, j]. The fact that the next-to-LP has QLP ± 1 simply follows from the

4E.g. the LP of the fermion multiplet (1, 4, 1/2)F has Q = �1.

13

- next-to-lightest state (NLP) has QNLP = QLP ± 1

[Cirelli, Fornengo, Strumia 
hep-ph/0512090] 
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Colorless and neutral LP
• Z and H invisible widths 

- Z width:                    for any EW multipletm� & 45 GeV (1)

�m . 20 GeV (2)

�5 ⇠
m3

�

⇤2
e↵

⇡ (0.1 s)�1 (3)

�6 ⇠
m5

�

⇤4
e↵

⇡ (1020 s)�1 (4)

m� ⇡ 1 TeV (5)

LSM + L� +
X 1

⇤e↵

O(5) +
X 1

⇤2
e↵

O(6) + . . . (6)

� 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)

� (7)

WRPV (8)

U(3)5 �! U(1)5 = U(1)Y ⌦ U(1)B ⌦ U(1)Le ⌦ U(1)Lµ ⌦ U(1)L⌧ (9)

U(3)5 (10)

LSM = Lkin + LYuk � V (H) (11)

Lkin �  †
SMi�

µDµ SM (12)

SM + � (13)

⇤e↵ ⇡ 1015 GeV (14)

c = 0 (15)

c ⇡ 0 (16)

c ! 0 (17)

3

- H width: only for scalars + model dependent 
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Colorless and neutral LP

• Chargino searches at LEP

Mono-x searches
Not sensitive yet see also [Cirelli,

Sala, Taoso]

Z boson width and invisible H boson width
Z width: m� & 45 GeV for Y 6= 0 or Q 6= 0
H width: for scalars, depends on portal coupling ↵|�|2|H|2
Disappearing tracks
If charged NLP decays within sensitive volume to LP
Sensitive to lifetimes of NLP between 0.1 ns and 10 ns [ATLAS, 1310.3675]

No sensitivity on our states
Chargino searches at LEP
Searches for e+e� ! �̃+

1 �̃+
1 � ! �̃0

1�̃
0
1� + X

Leads to exclusion bounds between 50-95 GeV for the |Q| = 1 NLP state

Spin � Q
LP

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, 590
0 (1, 5, 1) -1, 0, 1, 2, 3 620, 50? (85), 320, 480, 590
0 (1, 5, 2) 0, 1, 2, 3, 4 85, 520, 400, 500, 560
0 (1, 7, 0) 0 75

1/2 (1, 4, 1/2) -1 860
1/2 (1, 4, 3/2) 0 90
1/2 (1, 5, 0) 0 95

Collider phenomenology
Ramona Gröber in coll. with Luca Di Luzio, Jernej Kamenik and Marco Nardecchia –
Accidental matter at the LHC 07.04.2015 14/16

COLORLESS AND NEUTRAL LP

- Exclusions b/w 50-95 GeV for the |Q|=1 NLP

• Z and H invisible widths 

OPAL √s = 208 GeV
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Figure 3. Illustration of some Feynman diagrams for monophoton processes.

Cuts 14 TeV 100 TeV 3 ab�1 100 TeV 30 ab�1

6ET [TeV] 0.3� 1 1� 3 1� 3.5

pT (�) [GeV] 200� 500 500� 700 500� 700

⌘� 1.45 1.45 1.45

�� 2 2 2

pT (j) [GeV] 30 100 100

pT (`) [GeV] 20 20 20

pT (⌧) [GeV] 30 40 40

Table 2. Analysis cuts for the monophoton search at 14 TeV and 100 TeV
colliders.

We first compare our procedure with the Cms analysis at 8 TeV with
L = 19.6 fb�1 [52]. The cuts that we implement are listed below (the precise
values that we choose are those of [52]). While we find good agreement for
the background �W (`⌫), our estimate for the �Z(⌫̄⌫) one is a factor 1.35
larger than that in [52]. This could be due to the fact that we are missing
some selection cuts on the photon that are particularly di�cult to implement
in our analysis. Similar results have been found in the phenomenological
studies [56, 57].

For the projections at 14 TeV and 100 TeV colliders, we compute the
background events including only �Z(⌫̄⌫) and �W (`⌫) processes (which in
the Cms analysis at 8 TeV account for ⇠ 75% of the total background
events [52]). We therefore caution that some degree of uncertainty in the back-
ground estimation is present in our analysis. Still our computations should be
a reasonable estimate of the potential reach of future hadron colliders with
the monophoton search.

The analysis cuts that we impose are:

� we require missing transverse energy > 6ET ,

11

e+ (1)

e� (2)

� �m [MeV] ⌧(�+ ! �0⇡+) [ns]

(1, 3, 0) 166 0.10
(1, 5, 0) 166 0.034
(1, 4, 3/2) 166 0.00079

p
s = {380 GeV, 1.5 TeV, 3 TeV} (3)

p
s/2 (4)

m�0

Majorana Fiveplet

(5)

m�0

(1,5,0)
& 270 GeV (6)

m�0

WF

(7)

p
s = 3 TeV (8)

TRH > m� ⇠ TeV (9)

p
s = 13 TeV (10)

� SMH(H†) (11)

� (12)

� (13)

(1, 3, ✏)CS (14)

� ⇠ (1, n, ✏) (15)

� = 0 (16)
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• Mono-x searches + VBF + disappearing tracks 
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Figure 3. Illustration of some Feynman diagrams for monophoton processes.

Cuts 14 TeV 100 TeV 3 ab�1 100 TeV 30 ab�1

6ET [TeV] 0.3� 1 1� 3 1� 3.5

pT (�) [GeV] 200� 500 500� 700 500� 700

⌘� 1.45 1.45 1.45

�� 2 2 2

pT (j) [GeV] 30 100 100

pT (`) [GeV] 20 20 20

pT (⌧) [GeV] 30 40 40

Table 2. Analysis cuts for the monophoton search at 14 TeV and 100 TeV
colliders.

We first compare our procedure with the Cms analysis at 8 TeV with
L = 19.6 fb�1 [52]. The cuts that we implement are listed below (the precise
values that we choose are those of [52]). While we find good agreement for
the background �W (`⌫), our estimate for the �Z(⌫̄⌫) one is a factor 1.35
larger than that in [52]. This could be due to the fact that we are missing
some selection cuts on the photon that are particularly di�cult to implement
in our analysis. Similar results have been found in the phenomenological
studies [56, 57].

For the projections at 14 TeV and 100 TeV colliders, we compute the
background events including only �Z(⌫̄⌫) and �W (`⌫) processes (which in
the Cms analysis at 8 TeV account for ⇠ 75% of the total background
events [52]). We therefore caution that some degree of uncertainty in the back-
ground estimation is present in our analysis. Still our computations should be
a reasonable estimate of the potential reach of future hadron colliders with
the monophoton search.

The analysis cuts that we impose are:

� we require missing transverse energy > 6ET ,
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Figure 5. Illustration of some Feynman diagrams for VBF processes.

we analyse, the monophoton one turns out to be that with the lowest mass
reach.

3.3.3 Vector boson fusion

Vector boson fusion processes have been investigated by the Cms collabo-
ration at Lhc-8 in order to search for invisible decay channels of the Higgs
boson [54]. This channel can be exploited also to look for Dark Matter parti-
cles with electroweak interactions, like the candidate we are considering. VBF
processes are characterized by two forward jets in opposite hemispheres (i.e.
well separated in pseudorapidity), and with a large invariant mass. Cuts on
these variables as well as the requirement of large 6ET are used in order to
reduce the SM background.

Examples of diagrams relevant for this search6 are shown in Fig. 5. The
dominant backgrounds result from Z(⌫⌫̄)+jets and W(`⌫)+jets (where the
lepton is lost) events. For example in the search of Cms at 8 TeV [54] they
constitute ⇠ 85% of the total.

We simulate the Z(⌫⌫̄)+jets and W(`⌫)+jets backgrounds as well the
signal for di↵erent Dark Matter masses at 14 and 100 TeV. As a check, we
verify that we reproduce with good agreement the background counts of [54].
Like for the case of the monojet analysys, we first scan over several cuts on
the kinematical variables, in order to optimize the sensitivity to the DM

6Notice that, despite the conventional name of the channel, also diagrams not properly
originating from two vector bosons contribute to the signal (and also background) events.
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Figure 1. Illustration of some Feynman diagrams for monojet processes.

background and � for the signal. We then consider two possible scenarios:
an optimistic one, corresponding to ↵ = 1%, and a more conservative one,
where we fix ↵ = 5%. For the monojet and monophoton analyses, this sec-
ond value is in line with the systematics quoted by current experimental
searches, see [50, 51] and [52, 53] respectively. For the VBF analysis it in-
stead corresponds to a moderate improvement with respect to the present
situation, which we infer from invisible Higgs decay searches [54], given that
analogous DM searches in VBF have not yet been published. For simplicity
of exposition, we stick to the same value of 5% also for this last analysis.
The disappearing tracks channel deserves special scrutiny, and we refer to
Sect. 3.3.4 for a discussion of the systematic uncertainties associated with
the backgrounds. Concerning the signals, we assume � = 10% for all the
analyses under consideration, and this has only a marginal impact on our
results.

3.3 Analyses and results

3.3.1 Monojet

Monojet searches require a hard central jet and large 6ET , and they have been
performed at the 8 TeV Lhc by the Atlas and Cms collaborations [50,51].

The signal is produced by processes like those in Fig. 1. The domi-
nant backgrounds are Z+jets with the Z boson decaying into neutrinos, and
W+jets with the W decaying leptonically and the lepton is either undetected
(too soft or close to the beam axis) or mistagged. Further background pro-
cesses, which in [50,51] account for less than 2% of the total event rate, are:
tt̄, Z(``)+jets, single t and QCD multijets. We discard these subdominant
backgrounds from our analysis.

We first validate our simulation against the analysis of Ref. [50] performed
at 8 TeV with L = 19.6 fb�1

. We find a good agreement in the expected
number of Z(⌫⌫̄)+jets and W(`⌫)+jets background events, after applying
the analysis cuts.

We simulate the backgrounds and the signal at 14 TeV and 100 TeV and,

8

A useful benchmark: wino-like DM*
[Cirelli, Sala, Taoso 1407.7058 + update from 
“Physics at a 100 TeV pp collider” 1606.00947]

*requires an additional stabilizing symmetry
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• Mono-x searches + VBF + disappearing tracks 

A useful benchmark: wino-like DM*
[Cirelli, Sala, Taoso 1407.7058 + update from 
“Physics at a 100 TeV pp collider” 1606.00947]

14 TeV@ 3 ab-1
100 TeV @ 3 ab-1
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th
er
m
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Wino-like (minimal 3plet) Dark Matter:
summary of constraints (solid edge) and reaches (dashed edge)

Fig. 47: For the GC gamma ray line search of HESS [303], the lighter shading is the exclusion assuming a
NFW profile, the darker one assuming a Burkert profile. The FERMI bound from a gamma continuum from dwarf
spheroidal galaxies [365] also suffer from some astrophysical uncertainties [366], so the lighter shading.

Direct and Indirect DM detection. The most recent cross section computation for the spin inde-
pendent scattering of an EW fermion triplet with a nucleon gives [359] �

SI

= (2.3 ± 0.5) ⇥ 10

�47

cm

2.
This value is out of reach at any current and planned experiment [293], for masses larger than 500 GeV.

Concerning indirect detection, gamma rays from the Galactic Center (as first recognized in [162,
163] for lines) and dwarf spheroidal galaxies are, at present, the most promising probes. We show the
reach of two most relevant searches of this kind in fig. 47, also to compare them with the previously
discussed collider and DD reaches. We show there also the weaker reach of antiprotons from AMS-
02 [360], for comparison. As far as we know today, a very promising (gamma-ray) telescope to probe
this model in the future appears to be CTA, expected to start taking data in 2018 [367]. Whether it will
exclude or not a pure-Wino, as 100% of the DM, depends mostly on the control on the astrophysical
uncertainties that will be achieved by then.

4.3.3 Weak Gauge Bosons 3: Fiveplet DM
While the doublet and triplet DM models discussed so far can decay to the SM through dimension
5 operators, a fiveplet of SU(2) can only decay through a dimension 6 operator, thus guaranteeing a
sufficiently long lifetime of the DM even if the global Z

2

symmetry which makes it stable is broken at
the Planck scale.

We define the fiveplet, � as � =

�
�++, �+, �0, ��, ����

. At the renormalizable level, the size
of the representation restricts the Lagrangian to

L = LSM + c�̄
�
ı /D � M

�
�, (40)

where M is the mass of the fiveplet and the constant, c, is 1/2 or 1 depending on whether �0 is Majorana
or Dirac, respectively. The mass degeneracy of the multiplet is broken at one loop by the gauge bosons.
For masses of the multiplet M � mW the singly charged component lies ⇠ 166 MeV above the neutral
component; the doubly charged state is heavier than the neutral state by ⇠ 664 MeV. These small mass

72
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A closer look at disappearing tracks 

- Naively, better sensitivity at LEP than LHC-I for lifetimes < 0.1 ns  

8

TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (p0) and the model-independent upper limit on the visible cross-section (σ95%

vis ) at 95% CL.

ptrackT > 75 GeV ptrackT > 100 GeV ptrackT > 150 GeV ptrackT > 200 GeV
Observed events 59 36 19 13
Expected events 48.5± 12.3 37.1 ± 9.4 24.6± 6.3 18.0 ± 4.6

p0 value 0.17 0.41 0.46 0.44
Observed σ95%

vis [fb] 1.76 1.02 0.62 0.44
Expected σ95%

vis [fb] 1.42+0.50
−0.39 1.05+0.37

−0.28 0.67+0.27
−0.19 0.56+0.23

−0.16

event selection efficiency. In these scenarios the charginos
are considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having τχ̃±

1

< 1 ns is signifi-
cantly improved and the exclusion reach is extended by
∼ 200 GeV.
Figure 7 shows the constraint on the allowed

∆mχ̃1
–mχ̃±

1

parameter space of the minimal AMSB

model; the expected 95% CL exclusion reaches mχ̃±
1

=

245+25
−30 GeV for ∆mχ̃1

∼ 160 MeV. The limits on τχ̃±
1

are converted into limits on ∆mχ̃1
following Ref. [38].

The theoretical prediction of ∆mχ̃1
for wino-like lightest

chargino and neutralino states at two-loop level [39] is
also indicated in the figure. A new limit that excludes
charginos of mχ̃±

1

< 270 GeV (corresponding ∆mχ̃1
and

τχ̃±
1

being ∼ 160 MeV and ∼ 0.2 ns, respectively) at 95%
CL is set in the AMSB models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass-
degenerate with the lightest neutralino based on the high-
pT disappearing-track signature are presented. The anal-
ysis is based on 20.3 fb−1of pp collisions at

√
s = 8 TeV

collected by the ATLAS experiment at the LHC. The
pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is ob-
served. Constraints on the chargino mass, the mean life-
time and the mass splitting are set, which are valid for
most scenarios in which the lightest supersymmetric par-
ticle is a nearly pure neutral wino. In the AMSB models,
a chargino having a mass below 270 GeV is excluded at
95% CL.
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[ATLAS 1310.3675 + CMS 1411.6006]

• Accidental matter multiplets potentially bounded by DTs @ LHC 

Intermultiplet weak transitions
prompt weak decays via emission of pions and/or electrons

Decays through renormalizable operators
(1,1,0)S case well studied, others possibly beyond LHC reach (EWPTs)

Decays through d≥5 operators
NDA suggests for d≥6 LP stable on cosmological scales

Not all weak contractions of d=5 possible - cascade decays

(1,7,0)S decays at loop level - cannot be DM candidate (Landau cut-off at 1016 GeV)

Assume quantization of Yχ to allow decay of all charged LPs
Possibility of millicharged LPs well explored

Accidental matter lifetime

c.f. Davidson, Hannestad & Raffelt, hep-ph/0001179
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• Accidental matter multiplets potentially bounded by DTs @ LHC 

- Installation of shorter tracks between Run-1 and Run-2 + new data at                     
(36.1 fb-1) push sensitivity down to 10 ps

A closer look at disappearing tracks 

[ATLAS-CONF-2017-017]
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• Room for improvement

- Doubly charged states can help to extend the reach of DTs

[Ostdiek 1506.03445]
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[see talk by Pedro Schwaller for alternative strategies]

- Naively, better sensitivity at LEP than LHC-I for lifetimes < 0.1 ns  



• Accidental EW multiplets with neutral LP 

- can be potentially probed at CLIC up to the kinematical limit          (pair production)
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- LEP-like chargino searches + disappearing tracks   

- “Minimal” DM multiplet potentially testable 
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Figure 3. Illustration of some Feynman diagrams for monophoton processes.

Cuts 14 TeV 100 TeV 3 ab�1 100 TeV 30 ab�1

6ET [TeV] 0.3� 1 1� 3 1� 3.5

pT (�) [GeV] 200� 500 500� 700 500� 700

⌘� 1.45 1.45 1.45

�� 2 2 2

pT (j) [GeV] 30 100 100

pT (`) [GeV] 20 20 20

pT (⌧) [GeV] 30 40 40

Table 2. Analysis cuts for the monophoton search at 14 TeV and 100 TeV
colliders.

We first compare our procedure with the Cms analysis at 8 TeV with
L = 19.6 fb�1 [52]. The cuts that we implement are listed below (the precise
values that we choose are those of [52]). While we find good agreement for
the background �W (`⌫), our estimate for the �Z(⌫̄⌫) one is a factor 1.35
larger than that in [52]. This could be due to the fact that we are missing
some selection cuts on the photon that are particularly di�cult to implement
in our analysis. Similar results have been found in the phenomenological
studies [56, 57].

For the projections at 14 TeV and 100 TeV colliders, we compute the
background events including only �Z(⌫̄⌫) and �W (`⌫) processes (which in
the Cms analysis at 8 TeV account for ⇠ 75% of the total background
events [52]). We therefore caution that some degree of uncertainty in the back-
ground estimation is present in our analysis. Still our computations should be
a reasonable estimate of the potential reach of future hadron colliders with
the monophoton search.

The analysis cuts that we impose are:

� we require missing transverse energy > 6ET ,
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CLIC prospects - work to be done!
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[Barklow, Münnich, Roloff, “Measurement of chargino and neutralino pair 
production at CLIC”, LCD-Note-2011-037, 2012, 
focus on jet + MET final states (relevant for Δm >> 1 GeV)]



Conclusions

• Cosmology + consistency of the EFT up to                      lead to a finite set of cases 
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3

• Pheno implications:

• Accidental Matter

the gauge quantum numbers of the NP states are such that the accidental and approximate 
symmetries of the SM are preserved at the ren. level

- blind to indirect searches, colliders as the main probe of this scenario

- most of the states are stable on the scale of the detectors

- when the LP is colorless and neutral it can also be DM (a.k.a. Minimal DM)
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Colored accidental matter multiplets
Spin � QLP Odecay dim(Odecay) ⇤2�loop

Landau[GeV]

0 (3, 1, 5/3) 5/3
�†Hqec, �H†uc`,
Dµ�†uc†�µec

5 � mPl (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 � mPl (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 � mPl (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,
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�Gµ⌫Wµ⌫ , Dµ�q†�µq,
���H†H

5 � mPl (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 � mPl (g1)
1/2 (6, 1, 2/3) 2/3 ��µ⌫ucGµ⌫ 5 � mPl (g1)
1/2 (8, 1, 1) 1 �c�µ⌫ecGµ⌫ 5 4.0⇥ 1016 (g1)

Table 2: Same as in Table 1 but for colored states.
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Lifetimes
• Inter-multiplet weak transitions to LP and pionsj-isospin representation with T 3-eigenvalue I as �j
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where T+ =
p
j(j + 1)� I(I + 1) and the approximation in the r.h.s. of Eq. (32) is valid for

�m � m⇡+ .
Formula (32) is a reasonable approximation of the total width in the range m⇡+ . �m .

1 GeV. For mass splittings close to the kinematical threshold of the decay into a pion, 3-body
decays involving leptons become important as well, while for �m & 1 GeV new hadronic chan-
nels open up (e.g. involving kaons and other heavier hadrons) and the decay can be eventually
computed at the partonic level, once quark-hadron duality sets in.

The typical lifetime of an SU(2)L multiplet component decaying via inter-multiplet weak
transitions is displayed in Fig. 1 as a function of the mass splitting and for di↵erent values of
the ladder operator T+, up to the j = 3 (septuplet) case.

Within high energy collider experiments, the inter-multiplet decays are essentially prompt.
On the other hand, the LP at the end of these inter-multiplet cascades is stable on the detector
scale, barring few exception which are discussed in the next subsection.
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Figure 1: Lifetimes associated with inter-multiplet weak transitions as a function of the mass
splitting �m. The grading of the curves (from black to gray) corresponds to di↵erent values
of T 2

+ (from 1 to 12), as it can be found in representations up to j = 3 (septuplet). The red
dashed line corresponds to the typical freeze-out time for colorless 1 TeV-mass particles with
weak interactions in the early Universe (cf. Sect. 4).

3.2 Decays through renormalizable interactions

There exists the possibility that the new extra scalars retain renormalizable interactions with
the SM Higgs which can induce their decay. These states are classified in Table 5 and correspond
to the cases (labelled with the symbol “⇥”) where no accidental symmetry (e.g. U(1), Z2 or
Z3) forbids � to decay. Let us comment in turn on the various possibilities.
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via cascades involving the emission of (virtual) W gauge bosons into the LP, ii) Decays through
renormalizable interactions (only for a specific class of new scalar states) and iii) Decays through
non-renormalizable d � 5 operators. We analyze each class of decays in turn below.

3.1 Inter-multiplet weak transitions

Heavier components within the SU(2)L multiplet can decay via EW transitions into lighter
ones, with rates suppressed by a small phase space factor. Denoting the component of a total
j-isospin representation with T 3-eigenvalue I as �j

I , for �m > m⇡+ , we have the decay width
(generalizing the expression in Ref. [37])
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where T+ =
p
j(j + 1)� I(I + 1) and the approximation in the r.h.s. of Eq. (19) is valid for

�m � m⇡+ .
Formula (19) is a reasonable approximation of the total width in the range m⇡+ . �m .

1 GeV. For mass splittings close to the kinematical threshold of the decay into a pion, 3-body
decays involving leptons become important as well, while for �m & 1 GeV new hadronic chan-
nels open up (e.g. involving kaons and other heavier hadrons) and the decay can be eventually
computed at the partonic level, once quark-hadron duality sets in.

The typical lifetime of an SU(2)L multiplet component decaying via inter-multiplet weak
transitions is displayed in Fig. 5 as a function of the mass splitting and for di↵erent values of
the ladder operator T+, up to the j = 3 (septuplet) case.

Within high energy collider experiments, the inter-multiplet decays are essentially prompt.
On the other hand, the LP at the end of these inter-multiplet cascades is stable on the detector
scale, barring few exception which are discussed in the next subsection.

3.2 Decays through renormalizable interactions

There exists the possibility that the new extra scalars retain renormalizable interactions with
the SM Higgs which can induce their decay. These states are classified in Table 5 and correspond
to the cases (labelled with the symbol “⇥”) where no accidental symmetry (e.g. U(1), Z2 or
Z3) forbids � to decay. Let us comment in turn on the various possibilities.

The case of the gauge singlet (1, 1, 0)S has been extensively studied in the literature (see
e.g. [39]) and we do not have much to add here. In the cases (1, 3, 0)S, (1, 4, 1/2)S, and
(1, 4, 3/2)S, � can couple linearly to Higgs operators. However, such “tadpole” couplings also
induce non-zero VEVs for �, which are severely constrained by EW precision observables. As
already pointed out in Sect. 2.2.1, unless a moderate fine-tuning is allowed in the scalar poten-
tial, the bounds on such dimensionally estimated VEVs push the masses of these states beyond
the kinematic reach of the LHC. Other multiplets which can possibly decay at the renormal-
izable level (those labelled with a “⇥” in Table 5) are either not considered here because they
break GF by coupling to SM fermions (e.g. (8, 2, 1/2)S) or they generate a Landau pole below
⇤e↵ ⇡ 1015 GeV (e.g. (1, 6, 1/2)S).
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Intermultiplet weak transitions
prompt weak decays via emission of pions and/or electrons

Decays through renormalizable operators
(1,1,0)S case well studied, others possibly beyond LHC reach (EWPTs)

Decays through d≥5 operators
NDA suggests for d≥6 LP stable on cosmological scales

Not all weak contractions of d=5 possible - cascade decays

(1,7,0)S decays at loop level - cannot be DM candidate (Landau cut-off at 1016 GeV)

Assume quantization of Yχ to allow decay of all charged LPs
Possibility of millicharged LPs well explored

Accidental matter lifetime
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Lifetimes

• Decays via effective operators
• Inter-multiplet weak transitions to LP and pions
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Unless di↵erently specified, we compute the lifetimes of the states decaying through the
non-renormalizable operators in Tables 1–2 using Eq. (42). Whenever multiple operators can
be responsible for the decay of �, we sum over the several widths assuming the operators
contribute with the same Wilson coe�cient. What is missing in Eq. (42) with respect to the
full decay width are the relevant SU(2)L Clebsch-Gordan coe�cients, symmetry, color and
flavor factors, the kinematical dependence of the matrix element, the masses of the final states
and finally mixing e↵ects induced when scalar � obtain VEVs. In the region m� � v all of
these are expected to give O(1) corrections. When more accuracy is required, for example
when setting BBN bounds, we take all these factors into account, computing the relevant decay
widths explicitly.

3.3.1 Cascade decays

Whenever a Higgs doublet is contained in a SM-invariant operator, it can happen that not all
the SU(2)L components of the multiplet � can directly decay through the e↵ective operator.
This is easily understood by going to the unitary gauge, where some of the SU(2)L contractions
end up into the goldstone directions of the Higgs doublet. See Appendix B for a description
of the SU(2)L decompositions of the relevant operators. Depending on the mass spectrum,
the cases where the LP cannot directly decay through the e↵ective operator are displayed in
Table 6.

Spin � QLP Odecay

0 (1, 2, 5/2) 3 �†Hecec

0 (1, 5, 1) �1, 1, 2, 3 �†HHHH†

0 (1, 5, 2) 1, 2, 3, 4 �†HHHH
0 (3, 2, 11/6) 7/3 �H†ucuc + �†Hdcec

0 (3, 3, 5/3) 8/3 �†Hqec + �H†uc`
0 (3, 4, 1/6) 5/3 �H†qq + �†Hq`
0 (3, 4, 5/6) 7/3 �†Hqq + �H†q`
0 (6, 2, 7/6) 5/3 �†Hdcdc

0 (8, 3, 1) 2 �H†quc + �†Hqdc

Table 6: Extra states decaying through o↵-shell cascades.

It is possible, however, for the LP to cascade decay via o↵-shell heavier components (which
eventually decay through the e↵ective operator) andW bosons, thus resulting in lifetimes which
are typically larger than in the case of the direct decay. Moreover, these decay rates must be
evaluated numerically since the NDA formula in Eq. (42) cannot be straightforwardly applied
due to the strong momentum dependence of the matrix element.

For the computation of the decay width of the (1, 2, 5/2)S multiplet component with Q = 3,
�+3, under the assumption that �+3 is lighter than (or degenerate with) �+2, we take into
account the decays into two leptons and into two leptons together with a Higgs boson. The
relevant Feynman diagrams are shown in Fig. 2. The numerical phase space integration is
performed with the help of RAMBO [23] and we neglect the e↵ects of lepton masses.
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to the cases (labelled with the symbol “⇥”) where no accidental symmetry (e.g. U(1), Z2 or
Z3) forbids � to decay. Let us comment in turn on the various possibilities.

The case of the gauge singlet (1, 1, 0)S has been extensively studied in the literature (see
e.g. [22]) and we do not have much to add here. In the cases (1, 3, 0)S, (1, 4, 1/2)S, and
(1, 4, 3/2)S, � can couple linearly to Higgs operators. However, such “tadpole” couplings also
induce non-zero VEVs for �, which are severely constrained by EW precision observables. As
already pointed out in Sect. 2.2.1, unless a moderate fine-tuning is allowed in the scalar poten-
tial, the bounds on such dimensionally estimated VEVs push the masses of these states beyond
the kinematic reach of the LHC. Other multiplets which can possibly decay at the renormal-
izable level (those labelled with a “⇥” in Table 5) are either not considered here because they
break GF by coupling to SM fermions (e.g. (8, 2, 1/2)S) or they generate a Landau pole below
⇤e↵ ⇡ 1015 GeV (e.g. (1, 6, 1/2)S).

3.3 Decays through d � 5 e↵ective operators

Let us consider now the case where the decay of the new state � is due to e↵ective operators.
Given an e↵ective operator Odecay, we always absorb the Wilson coe�cient in the definition of
the e↵ective cut-o↵ scale ⇤e↵ , e.g.

L 3 1

⇤e↵

Odecay + h.c. . (37)

The di↵erential decay rate of an unstable particle � into nf final states reads
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By assuming a constant matrix element and massless final states, the phase space factor can
be integrated in the rest frame of the decaying particle, yielding
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So, for example, the phase space factors up to nf = 4 are: PS2 =
1
8⇡
, PS3 =

m2
�

256⇡3 , PS4 =
m4

�

24576⇡5 .
In the case of a dimension d e↵ective operator, the amplitude squared for nf particles in

the final state can be estimated by naive dimensional analysis (NDA) as

|M(m� ! {pf})|2NDA =
( vp

2
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m
2d�2nf�2nc�6
� , (40)

where we also included the possibility of nc condensations of the Higgs boson. Hence, by putting
Eqs. (38)–(40) together, we get the following expression for the total width for m� � v
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(41)
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responsible for the decay of �, we sum over the several widths assuming the operators contribute
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mixing e↵ects induced when scalar � obtain VEVs. In the region m� � v all of these are
expected to give O(1) corrections. When more accuracy is required, for example when setting
BBN bounds, we take all these factors into account, computing the relevant decay widths
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Whenever a Higgs doublet is contained in a SM-invariant operator, it can happen that not all
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Table 6: Extra states decaying through o↵-shell cascades.

It is possible, however, for the LP to cascade decay via o↵-shell heavier components (which
eventually decay through the e↵ective operator) andW bosons, thus resulting in lifetimes which
are typically larger than in the case of the direct decay. Moreover, these decay rates must be
evaluated numerically since the NDA formula in Eq. (37) cannot be straightforwardly applied
due to the strong momentum dependence of the matrix element.

For the computation of the decay width of the (1, 2, 5/2)S multiplet component with Q = 3,
�+3, under the assumption that �+3 is lighter than (or degenerate with) �+2, we take into
account the decays into two leptons and into two leptons together with a Higgs boson. The
relevant Feynman diagrams are shown in Fig. 2. The numerical phase space integration is
performed with the help of RAMBO [23] and we neglect the e↵ects of lepton masses.

For the (1, 5, 1)S and (1, 5, 2)S multiplets, longer decay chains are possible for the multiple
charged components of the multiplet. In addition, for the neutral states within these multiplets
the e↵ective operator induces a mixing with the Higgs boson which in turn generates direct
couplings to SM vector bosons. These contributions to the lifetimes do not decouple for largem�

and hence need to be taken into account over the whole considered mass range. For all multiplet
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Figure 2: Feynman diagrams for the cascade decay of the �+3 component of the (1, 2, 5/2)S
state for m�+3 < m�+2 .

components we thus consider decays with final states comprising of 2 � 4 SM gauge or Higgs
bosons. The numerical results have been obtained with Madgraph 5 [24] using FeynRules [25]
generated model files.

Finally, the cascade decays of the colored cases can be estimated from the one of the �+3

component of the (1, 2, 5/2)S multiplet by appropriate replacements of Clebsch-Gordan coe�-
cients and by multiplying with the respective color factors. Note that an accurate evaluation
of the decay rates for the colored cases is not necessary since their relic abundance turns out
to be very suppressed resulting in no relevant BBN constraints. More details can be found in
Sect. 4.

The SU(2)L factors needed in the evaluation of the cascade decays are exemplified in Ap-
pendix B. For all the cases the cut-o↵ scale ⇤e↵ was set to 1015 GeV. We do not include o↵-shell
e↵ects of the W bosons in the computation of the lifetimes.8

In Fig. 3 the lifetime of the Q = 3 component of (1, 2, 5/2)S is shown as a function of its
mass, assuming that it is lighter than the Q = 2 component and hence decays via an o↵-shell
�+2. The blue dashed curve shows the lifetime in the zero mass splitting approximation, while
the red solid one stands for a NDA estimated tree-level mass splitting as given in Eq. (29). In
the plot we assume that the d = 5 operator involves only one lepton flavor. If � couples in the
same way to all three flavors the corresponding lifetimes are reduced by a factor of three. From
Fig. 3 it can be inferred that the presence of tree-level mass splitting only a↵ects the lifetimes
for low masses of �+3, of the order O(v). For larger masses it quickly becomes completely
irrelevant and we henceforth work in the zero mass splitting limit whenever computing cascade
decays.

In Fig. 4, we show the lifetimes of all the components of the (1, 5, 1)S (left panel) and (1, 5, 2)S
(right panel) multiplet assuming inter-multiplet mass degeneracy. As it can be inferred from
the plot, the same scaling behavior of all the components for large m� is found as expected in
the SU(2)L limit. The lifetimes of �+2, �+3 (and �+4 in case of (1, 5, 2)S) are larger due to the
fact that a smaller number of final states is available, especially at lower masses, and hence the
decay widths are suppressed. For such long lifetimes there are potential issues with cosmology
(see Sect. 4.2).

8In Ref. [26] it was shown that in the case of stop decays these o↵-shell e↵ects can be numerically relevant
for mass di↵erences between the decaying particle and the decay products up to 35 GeV.
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Figure 4: Left: Lifetimes of the Q = 0 (dark blue dashed), Q = 1 (yellow large dots), Q = �1
(turquoise solid), Q = 2 (pink dash-dotted) and Q = 3 (violet small dots) states of the (1, 5, 1)S
multiplet, assuming for each curve that the respective component is the lightest one. Right:
Same as for the left-hand side but for (1, 5, 2)S. The turquoise solid line corresponds to the
Q = 4 lightest state.
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Figure 5: Feynman diagrams for the loop decay of the �0 component of the (1, 7, 0)S multiplet
with V V = ��, �Z, ZZ, W+W�. Electroweak VEV insertions are denoted by a cross.

scale, the fast decay of the neutral component of the septuplet e↵ectively rules out this
particular minimal scalar DM candidate [27].

• �+1: the two-body final states are W� or WZ, with a decay rate given by

��+1 =
9C2

0

34496⇡5

g4v4

⇤2
e↵m�

= 7.9⇥ 10�9 s�1

✓
1015 GeV

⇤e↵

◆2 ✓1TeV

m�

◆
. (40)

• �+2: there is only a two-body decay into WW , yielding

��+2 =
9245C2

0

2207744⇡5

g4v4

⇤2
e↵m�

= 1.3⇥ 10�7 s�1

✓
1015 GeV

⇤e↵

◆2 ✓1TeV

m�

◆
. (41)

• �+3: in this case there are no two-body decay channels into gauge bosons, while it is
possible to show that if we ignore the e↵ect of SM fermions �+3 cannot decay into an
odd number of gauge bosons.11 Hence, we do expect that the leading contribution to this

11At the one-loop level there are no contributions from SM fermions and the charge conjugation C transfor-
mation is a symmetry of the gauge and scalar sectors. The selection rules for these decay channels follow from
the presence of this symmetry.
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Figure 3: Lifetime as a function of the mass of the Q = 3 component of the multiplet (1, 2, 5/2),
if it is the lightest. The red solid curve shows the lifetime for a NDA estimated tree-level mass
splitting between �+3 and �+2 components, while the blue dashed curve represents the zero
mass splitting limit.

3.3.2 Loop-induced decays

In all the SM extensions considered in Tables 1–2 there is always an operator responsible for the
decay of the new multiplet that is linear in �, except in the case of the (real) scalar multiplet
with SM gauge quantum numbers (1, 7, 0). In this case the operator responsible for � decay
is ���H†H.9 This can be understood by simply noticing that the SM extended with a real
(1, 7, 0) scalar has an accidental Z2 symmetry, � ! ��, at the renormalizable level and the
presence of an operator trilinear in � clearly breaks such a symmetry. We note that in the
context of minimal DM [4] this d = 5 operator and its e↵ect on the scalar septuplet lifetime
have been previously overlooked. The decay only proceeds at one-loop level and, depending on
the nature of lightest particle in the multiplet, can result in the following final states with EW
gauge bosons10

• �0: the possible two-body final states are ��, �Z,ZZ and W+W�. The relevant Feynman
diagrams are shown in Fig. 5. By neglecting the gauge boson masses in the final state we
get

��0 =
857C2

0

441548⇡5

g4v4

⇤2
e↵m�

= 5.9⇥ 10�8 s�1

✓
1015 GeV

⇤e↵

◆2 ✓1TeV

m�

◆
, (39)

where C0 ⇡ �0.0966 is a numerical factor coming from the evaluation of the relevant
Passarino-Veltman functions. We observe that even for an EFT cut-o↵ at the Planck

9Di↵erent SU(2)L contractions give rise to di↵erent independent operators. In this section we consider the
case where two fields � are contracted in a j = 4 weak isospin multiplet.

10For very large � masses, final states containing Higgs bosons might be important as well.
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Spin � QLP Odecay dim(Odecay) ⇤2�loop
Landau[GeV]

0 (1, 1, 0) 0 �HH† 3 � mPl (g1)
0 (1, 3, 0)‡ 0,1 �HH† 3 � mPl (g1)
0 (1, 4, 1/2)‡ -1,0,1,2 �HH†H† 4 � mPl (g1)
0 (1, 4, 3/2)‡ 0,1,2,3 �H†H†H† 4 � mPl (g1)
0 (1, 2, 3/2) 1,2 �H†``, �†H†ecec, Dµ�†`†�µec 5 � mPl (g1)
0 (1, 2, 5/2) 2,3 �†Hecec 5 � mPl (g1)
0 (1, 5, 0) 0,1,2 �HHH†H†, �W µ⌫Wµ⌫ , �3H†H 5 � mPl (g1)
0 (1, 5, 1) -1,0,1,2,3 �†HHHH†, ���†H†H† 5 � mPl (g1)
0 (1, 5, 2) 0,1,2,3,4 �†HHHH 5 3.5⇥ 1018 (g1)
0 (1, 7, 0)? 0,1,2,3 �3H†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 weak-scale uncolored states � which can couple to SM fields at the
renormalizable level without breaking GF , and which are compatible with cosmology and an
EFT cut-o↵ scale of ⇤e↵ ' 1015 GeV. The possible electromagnetic charges of the LP in the
multiplet are denoted by QLP, while Odecay denotes the lowest dimensional operators responsible
for the decay of �. States with Y = 0 are understood to be real. In the last column, the Landau
pole has been estimated at two loops by integrating in the new multiplet at the scale of the Z
boson mass mZ , while the symbol in the bracket stands for the gauge coupling, g1,2,3, triggering
the Landau pole and mPl = 1.22 ⇥ 1019 GeV is the Planck mass. The states marked with ‡
and ? are constrained by EW precision tests and BBN, respectively, to lie possibly beyond the
LHC reach.
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BBN bounds
• Release of energy due to LP decay can alter BBN predictions

Yp>0.256 HBhad=1L
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Figure 7: Comparison of BBN Yp (right hand panel) and D/H (left 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.

We finally note that it is close to these D/H exclusion bounds where the primordial Lithium
problem might be addressed by the presence of � listed in the first three rows of Table 7.
A detailed exploration of this possibility goes however well beyond the scope of the present
analysis and we leave it for future study.

Spin � QLP Mass bound [GeV]
0 (1, 2, 5/2) 3 790
0 (1, 5, 1) 3 920
0 (1, 5, 2) 3, 4 530, 1900
0 (1, 7, 0) 0, 1, 2, 3 � 5000

Table 7: BBN bounds on the masses of long lived � multiplet components assuming fixed
⇤e↵ = 1015 GeV.

5 Collider phenomenology

In this section, we discuss the collider phenomenology of the new states and give bounds on
the masses of the new particles. The states of Table 1 can be ordered into two classes: the ones

28
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- bounds on uncoloured states decaying 
via loops or cascades
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Colorless and charged LP
• Heavy (> 100 GeV) stable (> few ns) charged particles 

- Longer time of flight to the outer detector (tracker+TOF analysis)

- Anomalous energy loss in the silicon tracker (tracker-only analysis)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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Colorless and charged LP

- Reinterpretation of the results for non-trivial SU(2) quantum numbers

Stable massive charged
particles can be detected by

Longer time of flight to outer
detectors
Anomalous energy loss
Depends on Q and �,
described by Bethe-Bloch
formula

Various analyses by ATLAS
and CMS, we used [CMS,

1305.0491]

Reinterpretation of results of
multiple charged fermions for
Y = 0 and scalars with
[CMS-PAS-EXO-13-006]

Bounds typically

m� & 500 GeV

Collider phenomenology
Ramona Gröber in coll. with Luca Di Luzio, Jernej Kamenik and Marco Nardecchia –
Accidental matter at the LHC 07.04.2015 13/16

COLORLESS AND CHARGED LP Stable massive charged
particles can be detected by

Longer time of flight to outer
detectors
Anomalous energy loss
Depends on Q and �,
described by Bethe-Bloch
formula

Various analyses by ATLAS
and CMS, we used [CMS,

1305.0491]

Reinterpretation of results of
multiple charged fermions for
Y = 0 and scalars with
[CMS-PAS-EXO-13-006]

Bounds typically

m� & 500 GeV
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COLORLESS AND CHARGED LP

[1305.0491 + CMS-PAS-EXO-13-006]

F = (1,4,1/2)

• Heavy (> 100 GeV) stable (> few ns) charged particles 
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Colorless and charged LP

- Reinterpretation of the results for non-trivial SU(2) quantum numbers

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, 50? (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 8: LHC-I/LEP summary bounds for uncolored accidental matter multiplets decaying
via d � 5 operators. Bounds on the neutral particles are given under the assumption of very
small mass splitting to the |Q| = 1 component. The exclusion bound in braces corresponds to
the case where the next-to-LP has Q = �1 instead of Q = 1. ?A stronger exclusion bound,
depending e.g. on the size of the portal coupling ↵ (see Eq. (25)), can be obtained from the
invisible Higgs width.

loop contributions. Whether these loop contributions suppress or enhance the diphoton rates
depends on the sign of the couplings in the scalar potential [66, 67].

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 constrained by the Z width. For
more details see Sect. 5.3.

The charged components of the multiplets can also be directly detected. 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.
Apart from searches for singly charged Higgs bosons, searches for multiple charged Higgs bosons
can provide a distinctive probe for large scalar multiplets. By now, searches for doubly charged
Higgs bosons [68, 69] have only been performed for decays of the charged scalars into fermions,
as in e.g. the case for models with Y = 1 triplets [70] and quadruplets with additional vector-
like matter for seesaw mass generation of neutrinos [71, 72]. Bounds on doubly charged Higgs
bosons decaying to W±W± can be obtained by reinterpreting SUSY searches for dileptons,
missing energy and jets, and can exclude masses of the doubly charged scalars up to roughly
200 GeV at

p
s = 7 TeV for SU(2)L triplets [73].

5.2 Colorless and charged LP

Charged stable particles will undergo charge exchange with the detector material. For masses
larger than 100 GeV the time of flight till to the outer detector is significantly larger than
for lighter objects such as muons. They can hence be distinguished by their longer time of
flight and by their anomalous energy loss in the detector. The energy loss in the detector is
described by the Bethe-Bloch formula and depends on the speed and the charge of the particle.
Searches for such ionizing tracks have been performed in Refs. [74–87]. The strongest bounds
come from the CMS search of Ref. [87], where the exclusion limits on the production cross
sections of fractionally, singly and multiply charged particles are presented assuming vanishing
quantum numbers under SU(2)L. Hence, in order to use the results of Ref. [87] they need to be
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• Heavy (> 100 GeV) stable (> few ns) charged particles 
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-                   data do not change much the bounds (2.5 fb-1 integrated luminosity) p
s = 13 TeV (1)

� SMH(H†) (2)

� (3)

� (4)

� M (DM)
� [TeV]

(1, 3, ✏)CS 1.6
(1, 3, ✏)DF 2.0
(1, 3, 0)WF 3.0
(1, 5, ✏)CS,DF 6.6
(1, 5, 0)WF 9.6
(1, 7, ✏)CS,DF 16

(1, 3, ✏)CS (5)

� ⇠ (1, n, ✏) (6)

� = 0 (7)

� � · SM · SM (8)

� � · (SM particle) · (SM particle) (9)

�⌧ 1 (10)

O6 =
c6
⇤2

e↵

qqq` (11)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 1016 GeV (12)

⌧p & 1034 yr �! ⇤e↵ & p
c6 ⇥ 2⇥ 1016 GeV (13)

O5 =
c5
⇤e↵

``HH (14)

m⌫ ⇠ 0.1 eV �! ⇤e↵ ⇠ c5 ⇥ 6⇥ 1014 GeV (15)

3

[CMS-EXO-15-010 1609.08382]



Colored multiplets

 L. Di Luzio (Genova U.) - Gauge artifacts and vacuum (in)stability                            01/??

• Colored, long-lived particles              hadronize before decay

• Large theoretical uncertainties !

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

[See e.g. “Stable massive particles at colliders”, Fairbairn et al. (2007)] 
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Colored multiplets

 L. Di Luzio (Genova U.) - Gauge artifacts and vacuum (in)stability                            01/??

• Colored, long-lived particles              hadronize before decay

• Large theoretical uncertainties !

• 1) Production

- Large x-section (strong interactions)
- Pair production (due to accidental symmetry)
- Fate of the particle depends on velocity distribution 

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

30
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Phys.Rept. 438 (2007) 1-63 

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

[See e.g. “Stable massive particles at colliders”, Fairbairn et al. (2007)] 
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Colored multiplets

 L. Di Luzio (Genova U.) - Gauge artifacts and vacuum (in)stability                            01/??

• Colored, long-lived particles              hadronize before decay

• Large theoretical uncertainties !

• 2) Hadronization

- Interest in triplets, sextects, octects, … Coloured Matter!
 2. Hadronization

 3. Interactions with matter: electromagnetic and strong
34 M. Fairbairn et al. / Physics Reports 438 (2007) 1–63

p p

u

d
R+ R° R

g~

u

u

d

u

d

u

~g
d

u

 
p

d

g
~

u

u

d d

~
g

d

d u

u

d π0
p

d

g
~

u

u

d

u

d

~g

d

ud

d
n

u

u

d
p

R+ R+R+R+
g

u

d

~

guuu = R++~

a b c d

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+
g̃ud

, R−
g̃du

34.2 28.2 R+
t̃d

39.6

R0
g̃uu

, R0
g̃dd

34.2 28.2 R0
t̃u

39.6

R+
g̃us

, R−
g̃su

9.7 17.5 R+
t̃ s

11.8

R0
g̃ds

, R0
g̃sd

, R0
g̃ss

10.4 26.1 R++
t̃

baryons 0.8

R0
g̃g

9.9 — R+
t̃

baryons 6.7

R++
g̃

, R
.
g̃

(anti)baryons 0.1 — R0
t̃

baryons 1.5

R+
g̃

, R−
g̃

(anti)baryons 0.8 —

R0
g̃

(anti)baryons 0.7 —

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
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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
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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
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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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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
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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
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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
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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
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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
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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
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