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The Standard Model 

Gauge principle: SU(3)⇥ SU(2)⇥ U(1)Y
Introduction Introduction to Weak Decays Goldstone Bosons Abelian Higgs Model SU(2)×U(1)

Goldstone Bosons – Continuous Symmetries Cont.

V

! The existence of Goldstone Bosons can be understood in terms of zero
modes.

! O(N) has N(N−1)/2 generators and the residual symmetry O(N−1)
has (N−1)(N−2)/2 generators.

! The number of Broken Symmetries is therefore
1
2
{N(N−1)− (N−1)(N−2)} = N−1

which is the number of Goldstone Bosons .

Standard Model SUSSP61, Lecture 1, 9th August 2006
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Table 1: Irreducible fermionic representations in the Standard Model: (dSU(3)

, dSU(2)

)Y

2 Neutrinos in the Standard Model
The Standard Model (SM) is a gauge theory based on the gauge group SU(3) ⇥ SU(2) ⇥ UY (1). All
elementary particles arrange in irreducible representations of this gauge group. The quantum numbers
of the fermions (dSU(3)

, dSU(2)

)Y are listed in table 1.
Under gauge transformations neutrinos transform as doublets of SU(2), they are singlets under

SU(3) and their hypercharge is �1/2. The electric charge, given by Q = T
3

+ Y , vanishes. They are
therefore the only particles in the SM that carry no conserved charge.

The two most intriguing features of table 1 are its left-right or chiral asymmetry, and the three-fold
repetition of family structures. Neutrinos have been essential in establishing both features.

2.1 Chiral structure of the weak interactions
The left and right entries in table 1 have well defined chirality, negative and positive respectively.
They are two-component spinors or Weyl fermions, that is the smallest irreducible representation of
the Lorentz group representing spin 1/2 particles. Only fields with negative chirality (i.e. eigenvalue of
�

5

minus one) carry the SU(2) charge. For free fermions moving at the speed of light (i.e., massless), it
is easy to see that the chiral projectors are equivalent to the projectors on helicity components:
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⇣mi
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⌘
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where the helicity operator ⌃ = s·p
|p| measures the component of the spin in the direction of the momen-

tum. Therefore for massless fermions only the left-handed states (with the spin pointing in the opposite
direction to the momentum) carry SU(2) charge. This is not inconsistent with Lorentz invariance, since
for a fermion travelling at the speed of light, the helicity is the same in any reference frame. In other
words, the helicity operator commutes with the Hamiltonian for a massless fermion and is thus a good
quantum number.

The discrete symmetry under CPT (charge conjugation, parity, and time reversal), which is a basic
building block of any Lorentz invariant and unitary quantum field theory (QFT), requires that for any
left-handed particle, there exists a right-handed antiparticle, with opposite charge, but the right-handed
particle state may not exist. A Weyl fermion field represents therefore a particle of negative helicity and
an antiparticle with positive one.

Parity however transforms left and right fields into each other, thus the left-handedness of the weak
interactions implies that parity is maximally broken in the SM. The breaking is nowhere more obvious

4

Parity Violation

Family

V (�) = �µ2�†�+ �(�†�)2

a baroque quantum world



The Standard Model 

Accidental symmetries:

- Baryon, Lepton Number

- Loop and GIM suppressed FCNC

- Subtle breaking of CP: matter-antimatter
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Unflavoured CP violating effects in the quark sector  tiny: unable to explain
the apparent difference between matter & antimatter in the early Universe
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+ A non-accidental “symmetry”: strong CP 

LSM � ✓̄
↵s

8⇡
GG̃

✓̄  10�10

arg det(YuYd)Strong CP invariant:



The  Weirdness of the Standard Model 

• Three families

“who ordered that ?” I. Rabi

• Fundamental breaking of Parity

“space cannot be asymmetric!”  L. Landau

• Predictivity: 3 gauge couplings+ 16 higgs couplings (+ 7 higgs-neutrino)  !

“has too many arbitrary features for [its] predictions
to be taken very seriously”                S. Weinberg ’67



The  Standard Model under scrutiny: “the” Higgs 

mHiggs = 125.09(24)GeVJCP = 0+
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FROM DISCOVERY TO PRECISION

26 7 Measurements of the Higgs boson’s couplings
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Figure 10: Left: Likelihood scan in the M-e plane. The best-fit point and, 1s, 2s CL regions are
shown, along with the SM prediction. Right: Result of the phenomenological M, e fit overlayed
with the resolved k-framework model.

7.2 Generic model within k framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled
using the effective couplings kg and kg are given in Figure 11 and Table 9. Two different model
assumptions are made concerning the BSM branching fraction. In the first parametrization it
is assumed that BRBSM = 0, whereas in the second, BRinv. and BRundet. are allowed to vary as
POIs, and instead the constraint |kW|, |kZ|  1 is imposed. The parameter BRundet. represents
the total branching ratio to any final state which is not detected by the channels included in
this combined analysis. The likelihood scan for the BRinv. parameter in this model, and the 2D
likelihood scan of BRinv. vs BRundet. are given in Figure 12. The 68% and 95% CL regions for the
right panel in Figure 12 are determined as the regions for which q(BRundet.,BRinv. ) < 2.28 and
q(BRundet.,BRinv. ) < 5.99, respectively. A 95% CL upper limit of BRinv. < 0.22 is determined,
corresponding to the value for which q < 3.84 [75]. The uncertainty on the measurement of
kt is reduced by nearly 40% compared to Ref. [30]. This improvement is due to the improved
sensitivity to the ttH production mode as described in Section 6.

Accounting for the additional contribution from BSM decays, the total width of the Higgs bo-
son, relative to its SM value can be written as,

GH

GSM
H

=
k2

H
1 � (BRundet. + BRinv.)

(7)

Using Equation 7, this model is also reinterpreted as a constraint on the total Higgs boson
width, and the corresponding likelihood scan is shown in Figure 13.

An additional fit is performed assuming the only BSM contributions to the Higgs couplings
appear in the the loop-induced processes ggH and H ! gg. In this fit, kg and kg are the POIs,
BRinv. and BRundet. are freely floated, and the other couplings are fixed to their SM predictions.
The best-fit point and 1s, 2s CL regions in the kg � kg plane for this model are shown in Fig-
ure 14.



LHC “No Lose Theorem”

Without the Higgs: 

Unitarity violated 

a00 ' � s

32⇡v2

s � (1.7 TeV)2



Massive neutrinos require an extension of the baroque table: eg.

m⌫ = Y⌫
vp
2

(Y�)ji

R L

⌫R

The Standard Model under scrutiny: lepton flavour

(+ arbitrary choice: global L ) 

�LSM � Y⌫ijL̄i�̃ ⌫Rj

A lepton flavour sector analogous to the quark one



NO/NH IO/IH

The  Standard Model under scrutiny: massive n

Caveat: O(eV) neutrinos…reactor/short baseline anomalies still unresolved

Leptonic CP violation new source of matter-antimatter asymmetry!



mH

Massive neutrinos: a new flavour perspective

Why are neutrinos so much lighter ? 



CKM

PMNS 3s

Why do they mix so differently ? 
Massive neutrinos: a new flavour perspective

16 12. CKM quark-mixing matrix

and the Jarlskog invariant is J = (3.18 ± 0.15) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, Xℓ+ℓ−, ℓ+ℓ−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → πℓ+ℓ−), and Γ(B → ℓ+ℓ−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130] by
(zij/Λ2)(qiγ

µPLqj)
2 (see [131,132]). It is only known since the measurements of γ and

α that the SM gives the leading contribution to B0 –B0 mixing [6,133]. Nevertheless,
new physics with a generic weak phase may still contribute to neutral meson mixings at
a significant fraction of the SM [134,135,127]. The existing data imply that Λ/|zij |1/2

has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for D0 –D0 mixing, 500 TeV
for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132]. (Some other operators

are even better constrained [127].) The constraints are the strongest in the kaon sector,
because the CKM suppression is the most severe. Thus, if there is new physics at the TeV
scale, |zij | ≪ 1 is required. Even if |zij | are suppressed by a loop factor and |V ∗

tiVtj |2 (in
the down quark sector), similar to the SM, one expects percent-level effects, which may
be observable in forthcoming flavor physics experiments. To constrain such extensions of
the SM, many measurements irrelevant for the SM-CKM fit, such as the CP asymmetry

in semileptonic B0
d,s decays, Ad,s

SL , are important [136]. The current world averages [21]
are consistent with the SM, with experimental uncertainties far greater than those of the
theory predictions.

Many key measurements which are sensitive to BSM flavor physics are not useful

June 5, 2018 19:49

12. CKM quark-mixing matrix 15

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97446 ± 0.00010 0.22452± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032

⎞

⎠ , (12.27)
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BUT: does the Standard Model without a cutoff describe Nature ?

6 9

(Perturbatively) Renormalizable Theory =  

Effective QFT insensitive to the cutoff (e.g. new physics scale)

Future-Collider “no lose” theorem

The  Standard Model under scrutiny: predicting its own 
destruction ?



SM predicting its own destruction ?

1. Landau poles (perturbative)  <->  triviality (non-perturbative)   

The physics we observe does not comply with a SM without a cutoff !
Where is that cutoff ? 

2. Stability of the higgs potential <-> 

⇤ ! 1 : �R(µ) = 0, g1R(µ) = 0

�R(µ) > 0

2 Devastato, Lizzi, and Martinetti: Higgs NCG
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FIG. 3: Schematic of the e�ective potential Veff as a function
of the Higgs field h. This is not drawn to scale; for a Higgs
mass in the range indicated by LHC data, the heirarchy is
vEW � E� � MPl, where each of these 3 energy scales is
separated by several orders of magnitude.

in Fig. 3. The plot is not drawn to scale; the 3 energy
scales satisfy the hierarchy vEW � E� � MPl for a Higgs
mass as indicated by LHC data mH � 125 � 126GeV.
Note that the local maximum in the potential occurs at
a field value that is necessarily very close to E� (only
slightly smaller) and so we shall discuss these 2 field val-
ues interchangeably.

In this situation, the electroweak vacuum is only meta-
stable. Its quantum mechanical tunneling rate can be es-
timated by Euclideanizing the action and computing the
associated bounce action S0. This leads to the following
probability of decaying in time TU through a bubble of
size R [13]

p � (TU/R)4e�S0. (6)

The computation of the rate is rather involved, and we
shall not pursue the details here. Su�ce to say that for
the central values of Higgs mass and top mass from LHC
data, it is found that the lifetime of the electroweak vac-
uum is longer than the present age of the universe [14, 15].

It is conceivable that it is an acceptable situation for
the electroweak vacuum to be meta-stable. However, here
we would like to present an argument that such a situ-
ation is statistically disfavorable. We imagine that in
the very early universe, the Higgs field was randomly

distributed in space. For instance, during cosmological
inflation the Higgs field could have been frozen at some
value as the universe rapidly expands (if high scale in-
flation) until after inflation when the field will oscillate
and its initial value could plausibly have been random
and uniformly distributed. If this is the case, then what
is the probability that the Higgs field began in the meta-
stable region h � E�, rather than the unstable region
h � E�? The answer depends on the allowed domain the
Higgs can explore. Here we estimate the allowed domain
to be Planckian, i.e., 0 < h < MPl, but our argument
only depends on the upper value being much larger than
E�. Naively, this would lead to a probability � E�/MPl,
however we should recall that the Higgs is a complex
doublet, composed of 4 real scalars, and each one would
need to satisfy h � E� in the early universe to be in the
meta-stable region. Hence, we estimate the probability
as

Prob (Higgs begins in meta-stable region) �
✓

E�

MPl

◆4

.

(7)
For instance, for mH � 125.5GeV and mt = 173.1GeV,
we have E� � 1011 GeV, leading to a probability �
(1011 GeV/1019 GeV)4 = 10�32, which indicates that the
chance of randomly landing in the meta-stable region in
the early universe is exceedingly unlikely. Instead it is
far more likely to land in the unstable region indicated
in Fig. 3. Here the e�ective potential is negative leading
to a catastrophic runaway instability, perhaps to a new
VEV that is close to Planckian. This would in turn lead
to a plethora of problems for the formation of complex
structures, etc, so we can safely assume such a regime is
uninhabitable and irrelevant. This leads us to examine
a scenario in which new physics enters and removes this
problem.

IV. PECCEI-QUINN DYNAMICS AND
DISTRIBUTION

One of the phenomenological reasons for new physics
beyond the Standard Model is the fine tuning of the CP
violating term in the QCD Lagrangian. The following
dimension 4 operator is gauge invariant and Lorentz in-
variant and should be included in the QCD Lagrangian
with a dimensionless coe�cient �

�L =
�

32�2
�µ�↵�F a

µ�F a
↵� . (8)

From bounds on the electric dipole moment of the neu-
tron, this term is experimentally constrained to satisfy

3

su�ciently large Higgs mass, the positive self interaction
term � +�2 is large enough to keep the beta function
positive, or only slightly negative, to avoid � running
negative at sub-Planckian energies. For su�ciently small
Higgs mass, the negative top quark contribution � �y4

t

can dominate and cause the beta function to go negative,
in turn causing � to pass through zero at a sub-Planckian
energy, which we denote E�. The top quark Yukawa cou-
pling itself runs toward small values at high energies with
1-loop beta function

�yt =
yt

(4�)2

�
�9

4
g2 � 17

12
g02 � 8g2

s +
9

2
y2

t

�
, (3)

which is quite sensitive to the value of the strong cou-
pling gs. To compute the evolution of couplings and the
quantity E� = E�(mH , yt, . . .) accurately, we do the fol-
lowing: (i) Starting with couplings defined at the Z mass,
we perform proper pole matching and running up to the
top mass, (ii) we include external leg corrections (and
the associated wavefunction renormalization), (iii) we si-
multaneously solve the 5 beta function di�erential equa-
tions for the 5 important couplings �, yt, g0, g, gs, and (iv)
we include the full 2-loop beta functions for the Stan-
dard Model; these are presented in the Appendix (see
Refs. [11, 12] for more information). In our numerics,
we use particular values of the couplings g0, g, gs, derived
from the best fit values

↵(mZ) =
1

127.9
, sin2 �W = 0.2311, ↵s(mZ) = 0.1184.

(4)
In our final analysis, we will allow for three di�erent val-
ues of mt =

p
2 yt vEW , namely the central value and 1-

sigma variation mt = 173.1±0.7GeV, and we will explore
a range of mH =

p
2� vEW , with vEW = 246.22GeV.

Performing the RG evolution leads to the energy de-
pendent renormalized coupling �(E). A plot of �(E)
is given in Fig. 2 for three Higgs mass values, namely
mH = 116GeV (lower curve), mH = 126GeV (middle
curve), and mH = 130GeV (upper curve), with the top
mass fixed to the central value mt = 173.1GeV. This
shows clearly that for the lighter Higgs masses that the
coupling � passes through zero at a sub-Planckian energy
scale E� and then remains negative. Furthermore, since
the coupling only runs logarithmically slowly with energy,
the value of E� can change by orders of magnitude if the
starting value of the couplings changes by relatively small
amounts. The domain E > E� involves a type of “attrac-
tive force” with negative potential energy density, as we
now examine in more detail.
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FIG. 2: Higgs self-coupling � as a function of energy, for
di�erent values of the Higgs mass from 2-loop RG evolu-
tion. Lower curve is for mH = 116 GeV, middle curve is for
mH = 126 GeV, and upper curve is for mH = 130 GeV. All
other Standard Model couplings have been fixed in this plot,
including the top mass at mt = 173.1 GeV.

III. META-STABILITY AND PROBABILITY

If we think of the field value h as being the typical
energy pushed into a scattering process at energy E, then
we can translate the RG evolution of the couplings into
an e�ective potential. Using �(E) and replacing E ! h,
we obtain the (RG improved) e�ective potential at high
energies (h � vEW )

Veff(h) =
1

4
�(t)G(t)4 h4, (5)

where the wavefunction renormalization factor G is given
in terms of the anomalous dimension � by G(t) =

exp(� � t

0 �(t0)dt0), and we replace t ! ln h/µ. Hence
for a Higgs mass in the range observed by the LHC,
the e�ective potential Veff goes negative at a field value
h = E� that is several orders of magnitude below the
Planck scale, as can be deduced from the behavior of
�(E) with mH = 126GeV in Fig. 2.

We could plot Veff(h) directly, however the factor of h4

makes it vary by many orders of magnitude as we explore
a large field range. Instead a schematic of the resulting
potential will be more illuminating for the present discus-
sion in order to highlight the important features, as given

Fig. 1 Higgs quartic selfcoupling and the effective potential (from [17]).

A spectral triple is a ⇤-algebra A that acts faithfully on a Hilbert space H, together with an operator D
on H such that [D, a] is bounded and a[D � I]�1 is compact for all a 2 A and  /2 Sp D. With some
extra-conditions that are the algebraic version of the geometrical properties of a Riemannian manifold, and
that include the definition of two more operators (a chirality � and a real structure J), Connes showed [11]
that to any spectral triple (A, H, D) with A unital and commutative is associated a compact Riemannian
spin manifold M such that A = C1(M). These conditions easily adapt to the noncommutative case. The
ones that are important for the present work are the grading, the order 0 and the order 1 conditions:

[�, a] = 0, [a, JbJ�1] = 0, [[D, a], JbJ�1] = 0 8a, b 2 A. (1)
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
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3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5 GeV, whose main contributions

can be decomposed as follows:

+ 0.6 GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2 GeV due to the Yukawa threshold corrections to �;

� 0.2 GeV from RG equation at 3 loops (from [12,13]);

� 0.1 GeV from the e�ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor � 2, for Mh � 125

GeV, after including NNLO e�ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

Fig. 2 Stability of the electroweak vacuum in the mtop, mH plane (from [12]).

The spectral triple of the SM is the product of the spectral triple (C1(M), L2(M, S), @/) of a compact
Riemannian manifold M (here L2(M, S) is the Hilbert space of spinors and @/ is the usual Dirac operator)
by a finite dimensional spectral triple

Asm = C � H � M3(C), HF = CN⇥32 = HR � HL � �Hc
R � HC

L (2)

DF =

0

BB@

08N M MR 08N

M† 08N 08N 08N

M†
R 08N 08N M̄

08N 08N MT 08N

1

CCA N = ] generations. (3)



SM predicting its own destruction ?
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Figure 2. Different regions in the (Mh,Mt) plane concerning the structure of the Higgs potential at high field values:

stable (up to MPl) in the green area; unstable in the yellow (red) areas above, with a lifetime of the EW vacuum longer

(shorter) than the age of the Universe. In the sideband red region labelled “Non-perturbativity” in the left plot, the running

� hits a Landau pole below MPl. Also shown are the 1-3 � experimental ellipses, with Mh = 125.15± 0.4 GeV and

Mt = 173.34± 0.76± 0.3 GeV. The left plot is from [3] and the right zoomed version from [4].

of interfering BSM physics) the EW vacuum would most likely be metastable, but with absolute
stability excluded only at the 2-3 � level,4 a result dubbed near-criticality. Fig. 3 shows the SM
“phase diagram” with different experimental ellipses: for different measurements of Mt, from
ATLAS, CMS and the Tevatron (left plot) and for different combinations with updated data (right
plot). Although the most realistic determination of the error in Mt is still under debate (see e.g. [22]
for a review on the issues of the top mass determination), it will not change near-criticality.

Obviously, BSM physics can interfere with the running of the Higgs quartic coupling,
disrupting the near-criticality shown in Fig. 2. This can happen even if the BSM physics is much
heavier that the instability scale, provided the effect it has on the potential is to make it more
unstable (pushing down the stability line in Fig. 2). A well-motivated example of this effect
is heavy right-handed seesaw neutrinos with sizeable Yukawa couplings [6]; a less motivated
example that has been widely discussed in the literature [23] is that Planckian physics might
introduce additional sources of potential destabilization. (For a more detailed discussion of this,
see [24]). In this respect, the hint of near-criticality might be compared with the hint of gauge
coupling unification: both are easy to disrupt by new physics thresholds (in which case they are
simply coincidences) but might be real hints pointing to some deeper and more fundamental
theory.

This intriguing near-criticality has led to many theoretical speculations about its significance
[4,8,25]. Is somehow �(MPl)' 0 connected to the fact that we also are very close to the phase
boundary between the EW broken and unbroken phases? This second boundary is associated
to the extreme smallness of the mass parameter of the Higgs potential, m2, in Planck units:
m2/M2

Pl ⇠ 0. From this point of view, it seems that the Higgs potential has a remarkable
behaviour at the Planck scale, with � and m2 being both very small. Moreover, also �� has a
special value ' 0 not very far from MPl. Is there a deep reason why EW parameters take such
intriguing values at MPl, an scale related to gravitational physics rather than to EW physics? It is
fair to say that no compelling theoretical explanation has been advanced so far.

4In Ref. [8], this number is reduced to ⇠ 1.3�. However, comparison between the NNLO stability line of [3,4] and the refined
result of [8] shows nearly perfect agreement. The discrepancy is simply due to the different choice of mass parameters in [8],
namely Mt = 173.21 ± 0.87 GeV and, especially, Mh = 125.7 ± 0.4 GeV, see Fig. 3, right plot.

SM : Landau poles beyond the Planck scale, stability at the edge!

Degrassi et al ‘12

Intriguing correlation between SM pararameters: mt, mh, as !

⇤SM < MP

Inconsistent theory



Outstanding Questions or Why we need BSM ?

Underlying Principles: 

Deeper understanding of the SM

Flavour puzzle & neutrino masses, 
Strong CP,
SM needs a cutoff
correlations between parameters ?
higgs potential

Quantum gravity



Data we definitely cannot explain! matter-antimatter asymmetry,
dark matter
dark energy
inflation

inflation

P
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ts

-300 300 µK

SM + gravity ≠ cosmos

Outstanding Questions or Why we need BSM ?

Can we understand this with BSM particle physics ?



The generic BSM way…



SM + high scale BSM = SMEFT
What if there is new physics (ie. new fields with mass L >> v )?

L

E

(g3, g2, g1, yq, yl,�, µ
2, ...)

(g03, g
0
2, g

0
1, y

0
q, y

0
l,�

0, µ02, ...) LSMEFT =
X

i

c
(5)
i

⇤
O

(5)
i +

X

i

c
(6)
i

⇤2
O

(6)
i + ...

Hierarchy problem ! Violation of unitarity ! 

LSM[�] + LBSM[�,�]

L0
SM[�] + LSMEFT[�]



Fine-tunning ?

SMEFT and hierarchy problem

g0 = g+O(log(⇤))

µ02
= µ2

+O(⇤

2
)

L

H Hg g µ02 = µ2 +
g2

16⇡2
⇤2

If there are heavy new particles, the Higgs mass should know about them…



SMEFT predicting its own destruction ?
Non-renormalizable terms imply violation of unitarity at high energies: 
analogous situation of the Fermi theory before the SM

� / G2
F s



SMEFT would predict its own destruction 

NP can induce similar non-renormalizable interactions

New physics must show up before unitarity is violated

c(6)i

⇤2 � /
 
c(6)i

⇤2

!2

s

E
max

⇠ ⇤q
c(6)i



SMEFT “No Lose Theorem” ? modification to SM couplings
or a new type of interaction implies NP must show up before
Emax

eV keV MeV GeV TeV MPlanck
MN

Observation: we can only measure ->  degeneracy between c and L

?
≤ 1  upper bound on L

c(d)i / (couplings)

#

c(d)i

c(d)i

⇤d�4



SMEFT @ d=5

O(5) =
c
(5)
ij

⇤
L̄iH(HLj)

c + h.c. !⌫L
m⌫

2
⌫cL + h.c.

c(5)

⇤
=

m⌫

v2
⇠ O

✓
1

1015 GeV

◆

�L = 2



Neutrino mediator mass scale ? 

eV keV MeV GeV TeV MPlanck
MN

MGUT

c(5) 2 [Y 2
e , 1]

12 order of magnitude of possibilities that can explain why neutrinos are special

There is a model independent prediction of this new scale: bb0n!



SMEFT @ d=6

ci(6)    can modify the SM gauge boson,  higgs, top couplings and generate new 
ones…



SMEFT = SM ?

Figure 8: Summary of the 95% CL bounds on the sensitivity (in TeV) for an O(1) Wilson

coe�cient, obtained from marginalised (red) and individual (green) fits to the 20 dimension-

6 operators entering in electroweak precision tests, diboson and Higgs measurements at LEP,

SLC, and LHC Run 1 and 2.

line is for a fit to the SMEFT allowing all 20 coe�cients to vary, whilst the bottom line

assumes a UV-completion of the SMEFT (indicated with with a ?) that is renormalizable

and weakly-coupled. These assumptions allow 13 coe�cients to be non-zero, and in the

Warsaw basis the coe�cients set to zero in this case are CG, CW , CHG, CHW , CHB, CHWB,

and CuG. We see that neither the full SMEFT nor the SMEFT? give fits that are significant

improvements on the SM fit, which has already a very acceptable p-value. Thus, these fits

provide no sign or evidence of any physics beyond the Standard Model.

Our new constraints on the dimension-6 operator coe�cients can be applied to variety

of specific BSM scenarios. Specifically, we have studied extensions of the SM that can

make tree-level contributions to the operator coe�cients, as tabulated in Table 6, using

the dictionary proposed in [53]: see Fig. 6 and the numerical results in Section 6. We

have also explored the constraints imposed by the global fit on stops in the MSSM, which

contribute to the operator coe�cients only at the loop level, see Fig. 7. These constraints

are model-independent, and competitive with the model-dependent constraints on stops

from Run 2 of the LHC.

27

Ellis, Murphy, Sanz, You ‘18

Figure 5.8. Same as Fig. 5.7, now representing the marginalised bounds obtained from the global fit
as bounds on �/

|ci|.

These comparisons have been carried out in the case of both the marginalised results
obtained from the global fit and of the fits to individual degrees of freedom. In Table 5.3 we
show the 95% CL bounds on the fitted degrees of freedom obtained in the global analysis, and
compare the results obtained using the baseline theory settings with those obtained either
when only the linear O!

�≠2"
terms are included or when only LO QCD calculations are used

for the SMEFT contribution. In Table 5.4 we show the corresponding comparison in the case
of individual fits. Recall that, as mentioned above, some of the individual bounds reported
in Table 5.4 have been evaluated from the analytical minimisation of the ‰2, which for those
cases is more robust than the numerical minimisation.

As can be seen from Table 5.4, the individual bounds that one obtains at O!
�≠2"

are
very loose for most of the four-heavy-quark operators. This indicates that, using only the
linear SMEFT contribution, one has very limited sensitivity to these degrees of freedom. For
this reason, we do not attempt to quote any bounds for the four-heavy-quark operators in
the global fit based on O!

�≠2"
theory in Table 5.3: this small sensitivity might hinder the

reliability of numerical approaches such as the ones we adopt here. This problem goes away
once we include the O!

�≠4"
contributions, due to the additional sensitivity provided by the

quadratic terms. In this case, we can reliably quote 95% CL bounds for both global and
individual fits.

In Fig. 5.9 we show the graphical representation of the bounds reported in Table 5.3 for
the global fit results with di�erent theory settings. Note that, for the O!

�≠2"
fit, several

54

Hartland et al ‘19



SMEFT and unitarity
Modifications to higgs self-couplings (higgs potential) still unconstrained

Chang, Luty ‘19 

Introduction Introduction to Weak Decays Goldstone Bosons Abelian Higgs Model SU(2)×U(1)

Goldstone Bosons – Continuous Symmetries Cont.

V

! The existence of Goldstone Bosons can be understood in terms of zero
modes.

! O(N) has N(N−1)/2 generators and the residual symmetry O(N−1)
has (N−1)(N−2)/2 generators.

! The number of Broken Symmetries is therefore
1
2
{N(N−1)− (N−1)(N−2)} = N−1

which is the number of Goldstone Bosons .

Standard Model SUSSP61, Lecture 1, 9th August 2006

October 23, 2012 0:50 WSPC/INSTRUCTION FILE signs-ijmpa˙arxiv˙v2
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5.9. Triple Higgs and Goldstone Interactions
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5.10. Quartic Higgs and Goldstone Interactions
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The shape of this potential is essential to understand
EW phase transition and fate of this theory in the cosmological
context

Process Unitarity Violating Scale
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Table 1. Unitarity violating amplitudes that only depend on the trilinear and

quartic Higgs modifications.

normally require evaluation of several diagrams as shown in Fig. 3, can be easily analyzed

with the equivalence theorem to give a unitarity bound

E <
⇠

6.1 TeV
���

3

�

1

6

�
4

�� 14
, (2.23)

where we define the fractional quartic coupling deviation

�
4

=
��

4

�(SM)

4

=
v2��

4

3m2

h

. (2.24)

Eq. (2.23) is the unitarity bound that arises from a single insertion of the ~G8 contact term

that arises from the X3 and X4 terms in the e↵ective Higgs potential. There are also

unitarity-violating contributions to the Z4

L $ Z4

L amplitude from tree-level diagrams with

internal lines, but these are parametrically smaller for �
3

⇠ �
4

. 1. For example, there is a

contribution with two insertions of the h ~G4 coupling with a Higgs propagator, which gives

a contribution to the amplitude of order

�M(Z4

L ! Z4

L) ⇠

✓
�
3

m2

h

v3

◆
2 1

E2

. (2.25)

which is parametrically small compared to the contribution that gives the bound Eq. (2.23):

M(Z4

L ! Z4

L) ⇠
(�

4

� 6�
3

)m2

h

v6
. (2.26)

As noted earlier, it is di�cult to experimentally constrain the Higgs quartic interaction

even at future colliders, so it is unlikely that one can use Eq. (2.23) to give an experimental

11
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5.11. Ghost Propagators
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SMEFT vs Flavour
BSM flavour puzzle: SM accidental symmetries must be there up to higher
scales

eV keV MeV GeV TeV MPlanck
MN

Higgs, EWPT

FCNC, LFV...
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SMEFT vs Flavour
BSM flavour puzzle: why SM accidental symmetries?

+ Discrete/Global/Gauge symmetries (B, L  , …)

Where is this principle coming from ? Dynamical flavour ? Froggatt-Nielsen ?

SU(3)QL ⇥ SU(3)uR ⇥ SU(3)dR ⇥ SU(3)LL ⇥ SU(3)lR

Yij =
h�iji
⇤

cij = f(Y Y †, ...)ij

Yij =

✓
�

⇤

◆q(QL)i�q(qR)j

Y = 0

Minimal Flavour Violation

BSM searches should pay important attention to flavour! 



The concrete BSM way…



The grand scheme

eV keV MeV GeV TeV MPlanck
MNHierarchy GUT

nmasses

strong CP & axion

inflation

flavour

Dark Matter

In the “good old days”, we had a grand scheme: 

leptogenesis

EW baryogenesis Quantum 
Gravity

Hierarchy problem and dark matter



EW Hierarchy problem ?
An enormous brain effort has been devoted to solving this problem, 
ie. understanding the separation between MHiggs and MPlanck

“Natural”
SUSY

Higgs
compositeness

⇤TC
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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b̃R
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0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
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0
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0
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0
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0
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+
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1
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1
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0
1

Multiple 36.1 m(χ̃
0
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1
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1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0
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1 /χ̃

0
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0
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0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′
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<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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CMS Exotica Physics Group Summary – ICHEP, 2016!
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EW Hierarchy Problem ?

LHC has found no smoking gun for a solution to the big hierarchy
problem and enhanced the “Little hierarchy problem”:

But O(10-100)TeV still an interesting scale to explore! 
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Example I: heavy majorana neutrino<-> type I seesaw
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Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several

�
Origin of neutrino mass:

+ Origin of matter-antimatter asymmetry for MN > O(100)MeV

� = N

New spotlights: beam dump and collider searches of neutral heavy leptons
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Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Hidden Sector in relation to the SM. Colored arrows
indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Axion, ALPs and more generally pNGB: 
strong CP, dark matter, flavour…

Since the GB corresponds to the phase of a complex 
field, it is protected by a shift symmetry
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An exactly massless boson is very problematic. 

Goldstone bosons
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New spotlights: ALP searches @ colliders and beam dump experiments, GWs
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indicate possible transitions between states.

Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.

Box I: Portals to Hidden Sectors

the SM does not account for.
New hidden sectors can be connected to the SM via

small but nonzero e↵ective couplings called portals. This
is especially motivated if the hidden sectors play a part
in solving some of the big mysteries. The most important
portal types are illustrated in Box I. These couplings are
small for a variety of di↵erent reasons. Symmetries can
give rise to quantum mechanical selection rules, forcing
interactions between two sectors to proceed via an inter-
mediate heavy mediator state. The mediator is not part
of the SM but interacts with both sectors. Symmetries
can also be approximate, allowing only small couplings
which violate them.

It’s possible for some SM states to play the role of
the mediator, most importantly the photon or the Higgs
boson. While the structure of the theory makes these
Higgs Portal or Photon Portal couplings smaller than
ordinary SM couplings, they are readily much larger than
other types of portals. Furthermore, we already make
lots of Higgs bosons and photons! In rough analogy to
neutrino oscillations, the photon could transform into a
hidden photon1 and interact with hidden states, while a
Higgs Boson, with a mass of 125 GeV/c2, is heavy enough
to decay directly into the Hidden Sector some of the time.
Such exotic Higgs decays are one of the most promising

avenues for producing hidden sector particles.2,3

Hidden sectors typically contain massive states which
would be stable in isolation, but in the presence of portal
couplings, they are unstable and decay to the SM. Pre-
cisely because the portal is such a tiny keyhole, this decay
can take a relatively long time! This is what makes Long-
Lived Particles and their spectacular decays a hallmark
of hidden sectors.

SOLVING MYSTERIES

Searching for the flashes of LLP decays at the LHC
and other colliders will be a major enterprise, requiring
dedicated analyses and maybe new detectors, but it is
well worth the e↵ort. Here are just a a few examples of
how new sectors with hidden states can address the three
big mysteries.
Let’s start with the Hierarchy Problem. As shown in

Box II, known solutions introduce top partners related to
the top quark by a symmetry to cancel its large quantum-
contribution to the Higgs mass. In canonical solutions
like Supersymmetry, the top partners are charged un-
der the SM strong force, or Quantum Chromodynamics
(QCD), giving rise to large production rates at the LHC.
We haven’t found any sign of those partners yet, but
another solution, called Neutral Naturalness4,5, relies on
Hidden Valleys8. Hidden Valleys are a family of hidden
sector theories that are essentially cousins of SM QCD.
They give rise to low-energy bound states called hidden
hadrons, in analogy to SM protons and pions. The top
partner is not charged under SM QCD, but is charged
under this hidden copy of QCD! A striking signature in-
volves exotic Higgs decays to hidden hadrons, see Box II.
These can eventually decay back to SM particles via one
of several portals, giving rise to displaced decays.
What about Dark Matter? Perhaps the most minimal

and best-known candidate is the WIMP (Weakly Inter-
acting Massive Particle). As illustrated in Box III, it
freezes out in the early universe with a relic abundance
set by its coupling to the SM. The “WIMP miracle” refers
to the observation that electroweak-strength coupling to
the SM, with a DM mass near the electroweak scale,
roughly generates the DM abundance we measure today.
However, this direct coupling also predicts signatures at
direct and indirect detection experiments, which we are
still searching for. At colliders, DM can be produced but
is invisible, possibly showing up as a momentum imbal-
ance in the collision.
A related example of non-minimal Dark Sectors gener-

ating LLP signatures is FIMP DM6 (Feebly Interacting
Massive Particles), with much weaker coupling to the
SM. In this case, as illustrated in Box III, the relic abun-
dance of DM could be set by the lifetime of a heavier
parent particle which produces DM in its decays. This
parent LLP can be produced at colliders, and lifetimes
in the millisecond ballpark are typical.
Finally, Baryogenesis. It can proceed via several
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Hidden Sector states can be created via the produc-
tion and decay of heavy mediators [1] at the LHC, via
small direct couplings [2], or via exotic decays of the
Higgs boson [3]. Once produced, they decay through
the same portals. This naturally leads to long life-
times since the direct couplings are small, or since
it requires energy to be “borrowed”, courtesy of the
Heisenberg Uncertainty Principle, to excite the inter-
mediate mediator or Higgs boson.
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New spotlight: Long-Lived Particles

Many models of this type to explain Dark Matter: FIMPs, SIMPs, Mirror worlds…
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detector or muon spectrometer; and disappearing, appearing, and
kinked tracks.
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so where do we start?
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Figure 1.2: Schematic of the variety of challenging, atypical experi-
mental signatures that can result from BSM LLPs in the detectors at
the LHC. Shown is a cross-sectional plane in azimuthal angle, f, of
a general purpose detector such as ATLAS or CMS. From Ref. [3].

Because the long-lived particles of the SM have masses . 5 GeV
and have well-understood experimental signatures, the unusual sig-
natures of BSM LLPs offer excellent prospects for the discovery of
new physics at particle colliders. At the same time, standard recon-
struction algorithms may reject events or objects containing LLPs
precisely because of their unusual nature, and dedicated searches
are needed to uncover LLP signals. These atypical signatures can
also resemble noise, pile-up, or mis-reconstructed objects in the de-
tector; due to the rarity of such mis-reconstructions, Monte Carlo
(MC) simulations may not accurately model backgrounds for LLP
searches, and dedicated methods are needed to do so.

Although small compared to the large number of searches for
prompt decays of new particles, many searches for LLPs at the
ATLAS, CMS, and LHCb experiments at the Large Hadron Col-
lider (LHC) have already been performed; we refer the reader to
Chapter 3 for descriptions of and references to these searches. Ex-
isting LLP searches have necessitated the development of novel
methods for identifying signals of LLPs, and measuring and sup-
pressing the relevant backgrounds. Indeed, in several scenarios
searches for LLPs have sensitivities that greatly exceed the search
for similar, promptly decaying new particles (as is true, for ex-
ample, for directly produced staus in supersymmetry [4]). The
excellent sensitivity of these searches, together with the lack of a
definitive signal in any prompt channels at the LHC, have focused
attention on other types of LLP signatures that are not currently
covered. These include low-mass LLPs that do not pass trigger or
selection thresholds of current searches, high multiplicities of LLPs
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III. Searching for connections: towards a new grand scheme
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The BSM Landscape

“Truth is ever to be found in simplicity, and not in the multiplicity and confusion of things”

I. Newton


