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The role of hadron colliders in the past discoveries in particle physics
and their potential role in the search for physics beyond the Standard Model
are briefly reviewed. The emphasis is placed on the production in hadronic
collisions of particles that do not interact strongly.

DOI:10.5506 / APhysPolB.47.1767

1. Introduction

Hadronic collisions played crucial role in the history of particle physics.
By the 1960s, experiments at accelerators had revealed scores of hadrons. In
1962, Murray Gell-Mann found a way of gathering them into families. They
contained sets of eight and were named by Gell-Mann the Eightfold Way.
The SU(3) group which was behind that classification — today we would call
it a flavour SU(3) group — inspired Murray Gell-Mann and George Zweig
to propose the quark model. With further revolutionary ideas from James
Bjorken and Richard Feynman, quark status was painfully “upgraded” from
mathematical entities to real particles. That gave birth to the fundamental
breakthrough which was the cradle of the SM — the quark—gluon structure
of hadrons.

In the sixties, the immense amount of accelerator data made strong in-
teractions the central, if not the leading, area of research in particle physics.
Not only the classification of hadrons but also the dynamics of hadron col-
lisions and multiparticle production in such collisions were vigorously in-
vestigated by the theorists. Those pre-QCD, often phenomenological, in-
vestigations have turned out to have a lasting value, as they form the ba-
sis for the effective description of the so-called soft hadron and heavy-ion
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collisions. Even the Monte Carlo simulation codes, indispensable for the
data interpretation nowadays, use the results then obtained. Secondly, sev-
eral fundamental for particle physics ideas have emerged. It belongs to the
meanders of particle physics that those ideas, proposed in the context of
strong interactions, have turned out to be more important in some other
contexts. Among the most famous examples there certainly is the Brout—
Englert-Higgs mechanism. For Robert Brout and Francois Englert, one
of the motivations was to interpret the newly discovered p resonance as a
gauge boson of some gauge symmetry and the question how to introduce
its mass in a gauge invariant manner. Peter Higgs was motivated by the
Nambu ideas about spontaneous chiral symmetry breaking as the origin of
the proton and neutron masses, and proposed his mechanisms to avoid the
massless Nambu—Goldstone bosons in the spectrum. The list of spectacular
ideas that originated from research on the dynamics of strong interactions is
much longer. The S-matrix theory, now reviving as a general tool in quan-
tum field theory complementary to the traditional perturbation theory, the
Regge pole theory and its culmination in the form of the Veneziano model
as the origin of the string theory ...these are just a few examples.

Strong interactions, investigated so actively and with strong links be-
tween theory and experiment, attracted Andrzej Bialas, celebrating his 80"
birthday today and a young theorist at the time, and shaped his research
interests for many years to come. Working with his group of students and
with his close collaborators, Wiestaw Czyz and Kacper Zalewski, he has
become one of the most prominent figures in the field of soft hadron and
heavy-ion collisions. His impressive research record includes many seminal
ideas such as, for instance, using the quark model for soft collisions, under-
standing the role of particle correlations in the multiparticle production and
very important results for heavy-ion collisions.

Most natural use of hadron colliders is for production of strongly in-
teracting particles, either in low momentum transfer (soft) collisions or in,
more rare, hard-parton collisions. But it was soon realized that with higher
and higher energies and higher and higher luminosities, also weakly inter-
acting particles can be produced via such mechanisms as the Drell-Yann
production, vector-boson fusion or effective couplings to gluons generated
by the quark loops. Indeed, in the hadronic collisons, there have been dis-
covered the W and Z gauge bosons and, finally, the Higgs boson, beautifully
confirming the Standard Model. The proton—(anti)proton accelerators have
proved to be of great value as the discovery machines at the energy frontiers.
At present, the main goal of particle physics is to discover the physics be-
yond the Standard Model (SM) and the LHC experiments are in the centre
of interest.
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2. Why beyond the SM?

The SM is in perfect shape. The measured Higgs boson couplings to
fermions and gauge bosons are, within the experimental errors of (10-20)%,
in agreement with the predictions of the SM with one elementary Higgs
doublet. Its potential

A
V= m | H[+ S| 1)
links the Higgs boson mass to the coupling A,
mi = —2m?2 = 2\?, (2)

where v = 246 GeV is the electroweak vacuum expectation value. The mass
of 125 GeV gives A = 0.12 and this value is well within perturbative regime.
Thus, a particle that looks very much like the elementary Higgs boson of
the SM has been discovered. The simplest dynamical sector (considered by
many as a toy model) — a selfinteracting scalar field — is now promoted to a
real thing (Guido Altarelli, Warsaw 2014). At least at the electroweak scale,
the SM is the correct effective theory of elementary interactions. But, even
more surprisingly, the SM seems to be a mathematically consistent theory up
to the Planck scale. This conclusion relies strongly on the measured values
of the top-quark and the Higgs boson masses. The electroweak vacuum is
(meta)stable up to the Planck scale (with its lifetime much longer than the
age of the universe) |1, 2| and the coupling A remains small when evolved
with the renormalization group equation (no Landau pole below the Planck
scale). And the SM is a renormalizable theory.

So, the SM looks mathematically consistent up to the Planck scale but
is it also physically valid up to that scale? Is it not indeed just an effective
theory, an approximation to a deeper one (similarly to QED, mathemati-
cally consistent up to the Planck scale but only a low-energy approximation
to the SM, describing electromagnetic interactions below the electroweak
scale)? Although consistent up to the Planck scale, the SM needs, for sure,
some extension, at least to account for the empirical facts that remain unex-
plained, such as the neutrino masses, the presence of dark matter in the uni-
verse, and matter—antimatter asymmetry. We are far from full satisfaction
on the theoretical side as well. The dynamical origin of the Fermi constant
(that is of the electroweak vacuum) and the hierarchy of the fermion masses
are not addressed by the SM. But even if we accept them as “unexplainable”
parameters of the theory, the SM suffers from a serious conceptual problem
known as the naturalness problem.

In short, the naturalness problem of the SM lies in potentially large
radiative corrections dm? to the Higgs field mass parameters in Eq. (1)
because of their quadratic sensitivity to new mass scales. Including them
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into Eq. (2), it is clear that the larger the quantum corrections the larger
must be the cancellation between the tree-level parameter and the quantum
corrections to obtain the physical Higgs mass. An exact degree of acceptable
cancellations is, to a large extent, a matter of taste but qualitatively the
problem is clear. It can be illustrated with a well-known example. If the SM
is valid up to a certain physical cut-off scale A (let it be Mpr,; we exclude
here the possibility that the SM is the Theory of Everything, with no other
mass scales at all in the quantum physics), then the 1-loop corrections to
m%l from the exchange of the gauge bosons, top quark and the Higgs itself,
cut-off at the scale A, give

342
327292 "

3)

It is evident that a high degree of fine tuning between the physical scale A
and the tree-level parameters of the SM is necessary to get the Higgs mass
parameter much smaller than A. A natural expectation then is that the
SM is embedded into a deeper theory with new degrees of freedom at a
scale M, not much above the electroweak scale, which would also contribute
to quantum corrections to the Higgs mass, so that the quadratic sensitivity
to the large scale A is replaced by quadratic sensitivity to M and at most a
logarithmic one to A. Theories of physics beyond the Standard Model that
address the hierarchy problem generally involve top partners, new particles
that ensure that mechanism to work at least for the terms associated with
the large Yukawa coupling of the Higgs boson to the top quark. An attractive
dynamical solution is to propose a new symmetry which protects the Higgs
mass against large radiative corrections in the way described above. Two
general directions have been proposed, supersymmetry and composite Higgs
models where the Higgs doublet is a pseudo-Goldstone boson of a new global
symmetry in a new strongly interacting sector. In supersymmetric models,
those partners of the top quark are scalars and in composite Higgs models,
there are new fermions playing that role.

Another aspect of the naturalness problem is that new degrees of free-
dom with large masses, M > M, also potentially present in the extended
theory, should not bring it back. A new degree of freedom with mass M,
widely separated from the weak scale, that couples to the Higgs boson has to
be included in the quantum correction to 5m12q. For instance, for a scalar S
coupled to the Higgs boson, via the so-called Higgs portal, by the term
Aus|H|?|S|? added to the potential (1), the 1-loop diagram gives the cor-
rection

omi = (Qm%[/ +m% +m2 — 4m?)

NHS ~o. M?
2 . \HS 2
o~ 167r2M In ER (4)

where A is a cut-off to the extended theory. Clearly, new degrees of free-
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dom would violate the naturalness principle, to the degree depending on
the product of their mass and the coupling to the Higgs boson, and also
logarithmically on the value of the cut-off A. Supersymmetry is the unique
solution to that problem as well, even with A as high as the Planck scale.

In most of the proposed concrete theories based on those ideas, the new
symmetry that is protecting the Higgs mass commutes with the SM gauge
symmetries, and so the top partners have identical quantum numbers to
those of the top quark. In particular, they are charged under the SM colour
group. Thus, given the expectation that these particles masses are close to
the electroweak scale, they should be produced at the LHC with high rates.
They can be pair produced in the quark and gluon collisions and then would
decay into SM particles and some other particles of the extended theory.
A generic signature is a jet plus missing transverse energy since among the
final products of the chain decays of the top partners we expect to have an
invisible particle (like e.g. neutralino in supersymmetry).

Searches for coloured top partners, both scalar and fermionic, have so
far given null results. Broadly speaking, their masses are constrained to lie
above around 700-800 GeV. This means roughly 1:100 cancellations in the
Higgs potential and puts such solutions to the naturalness problem under
certain pressure.

3. Uncoloured way beyond the SM

After the negative Run 1 LHC results, if we follow the naturalness
paradigm, several options can be considered. Here, we list several of them.

1. The simplest possibility is that a radiative correction 5m%{ which
is O(100) times larger than the physical Higgs boson mass is, for some
unknown reason, still “natural” and a coloured partner of the top quark
with mass around 1 TeV will be found in the next LHC run. After all, this
is still very little as compared to the fine-tuning m37 /M3, ~ 10734

2. It is also conceivable that a light coloured particle has so far escaped
detection because of some pecularities in the spectrum. For instance, su-
persymmetric spectrum may be compressed [3] and the missing energy too
small to be detected.

3. A more radical possibility is that the coloured particles are heavier
but the naturalness of the Higgs potential is saved because the Higgs mass
has “double protection”. Here, it might be instructive to have again a look at
the theories that address the naturalness issue. They require top partners to
stabilize the weak scale beyond O(1 TeV). Those can be scalars, like in the
MSSM, or fermions — as in the Little Higgs theories [4] and in composite
Higgs models [5]. In those non-supersymmetric models, the Higgs boson is
a pseudo-Goldstone boson of some spontaneously broken global symmetry.
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The global symmetry is also broken explicitly (softly) but the quadratically
divergent top 1-loop contribution to the Higgs boson mass is cancelled by
the fermionic top partner contribution. Since the cancellation occurs only
at 1-loop level, the models require a low cut-off, O(10 TeV), with some un-
specified dynamics above that scale. It is then an interesting possibility
that their UV completions are in supersymmetry, ensuring all order can-
cellation of the quadratic divergences and providing a “double protection”
of the Higgs potential, by a spontaneoulsy broken global symmetry and by
supersymmetry [6—10].

At the same time, viewed as non-minimal extensions of the MSSM, with
a global symmetry imposed on it, such models ameliorate the fine-tuning
problem of the MSSM since the Higgs boson is a pseudo-Goldstone boson
of the spontaneously broken global symmetry and it is naturally light. The
spectrum contains stops and coloured vector-like fermions, both can easily
be in a few TeV range, beyond the reach of the LHC. The electroweak sector
would then be the main “low energy” signature of such models. Weakly
interacting BSM particles can be pair produced at the LHC in the Drell-
Yan processes and in the vector-boson fusion and they can give a number of
different signatures.

The last point is nicely illustrated by supersymmetric models R-parity
conservation. The Lightest Supersymmetric Particle (LSP) has to be neutral
and its thermal relic abundance must satisfy the experimental bound 2h2 <
0.12 (in general, the LSP can be only a (small) fraction of a multi-component
dark matter). Systematic studies of the MSSM-like electroweak sector with
the above constraint show that it is often characterized by very small mass
splittings between the LSP and the next to the lightest particle (chargino
or neutralino), see e.g. [11], so that the latter would be long-lived. A long-
lived chargino, with very soft decay products, would manifest itself as a
disappearing track in the detector. Another way to search for produced in
pairs electroweakinos with small mass difference, so that the decay products
of the NLSP are soft and the transverse missing momentum is cancelled
among the two produced states, is to look for the events in which these
particles are produced associated with hard initial state radiation. These
events are sensitive to the monojet search which requires large missing energy
recoiling against one or two energetic jets.

4. Tt is also possible that the symmetries that protect the naturalness
of the weak scale do not commute with the SM gauge groups or, at least,
with QCD. Here, an example is the Twin Higgs model [12, 13] and its super-
symmetric version [14], where the fermionic top partner furnished by double
protection is neutral under the SM gauge groups but charged under “hidden”
SU(3) x SU(2) x U(1). Another benchmark model is Folded Supersymmetry
[15]. Its spectrum consists of the SM fermions and F-sfermions, with the
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electroweak charges but not the QCD charges. Instead, they are charged
under a mirror (hidden) QCD. Thus, supersymmetry does not commute
with QCD and this can be achieved by certain theoretical constructions. In
such models, with new particles hidden to the SM interactions or at least
to QCD, the Higgs portal plays a crucial role. The lightest states of the
hidden QCD can be hidden glueballs which couple to the SM Higgs sector
with some effective couplings (e.g. in Folded Supersymmetry via the loop of
the scalar top partner carrying the electroweak charges, or in Twin SUSY
via the SM Higgs mixing with the “hidden” Higgs). The Higgs bosons can
decay to these long-lived glueballs and the experimental signature would
be displaced decays at colliders. If the top partners carry the electroweak
charges, they can also be produced in Drell-Yan processes, then they could
annihilate into hidden glueballs. Some glueballs will decay visibly in detector
giving emerging jets in the final state. These are just some examples of new
experimental signatures that may be characteristic of the underlying, but
more hidden than initially expected, solution to the naturalness problem.

The ideas discussed in item 3 and 4 are not new but they have recently
received a lot of attention.

So far, we have discussed the scenarios where physics beyond the SM
plays some role in stabilizing the electroweak scale, in one way or another.
But it may be that its role is different, for instance to ensure the unifica-
tion of elementary forces, like in supersymmetric models or to explain the
origin of dark matter. Coloured particles may be heavy (like in the Split
Supersymmetry models) or absent. Weakly interacting or “hidden” sectors
communicating with the SM particles via the Higgs portal or via the gauge
boson kinetic mixing may be the only manifestation of the BSM physics in
hadronic colliders.

4. Who ordered that?

So far, no new particle motivated by the naturalness issue or as the dark
matter candidate has been discovered. Instead, there are some hints for
beyond the SM (BSM) physics which can remind us the famous Isaac Rabi
question after the discovery of the muon: Who ordered that? Recently, the
ATLAS and CMS collaborations have observed an excess of events in the
diphoton final state at 13 TeV collision energy at a diphoton invariant mass
of 750 GeV. Although not fully significant statistically (at the level of about
3.50), it has attracted a lot of theorists attention [16-76]. The most natural
interpretation of the excess would be as prodution of a new spin 0 or spin 2
resonance (spin 1 cannot decay into two photons). The data are consistent
with a very narrow but also a quite broad resonance, with the width of
about 45 GeV, and the o x BRay, of about few femtobarns. There have
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also been found some hint of a similar effect in the 8 TeV data, although
there is some tension between the expected on the basis of the rescaled
8 TeV data signal at 13 TeV and the actual measurement at 13 TeV. The
experimental situation is far from being clear and the signal, even if real,
can be consistent with a large range of production cross section, two-photon
branching ratio and the resonance width. Many plausible interpretations
have been proposed but none of the “ready” BSM models can explain it.
Although, in principle, they contain “sufficient ingredients”, some degree of
theoretical tuning is usually present. There have been discussed perturbative
and non-perturbative scenarios, purely effective models and also attempts
to incorporate the effect into the existing frameworks like supersymmetric
or extra-dimensional models.

To get a flavour of the scenarios that could explain the diphoton excess,
let us assume its origin is a two-photon decay of a directly produced spin
zero particle (CP even, for definitness), in a perturbative framework. It
can be produced in pp collisions and decay into two photons due to its
effective couplings to the SM quarks, gluons and vector bosons. Suppose,
moreover, that the scalar @ is the only new degree of freedom beyond the
SM. Then, the effective couplings to gluons and photons can originate only
from the quark and lepton loops, that is from the couplings of @ to the SM
fermions. For gauge invariance, ¢ has to be then a SU(2) doublet, its main
production channel would be gluon—gluon fusion and, moreover, it would
decay dominantly to the SM fermions and gluons, resulting in a very strong
suppression of the two-photon rate (see Fig. 1).

P excluded ,_____ <
/ > /

SM SM
BR(® — SM SM) _ (4m\* 0.2 x 10°
BR(® —=~vy) \a Rl
Fig. 1.

It is easy to check that o x BRg, is orders of magnitude below the
experimental signal. Those arguments hold as well for more complete models
like the 2HDM and the MSSM.

Thus, @ has to be a SU(2) singlet, with no renormalizable couplings
to the SM fermions and with small mixing with the Higgs boson after the
electroweak symmetry breaking, to strongly suppress its decays into the SM
particles. Its effective couplings to the gauge bosons read

7
L= 1 (966G + gwwW? + ggpB* +...) , (5)
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where the dots include the couplings to the SM fermions. The effective
couplings must be obtained from loops of new, vector-like fermions carrying
some of the SM quantum numbers (at least the colour and electric charges)
and coupled as

L=cp®FF +... (6)

The resonance @ would be still produced dominantly by gluon fusion and,
for mp > 750 GeV/2 (the experimental limits on strongly interacting new
fermions are around 700 GeV), its unavoidable decays would be into gluon
jets and photons. Depending on the other SM quantum numbers of the
vector-like fermions, the resonance could also decay into pairs of the other
gauge bosons. Clearly, the smaller the two-photon decay rate the larger has
to be the production cross section controlled mainly by the coupling gag,
the vector-like quark masses and their number. It turns out that, to account
for the experimental signal, the generic predictions of such a scenario is that
several pairs of vector-like fermions have to be added and/or the couplings
cr have to be large, O(1). Moreover, the signal should also be observed
at least in the invariant mass of the gluon jets but, more generically, also
in other two electroweak gauge boson decay channels. If confirmed, the
diphoton excess would mean an indirect discovery of several new particles.
The described here “uneasiness” in a quantitative explanation of the observed
diphoton excess (and in reconciling the 8 TeV and 13 TeV data) is typical
for most of the scenarios considered so far. The forthcoming LHC data will
certainly shed more light on the significance of the signal and its details.

Speaking about the role of the LHC in the search for BSM physics, one
should also remember about the LHCb. In fact, there are, as well, breaking
news if confirmed, namely some hints for lepton flavour universality viola-
tion in B meson semileptonic decays. To put it in the right perspective,
let us remember that, in a certain sense, flavour is a beyond the SM con-
cept! There are three families of quarks and leptons with identical quantum
numbers, and, in consequence, identical gauge interactions. The fermion
families differ only by their interactions with the Higgs field. A very im-
portant conclusion follows: in the approximation of massless neutrinos, the
charged lepton flavour is conserved and their gauge interactions are univer-
sal. Thus, universality violation and lepton flavour non-conservation in the
SM are predicted to be extremely tiny. Such processes are, therefore, ex-
pected to be very sensitive to the BSM physics. Recently, there have been
observed at the level of 3—40 deviations from the SM predictions in several
processes. One is the ratio

B = Kup
— il 7
B — Kee (7)

which is predicted to be 1.003 4+ 0.0001 and the measurement gives 0.745 +

R(K)
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0.09+0.036. Similarly, some deviations from the SM predictions are present
in the B decays into D and D* mesons

Br (B — DWrv)
) =
R (D ) "~ Br(B— DWiv) ®

Also, certain angular distributions in the decay B — K*uu do not agree with
the SM predictions. Although far from being fully convincing, those results
have attracted a lot of theoretical speculations. No plausible explanation
of all those effects simultaneously have been found but several options are
opened for explaining some of them. This is illustrated in Fig. 2.

ININ

Additional

neutral gauge Leptoquarks :
bosons (Z') Higgs sector

Extended

Fig. 2.

5. Summary

The results of the LHC experiments will shape particle physics for the
next decades. Motivated by the issue of naturalness, searches for new parti-
cles have been mostly focused on new light coloured particles and the missing
transverse energy signature (MET). However, such particles may be more
hidden than suggested by the simplest models. It is conceivable that the par-
ticle spectrum in the extension of the SM is such that the MET is too small
to be seen, or that the solution to the naturalness problem does not require
new coloured degrees of freedom as light as widely expected (e.g. because
the Higgs mass is further protected or it is protected by colourless degrees of
freedom) or our present view on the naturalness issue is misleading. Then,
the electroweak sector may play the leading role in discovering the BSM
physics. Further progress in experimental techniques for discovering long-
lived particles such as anomalous ionization energy loss, disappearing tracks
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or displaced vertices might be very helpful, and an exciting possibility is
that something that has not been ordered is confirmed. It will be then a
challenge to incorporate it into a more complete theoretical framework.

This work is supported by the National Science Centre, Poland, under
research grants DEC-2014/15/B/ST2/02157, DEC-2012/04/A/ST2,/00099
and DEC-2015/18/M/ST2/00054.
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