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The first LHC run has confirmed the Standard Model as the correct
theory at the electroweak scale, and the existence of a Higgs-like particle
associated with the spontaneous breaking of the electroweak gauge symme-
try. This article overviews the present knowledge on the Higgs boson and
discuss alternative scenarios of electroweak symmetry breaking which are
already being constrained by the experimental data.
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1. Introduction

The LHC experiments — ATLAS [1|] and CMS [2] — discovered in
2012 a massive state H with the properties expected for a (Brout—Englert—
Guralnik—Hagen—Kibble)-Higgs boson [3-8]. The simple observation of the
H — 2+ decay mode already demonstrated some basic characteristics of the
new particle: it is electrically neutral, colourless and of integer spin, i.e.,
a boson; moreover, conservation of angular momentum plus Bose symmetry
imply that J # 1 |9, 10|. The angular distributions of the final lepton pairs
in H — ZZ* — (=010~ 0'F decays [11, 12] confirm the JF = 0% assignment;
the J¥ = 0~ and 27 hypotheses being excluded at confidence levels above
99%. The masses measured by the two experiments are in good agreement,
giving the average value [13]

My = (125.09 +0.21 £ 0.11) GeV = (125.09 + 0.24) GeV. (1)

All data accumulated so far confirm the Standard Model (SM) as the ap-
propriate theoretical description of the electroweak and strong interactions
at the energy scales explored until now [14]. The SM successfully explains

* Presented at the LV Cracow School of Theoretical Physics “Particles and Resonances
of the Standard Model and Beyond”, Zakopane, Poland, June 2028, 2015.

(151)



152 A. PicH

the experimental results with high precision and all its ingredients, includ-
ing the Higgs boson, have been finally verified. An important question to
be addressed is whether H corresponds to the unique Higgs boson incorpo-
rated in the SM, or it is just the first signal of a much richer scenario of
Electroweak Symmetry Breaking (EWSB). Obvious possibilities are an ex-
tended scalar sector with additional fields or dynamical (non-perturbative)
EWSB generated by some new underlying dynamics. While more experi-
mental analyses are needed to assess the actual nature of the H boson, the
present data give already very important clues, constraining its couplings in
a quite significant way.

Whatever the answer turns out to be, the LHC findings represent a truly
fundamental discovery with far reaching implications. If H is an elementary
scalar (the first one), one would have established the existence of a bosonic
field (interaction) which is not a gauge force. If instead it is a composite
object, a completely new underlying interaction should exist.

The following sections contain an introduction to the EWSB and the
physics of the Higgs boson. The SM mechanism of EWSB is briefly reviewed
in Section 2. Section 3 describes the current experimental knowledge on the
Higgs properties. Quantum corrections and the important role played by the
heavy top mass scale are discussed in Sections 4 and 5. Section 6 analyses
the simplest extension of the SM scalar sector with a singlet scalar. The
deep relation between flavour dynamics and EWSB is discussed in Section 7
which considers models with several scalar doublets. Section 8 discusses
the custodial symmetry characterizing the SM EWSB and provides a very
basic introduction to the electroweak effective theory. Some comments on
the present status are finally given in Section 9.

2. Standard Model Higgs mechanism

A massless gauge boson has only two possible polarizations, while a
massive spin-1 particle should have three. To generate the missing longitu-
dinal polarizations of the W= and Z bosons, without breaking gauge invari-
ance, one needs to incorporate three additional degrees of freedom to the
SU(2)L, ® U(1)y gauge Lagrangian [15]. The SM [16-18] adds an SU(2)y,
doublet of complex scalar fields

_ (o) _ P T 0
2= (Yol ) —ew{toew) |, e ] @
with a non-trivial potential generating the wanted EWSB

2\ 2
Ly = (D"®) D,® — A (qs\? - ”2) . (3)
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In order to have a ground state, the potential should be bounded from below,
i.e., A > 0. The covariant derivative,

T, = .
D9 = 8u+§gcr-W,L+zg’y¢Bu D, (4)

couples the scalar doublet to the SM gauge bosons. The value of the scalar
hypercharge, y4 = (Q — T3)¢ = %, is fixed by the requirement of having the
correct couplings between @(x) and A*(x): the photon should not couple
to ¢(@, and ¢(*) must have the right electric charge. To preserve the con-
servation of the electric charge, only the neutral scalar field can acquire a
vacuum expectation value.

As shown in Fig. 1, there is a infinite set of degenerate states with min-
imum energy, satisfying |[(0|®|0)] = v/v/2. Once we choose a particular
ground state, for instance ¢ = H = 0 in Eq. (2), the SU(2);, ® U(1)y sym-
metry gets spontaneously broken to the electromagnetic subgroup U(1)qep,
which by construction still remains a true symmetry of the vacuum. Ac-
cording to Goldstone’s theorem [19-21|, three massless states should then
appear (one for each broken generator of the symmetry group). The Gold-
stone modes @ describe excitations along the flat directions of the potential,
i.e., into states with the same energy as the chosen ground state. Since those
excitations do not cost any energy, they obviously correspond to massless
states.

Fig.1. SM scalar potential. The Goldstone (F) and Higgs (H) fields parametrize
excitations along the directions indicated by the arrows.

In the unitary gauge, g(x) = 0, the three Goldstone fields are removed
and the SM Lagrangian describes massive W* and Z bosons; their masses
being generated by the derivative term in Eq. (3). The scalar Lagrangian
takes then the form

H\? 1
Ly= (1 + ?) {MVQV WiwH + §M% ZHZ“} + Ly, (5)
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with
My = My COSQW:%QU, (6)

where the weak mixing angle defining the Z and + fields,

( Wi’ ) < cosby  sinfOy ) < Zy, > (7)
B, —sinfy  cosOy Ay )7
is related to the gauge couplings through g sinfy = g’ cosfy = e. The
measured masses of the gauge bosons imply sin? fy = 1 — MI?V /M% = 0.223.
The three Goldstones have been “eaten up” by the gauge bosons, giving
rise to their longitudinal polarizations. The total number of degrees of free-
dom (d.o.f.) is, of course, the same. A massive scalar field H(z), the Higgs,
remains in the physical spectrum of the electroweak theory because &(x)
contains a fourth degree of freedom, which is not needed for the EWSB. Its
couplings to the W* and Z bosons, shown in Eq. (5), are proportional to
the square of their masses. The scalar potential generates the Higgs mass,
and cubic and quartic self-interactions

1 1 M?2 M2
Ly=-0,HO'H — -~ M) H> - —H g3 _ ——Hpgt 8
H =9 % o T H 2 Su2 (8)

The doublet structure of the complex scalar field ¢(z) provides a renor-
malizable model [22] with good unitarity properties. While the vacuum ex-
pectation value (the electroweak scale) was already known from the p= —
e~ Uy, decay rate,

v = (\/iGF)_l/Q — 246 GeV, 9)

the measured Higgs mass determines the last free parameter of the SM, the
quartic scalar coupling
M%
A=—=0.13. 10

2.1. Fermion masses

Fermionic mass terms are forbidden by the SU(2)r,®U(1)y symmetry be-
cause they would mix the left- and right-handed components of the fermion
fields, which transform differently under the SM gauge group. However, the
additional scalar doublet allows us to write gauge-invariant fermion—scalar
couplings

Ly = —yq QL dr — yu Qr Pur — y¢ L1, & Ir + h.c., (11)
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where Qr, = (7, dy) and Ly, = (1, £1,) are the quark and lepton left-handed
doublets (for a single family), ugr, dr and ¢ the corresponding right-handed
fermion singlets, and the second term involves the C-conjugate scalar field
@ = joy P*. In the unitary gauge, this Yukawa-type Lagrangian takes the
simpler form

H _ —
Lv =— <1 + U> {mddd—kmuﬂu—i—mgff} ’ (12)
mp=vr s (f=duo). (13)

Therefore, the EWSB mechanism generates also the masses of the fermion
fields. Since y are free parameters, one cannot predict the numerical values
of my. Note, however, that all the Higgs Yukawa couplings are fixed in terms
of the measured fermion masses.

3. Experimental knowledge on the Higgs properties

The Higgs interactions have a very characteristic form: they are always
proportional to the mass (mass squared) of the coupled fermion (boson),
normalized by the vacuum expectation value v. Therefore, the Higgs decay
is dominated by tree-level modes with the heaviest kinematically-allowed
final states or loop processes involving the top quark. With the measured
Higgs mass in Eq. (1), there is an interesting variety of accessible decay
branching fractions; their SM predictions are given in Table I.

TABLE I

SM predictions for the Higgs decay branching fractions [23, 24].

Decay mode Br [%] Decay mode Br [%]

H —bb 57.56£1.9 H—ZzZ* 2.67+0.11
H—-Ww* 21.6£0.9 H — vy 0.228 £0.011
H = gg 856+0.86 | H —Zy  0.155+0.014
H— 77 6.30 £ 0.36 H — pp 0.022 £ 0.001
H — cc 2.90 £ 0.35

The Higgs boson data are conveniently expressed in terms of the so-
called signal strengths, which measure the product of the Higgs production
cross section times its decay branching ratio into a given final state, in
units of the corresponding SM prediction: p = o Br/(og,, Brg, ). The SM
corresponds to p = 1. Table II summarizes the ATLAS and CMS combined
measurements [24], based on the full Run-1 data samples collected at the
LHC. These results are in good agreement with the SM.
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TABLE II

Measured Higgs signal strengths [24].

Decay mode ATLAS CMS Combined

H — vy L15+030 11275035 11670758

* 0.39 0.32 0.27
H—ZZ 1517937 1.05%052 1.31103]
H—WWw* 1235030 091755 1115073
H =T 1417042 0.897030 112492
H = bb 0627937 0817043 0.69+52
Combined 1205047 0987015 1.0970 15

The sensitivity to the different Higgs couplings is increased disentan-
gling the different production channels shown in Fig. 2: gluon fusion (ggF:
GG — tt — H), vector-boson fusion (VBF: VV — H ; V = W, Z) and
associated VH or ttH production. At the LHC, the dominant contribu-
tion (86% at /s = 8 TeV) comes from the ggF mechanism, through a
triangular quark loop which gives access to the top Yukawa. Owing to the
fermion mass dependence of the SM Yukawa couplings, the virtual top loop
completely dominates; the bottom contribution is much smaller, while the
lighter quarks only induce tiny corrections. The agreement of the measured
Higgs production cross section with the SM prediction confirms the existence
of a top Yukawa coupling with the expected size. Moreover, it excludes the
presence of additional fermionic contributions to ggF production. A fourth
quark generation would increase the cross section by a factor of nine, and
much larger enhancements would result from exotic fermions in higher colour
representations, coupled to the Higgs [25].

g q Vv

g

Fig.2. Higgs-production mechanisms: ggF, VBF, VH and ttH.

Figure 3 shows 68% C.L. contours for the five measured signal strengths,
separating production mechanisms involving the top Yukawa (ggF + ttH)
or the gauge-boson coupling (VBF + VH). In addition to the dominant
ggF mechanism, there is clear evidence of VBF and VH production with a
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statistical significance of 5.40 and 3.50, respectively (assuming SM values
for the decay widths) [24]. Actually, t¢H production is also seen at the 4.40
level, but with a too large production signal strength gz = 2.3 707 [24].
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Fig. 3. Likelihood contours of the production signal strengths for the five measured
Higgs decay channels [24].

The tree-level decays H — W WT, Z*Z directly test the electroweak
gauge couplings of the Higgs. In addition, we have now strong evidence for
the H coupling to bb (2.60) and 777~ (5.50), through the corresponding
fermionic decays [24]. The process H — 77 occurs in the SM through
intermediate W W~ and tt triangular loops, shown in Fig. 4, which interfere
destructively; the agreement with the SM prediction confirms the (relative)
sign of the top Yukawa.

Fig.4. One-loop contributions to H — . The third diagram shows a possible
non-SM contribution from a charged scalar.

The loop amplitudes H — vy and H <> gg are sensitive to new physics
contributions such as the charged-scalar loop in Fig. 4. This is tested in
Fig. 5 which shows the 68% and 95% C.L. constraints on the effective H~y~y
(ky) and Hgg (kg) couplings, in SM units, assuming that all other Higgs
interactions take their SM values. The data are in perfect agreement with
the SM point k, = k4 = 1.
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Fig.5. Effective x4 and k., couplings, assuming SM values for all other Higgs inter-
actions [24].

Assuming that there are no new particles in the loops (and the absence
of non-SM decay modes), the data can be parametrized in terms of effective
Higgs couplings, x, = g,/g5". Taking common vector and fermion coupling
modifiers, i.e., k,, = K, = K, and K = Ky = K; = K, Fig. 6 shows the
resulting 68% and 95% C.L. constraints for the five measured decay channels.
While the tree-level decays are only sensitive to the absolute values of the
effective couplings, the H — ~v partial width determines ., > 0 (the
convention £, > 0 has been adopted in the figure).
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Fig. 6. Effective bosonic (k, ) and fermionic (x,) Higgs couplings [24].
The mass dependence of the measured Higgs couplings is shown in Fig. 7,

which plots k,m, /v (fermions) and /K, m, /v (bosons) as a function of
their masses. The experimental points are in excellent agreement with the
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SM prediction, indicated by the dashed line. Moreover, the 95% C.L. upper
limit Br(H — ete™) < 1.9 x 1073 [26] verifies the strong mass suppression
of the electronic coupling. Therefore, the Higgs-like nature of the H boson
has been clearly confirmed by the LHC data.
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Fig. 7. Higgs couplings to different particles as a function of their masses [24].

4. Quantum loops, symmetries and the Higgs mass

A fundamental scalar requires some protection mechanism to stabilize its
mass. If there is new physics at some heavy scale Axp, quantum corrections
could bring the scalar mass My to the new physics scale Axp

g2
SMfy ~ W A%p log (A12\IP/M12-I) : (14)
Which symmetry keeps My away from Axp?

Fermion masses are protected by chiral symmetry (invariance under in-
dependent phase transformations of the left and right fermion chiralities),
while gauge symmetry protects the gauge boson masses. These particles
are massless when the symmetry becomes exact. Therefore, quantum cor-
rections to my (Mg,) are necessarily proportional to the fermion (W) mass
(squared) itself.

This symmetry protection can be also understood through a counting of
field components. A massless field with spin % has 2 d.o.f., while a massive
one has 4. Similarly, a massive spin-1 particle has 3 polarizations, but a
massless gauge field only contains 2. The massless limit is qualitatively
different, making fermion and gauge-boson masses safe against quantum
corrections. This is no-longer true for fields without spin structure. A real
scalar field has a single component, independently of the value of its mass.
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Supersymmetry (SUSY) was originally advocated to protect the Higgs
mass. Since it relates boson and fermion fields, combining them in super-
symmetric multiplets, the fermion mass protection is shared with their
bosonic partners. However, according to present data, this no-longer works
‘naturally’. SUSY implies a cancellation of fermionic and bosonic quantum
corrections to M?_I, which have different signs, but this cancellation is not
exact, owing to the necessary presence of SUSY-breaking terms to split the
so far undetected sparticle spectrum from the known particle masses. The
non-observation of SUSY partners at the LHC indicates that SUSY is badly
broken; strong lower bounds on the masses of SUSY particles have been set,
surpassing the TeV in many cases. Moreover, the Higgs mass is heavier than
what was expected to be naturally accommodated in the minimal SUSY
model (MSSM) [27].

Compositeness is another interesting possibility. Instead of an elemen-
tary Higgs, one has a composite bound state made of fermions. The mass
of the composite boson state is then governed by the fermion dynamics and
symmetries. However, the measured Higgs mass is much lighter than the
predictions obtained in the most simplistic scenarios, mostly based on the
naive extrapolation of QCD physics.

A quite compelling alternative would be a light pseudo-Goldstone Higgs
associated with a dynamical breaking of the electroweak symmetry, gen-
erated by some underlying strongly-coupled theory [28-34]. One needs a
pattern of symmetry breaking G — H C G with at least four broken gener-
ators to account for a minimum of 4 Goldstone modes (the 3 SM electroweak
Goldstones plus the Higgs). Goldstone bosons are characterized by a La-
grangian shift symmetry

vi(z) = i(z) + ¢ (15)

[see Egs. (2) and (3)]. Therefore, not only the Higgs mass but also the
Higgs self-interactions would vanish in this case. These parameters should
be generated through quantum effects (or additional symmetry breakings)
and would be naturally small. A simple example is provided by the popular
SO(5)/SO(4) minimal composite Higgs model [35, 36].

The Higgs mass could also be protected by scale symmetry, i.e., invari-
ance of the action under transformations of scale

at =2t o(x) = £ o(x/S). (16)

In the SM, this symmetry is broken by the quadratic term in the scalar
potential which generates the EWSB and the Higgs mass. A scale-invariant
SM would only contain massless fields in the Lagrangian. The Higgs-like
boson could then arise as a dilaton, the pseudo-Goldstone boson associated
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with the spontaneous breaking of scale invariance at some scale f, > v
[37—41]. Although a naive dilaton is basically ruled out by the data, there are
other viable implementations of this idea. For instance, one could imagine
the existence of an underlying conformal theory at Axp; masses should then
be generated through quantum effects at lower scales [42].

5. The heaviest mass scale of the SM

The top quark is a very sensitive probe of the EWSB, since it is the
heaviest fundamental particle within the SM framework. Its large mass’,

my = (173.34 £ 0.76) GeV [43], makes the top very different from all other
quarks, with a Yukawa coupling amazingly close to one

g = \f my = 224G/ *my = 0.995 ~ 1. (17)
For comparison, y, ~ 0.025 and y. ~ 0.007 > ys4,. One could won-
der whether the top quark is really a genuine SM particle. If some (non-
perturbative) strong dynamics is responsible for the EWSB, the top should
obviously be directly linked to it.

Up to now, top quarks have only been detected through their decay
mode t — Wb, because the top couplings to the lighter quark generations
are very small. The measured single-top production cross section implies
|Vip| > 0.92 (95% C.L.) [46, 47].

Virtual top contributions dominate the electroweak quantum corrections
to many relevant quantities, such as the W+ and Z propagators [48] or the
Zbb vertex [49, 50]. These effects increase quadratically with the top mass,
while virtual Higgs contributions grow logarithmically with Mg in the gauge
self-energies and are negligible in Zbb. This provides a quite good sensitivity
to m; and My through precision electroweak data. As shown in Fig. 8,
the direct measurements of the Higgs, top and W= masses are in beautiful
agreement with the values extracted indirectly from global electroweak fits.
This constitutes a very significant test of the SM at the quantum level.

Quantum corrections to M are also dominated by contributions from
top loops, which grow logarithmically with the renormalization scale u

M? 292

202
! This value is obtained from a kinematical reconstruction of the top decay products
and refers to the mass parameter implemented in the Monte Carlo simulations. Al-
though its relation with a well-defined QCD mass is unclear, it is usually identified
with the pole of the perturbative quark propagator. This introduces an additional
theoretical uncertainty of the order of 1 GeV [44, 45].

(A 43 (47 = A) log (u/my)] - (18)
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Fig. 8. SM electroweak fit in the m;—My plane, with (dark grey/blue) and without
(light grey) My, compared with the direct measurements of the top and W masses

(grey/green) [51].

As expected, My is brought close to the heaviest SM mass m; = y; v/ V2.
Since the physical value of My is fixed, the tree-level contribution 2v?\ (1)
decreases with increasing p.

Figure 9 shows the evolution of A(u) up to the Planck scale (Mp) =
1.2 x 10 GeV), at the next-to-next-to-leading order, varying my, as(M2)
and My by +30 [52]. The quartic coupling remains weak in the entire
energy domain below Mp) and crosses A = 0 at very high energies, around

0.10
008: 30" bandsin |
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Fig.9. Evolution of A(p) with the renormalization scale [52].
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10'0 GeV. The values of My and m; are very close to those needed for
absolute stability of the potential (A > 0) up to Mp), which would require
Mg > (129.6 £ 1.5) GeV [52] (£5.6 GeV with more conservative errors
on my [53]). Even if A becomes slightly negative at very high energies,
the resulting potential instability leads to an electroweak vacuum lifetime
much larger than any relevant astrophysical or cosmological scale. Thus, the
measured Higgs and top masses result in a metastable vacuum [52] and the
SM could be valid up to Mp;. The possibility of some new-physics threshold
at scales A ~ Mpy, leading to the matching condition A(A) = 0, is obviously
intriguing.

6. Scalar-singlet extension of the SM

The relation My, = My cos By is a very successful prediction of the SM
Higgs mechanism, which originates in the doublet structure of the SM scalar
field. An extended scalar sector with several fields @; belonging to different
SU(2)L, ® U(1)y representations (7;,Y;) would lead, in general, to a different
relation between the gauge-boson masses. At tree level, one easily gets the
result

My X [G(T+1) - VP
M?2 cos0y 25 v2Y? ’

p (19)
with v;/v/2 the vacuum expectation value of the neutral field component
of the ®; multiplet. In the SM, with a single scalar doublet (T' = 1) of

1

hypercharge Y = 3, one gets p = 1. The same prediction would obviously

29
be obtained adding an arbitrary number of doublets with Y = % and singlet
fields (7; = Y; = 0). Scalar multiplets in higher SU(2);, representations
would result in p # 1, unless their hypercharges are conveniently tuned to
get the desired result. Therefore, doublets and singlets are the favoured
candidates for building alternative models of perturbative EWSB.

The simplest extension of the SM scalar sector is provided by the addi-
tion of a real scalar field S, singlet under the SM gauge group. The scalar

potential takes the form

'1)2 2 1)2
V(D,5) = A <|q5|2 - 2) + (as S + be S?) <|45|2 - 2)
12 5% 4 ag S + g St (20)

A possible linear term in S has been eliminated through a redefinition of
the singlet field. With this parametrization, the minimum of the scalar
potential is obtained at (0S]0) = 0 and (0|¢(®]0) = v/v/2, provided that
4\ /L% > agj > 0. Requiring a positive growing of the potential at large field
values implies the conditions A, Ag, bg > 0.
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The physical spectrum of the model contains two neutral scalars. The
potential V (@, S) mixes the singlet scalar field S with the neutral component
of the scalar doublet ¢(©) = % (v+ (ﬁ) Diagonalizing the terms quadratic
in the fields, one easily finds the mass eigenstates

()= G o] (2) @)

with the mixing angle given by

[0%:X%
tan2a =

—_——. 22

We adopt the convention M; < My and —
two neutral scalars are then

7 < a < 3. The masses of the

M}=Y-A<Mi=X+A, (23)

where

D=0+ i, A= \/(vgx\—u%f—i—aiv? (24)

The field S does not couple to fermions and gauge bosons because it is
a singlet under SU(2);, ® U(1)y transformations. Therefore, the physical
scalars h and H only couple to those particles through their doublet com-
ponent ¢, which results in a universal reduction of all their couplings with
respect to the SM Higgs:

h _— h —
KV = Gpyv/GHvy = cosa, Ky = yhff/y%v}f = cosa,
K = ggvv /9 = sina, m? = Yuysp/Yip = sina. (25)

The lighter scalar has the same decay branching ratios as the SM Higgs,
Br(h — f) = Br(h — f)gy, while its total decay width is reduced by a
factor I}, /IS = cos®a. For the heavier scalar H, one must take also into
account the decay H — hh, which is allowed for My > 2My. Thus, one
gets the signal strengths

pn = cos’a, BH VY= sin?a [1 — Br(H — hh)] . (26)

Figure 10 shows the present phenomenological constraints on the mixing
factor sin« [54], assuming that the lighter scalar state corresponds to the
discovered Higgs boson, i.e., My = 125 GeV. The measured Higgs signal
strengths imply a direct lower bound on cos?a and a corresponding upper
limit on [sin«a| which is indicated by the horizontal line (magenta (6)) (a
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slightly better limit is obtained with the updated values in Table II). The
green (5) curve displays the bounds from direct heavy Higgs searches. The
figure shows also some theoretical constraints obtained with the require-
ments of perturbative unitarity (grey (4)) and a perturbative A coupling
(blue (3)), taking tan 8 = 4vAs/ag = 0.1. The yellow (2) curve shows the
constraints from global electroweak precision fits to the gauge-boson self-
energies, parametrized through the so-called oblique parameters .S, T" and U.

1

—— W boson mass (1)

0.9 EW observables (S,T,U) (2)
0.8 e, @y q | M perturl‘)ativit)‘/ (t§n|3=0.1) (3)
oo ]| e perturbative unitarity (tanf=0.1) |(4)

0.7 e LHC SM Higgs searches (5)
06 -+ Higgs signal rates (6)

05 |
04 |
03
0.2
0.1

| sinc.| (upper limit)

200 300 400 500 600 700 800 900 1000
m [GeV]

Fig.10. 95% C.L. upper limits on the neutral mixing factor |sin @], as a function
of the heavier scalar mass My [54].

The most stringent limit (solid (red (1)) line) [55] comes from the precise
experimental measurement of My. The neutral scalars contribute to the Z
and W¥ self-energies through the loop diagrams shown in Fig. 11, gener-

ating a quantum correction Ar to the relation (My and « are SM input
parameters)

M2 TQ
M2 (1— W): 14+ Ar) . 27
W M2 ﬂGF( ) (27)

h, H
wz oWz
W\M
W z

Fig. 11. Scalar loop contributions to the gauge boson self-energies.
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Compared with the SM, the additional loop contributions scale with sin%a,

Ar — Ar™ = ArH L Arh — AP« sin?a, (28)
< —
sin? o cos2a—1

which allows one to set a tight constraint on the scalar mixing angle. Thus,
a very heavy neutral scalar above 700 GeV should necessarily have quite
suppressed couplings to the fermions and gauge bosons.

A particularly interesting possibility is the unmixed case of & = 0, which
occurs when ag = 0. The absence of mixing can be guaranteed at the quan-
tum level imposing the Lagrangian to be symmetric under the discrete Zo
transformation S — —§, which excludes terms linear or cubic in the sin-
glet field, i.e., ay = ag = 0. The singlet scalar becomes then an absolutely
stable dark matter (DM) candidate, which only communicates with the rest
of the world through its coupling with the scalar doublet bg S?|®|? (Higgs
portal) [56]. This provides the simplest example of an ultraviolet-complete
theory containing a weakly-interacting massive particle (WIMP) as a viable
candidate for DM. This model satisfies all present experimental constraints
(scattering of S on nucleons through Higgs exchange, annihilation into SM
particles through SS — HH, invisible Higgs decay width) and is able to
reproduce the observed DM relic density with natural values of |bg| < 1 and
Mg below a few TeV, predicting at the same time a cross section for scatter-
ing on nucleons that is not far from the current direct detection limit [57].

7. Multi-Higgs-Doublet Models

Let us consider an extended scalar sector involving N SU(2), doublets ¢,
with hypercharge ¥ = % It contains 4N real scalars; 3 of them are needed
as electroweak Goldstones, giving rise to the longitudinal polarizations of the
gauge bosons, and 4N — 3 Higgses remain in the physical spectrum: (N —1)
positively charged particles with their corresponding negatively charged an-
tiparticles and 2N — 1 neutral bosons. The rich variety of fields provides a
broad range of dynamical possibilities with very interesting phenomenolog-
ical implications.

The neutral components of the scalar doublets acquire vacuum expecta-
tion values which, in general, could be complex: (0| ¢ (z)|0) = % (0,0, ea).
Without loss of generality, we can enforce #; = 0 through an appropriate
U(1)y transformation. It is convenient to perform a global SU(N) trans-
formation in the space of scalar fields, so that only one doublet acquires

non-zero vacuum expectation value v = (v2 + ...+ UJQV)I/ ?. This defines the
so-called Higgs basis, with the doublets parametrized as
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e HY

Oy = \}i(v—%Sl—HGO)]’ ¢a>1:[\z(5a+iPa)}' (29)

In this basis, the Goldstone fields G*(x) and G%(z) get isolated as com-
ponents of &1, which is the only doublet responsible for the EWSB and
plays the same role as the SM Higgs. The physical charged (neutral) mass
eigenstates are linear combinations of the scalar fields HY (S, and P,),
determined by the scalar potential.

The scalar field S couples to the gauge bosons in exactly the same way as
the SM Higgs, i.e., its gauge couplings are given by Eq. (5) with H replaced
by S1. Writing S in terms of neutral mass eigenstates go?, S1=Y; RilSD?,
one gets |g 0y /gy y| = [Rit| < 1. Moreover, the orthogonality of the field
transformation Rij implies

2N-1
2

E gigvv = (QJSLIMVV) . (30)

i=1

Thus, the gauge coupling of the SM Higgs is shared among the fields go?.
All scalar doublets can couple to the fermion fields. The most general
Yukawa Lagrangian with N scalar doublets takes the form

N
Ly = =3 {Qh (V1 budi + P b)) + LL I b} +hc., (31)
a=1
where &a(m) =it ¢}, Qp and Li denote the left-handed quark and lepton
doublets and dp, up and ¢ are the corresponding right-handed fermion
singlets. For simplicity, we do not consider right-handed neutrinos, al-
though they could be easily incorporated. All fermionic fields are written
as Ng-dimensional flavour vectors, with Ng the number of fermion fami-
lies, i.e., dy = (di, sks by, ---)T and similarly for uk, ¢k, Qf and Lj. The
couplings y}“) (f =d,u,?) are then Ng x Ng complex matrices in flavour
space.
The physics of these Yukawa interactions becomes more transparent in
the Higgs basis

N N N N
SRR SRS SECE S SR
a=1 a=1 a=1 a=1
The fermion masses originate from the @1 couplings, because @1 is the only
scalar field acquiring a vacuum expectation value

_yy Y
M} =Y} % (33)
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The diagonalization of the fermion mass matrices M} (f = d,u,() defines
the fermion mass eigenstates w;, d;, ¢; (i = 1,..., Ng) with diagonal mass
matrices My. In the SM, with only one scalar doublet, this automati-
cally diagonalizes the Higgs interactions which are flavour conserving. In
the fermion mass-eigenstate basis, the Z couplings are also diagonal (GIM
mechanism [58]) and the only source of flavour-changing transitions is the
Cabibbo-Kobayashi-Maskawa (CKM) [59, 60] quark mixing matrix appear-
ing in the W interactions. The extraordinary phenomenological success
of the SM description of flavour is deeply rooted in the unitarity structure
of the CKM matrix and the absence of any flavour-changing vertices in the
interactions of the neutral fields [61].

When more scalar doublets are present (N > 1), there are several Yukawa

matrices Y@’ coupled to the same type of right-handed fermions fgr. In gen-
eral, one cannot diagonalize simultaneously all these matrices. Therefore,
in the fermion mass-eigenstate basis, the matrices Yf(a) with a # 1 remain
non-diagonal giving rise to dangerous flavour-changing transitions mediated
by the neutral scalars. The appearance of flavour-changing neutral-current
(FCNC) interactions represents a major shortcoming of the model. Since
FCNC phenomena are experimentally tightly constrained, one needs to im-
plement ad hoc dynamical restrictions to guarantee the suppression of the
FCNC couplings at the required level. Unless the Yukawa couplings are
very small or the scalar bosons very heavy, a very specific flavour structure
is required by the data.

7.1. Flavour alignment

The unwanted non-diagonal neutral couplings can be eliminated requir-
ing the alignment in flavour space of the Yukawa matrices [62, 63]

a) a 1) \/5 a
Yd(,é) = gc(l,é) Yd(,z) =0 g((i,f) Mgy,
’ / 2
Yu(a) _ géa)* Yu(l) _ \,U[ §1(f)* Mq:, (34)

(a)

where Sp are complex proportionality parameters (g](cl) = 1). All Yukawa
matrices coupling to a given type of right-handed fermions are assumed to
be proportional to each other and can, therefore, be diagonalized simulta-
neously. In terms of fermion mass eigenstates, Ly takes then the form

N
2 o 0
Ly = V2 SooH) {gfl D aLV Mydg — <\ ag M Vdy, + ¢\ o.M, ER}
a=2

v
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N
= 1 1
_ - _ = g (a)*
zf: fLMffR {1 + U Sl} " az:; [Sa ZPa} Su ur, Myur
1 < _ _
—= Y [Sa+iP] {gjﬁ i Mydg + ¢\ ELMMR} the (35)
a=2

The flavour alignment results in a very specific structure, with all fermion—
scalar interactions being proportional to the corresponding fermion masses.
This leads to an interesting hierarchy of FCNC effects, suppressing them
in light-quark systems while allowing potentially relevant signals in heavy-
quark transitions. The only source of flavour-changing phenomena is the
CKM matrix V, appearing in the W* and HF interactions. Flavour mixing
does not occur in the lepton sector because of the absence of right-handed
neutrinos. The Yukawa Lagrangian is fully characterized in terms of the

3(N —1) complex parameters gj([a) (a # 1), which provide new sources of CP
violation without tree-level FCNCs.

7.2. The Aligned Two-Higgs-Doublet Model

With N = 2, one has the Aligned Two-Higgs-Doublet Model (A2HDM)
[62], which contains one charged scalar field H*(x) and three neutral mass
eigenstates ¥ (x) = {h(x), H(z), A(x)}, related through an orthogonal trans-
formation with the original fields S; = {S1(x), S2(z), Pay(z)}: @¥(z) =
Rij Sj(x). In the most general case, the CP-odd component P> mixes with
the CP-even fields S 2 and the resulting scalar mass eigenstates do not have
definite CP quantum numbers. For a CP-conserving scalar potential, this
admixture disappears, giving A(z) = P2(z) and

h cosa sina St
=1 . - - (36)
H —siné&@ cos& So
We adopt the conventions My, < My and 0 < a < .
The Yukawa Lagrangian is parametrized in terms of the three complex
couplings g}z) = ¢y, which encode all possible freedom allowed by the align-
ment conditions. In terms of mass eigenstates,

V2
EQ?HDM = - Ht {gdﬂLVMddR — Guar M Vdy, + ¢ ELMMR}
_ 1 0
=D FuMpfa 3142 D up el b b, (37
7 o7
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with
0 . 9 : *
yi’g =R+ (Riz +iRi3) Sare Yo' =R+ Rz —iRiz)ss.  (38)

The A2HDM constitutes a very general framework which includes, for
particular values of its parameters, all previously considered two-Higgs dou-
blet models without FCNCs [64]. FCNCs are usually avoided imposing ap-
propriately chosen discrete Z5 symmetries such that only one scalar doublet
couples to a given type of right-handed fermion field [65, 66]. Thus, one
takes either y}”' =0or yj?" = 0 in Eq. (31). The choice can be different
for f = wu,d, ¢, leading to four different Z5 models: type I (all right-handed
fermions couple to ¢2) [67, 68|, type II (dr and ¢g couple to ¢, while ug
couples to ¢2) (68, 69], type X (leptophilic or lepton specific; g couples
to ¢1, and dgr and ug couple to ¢2) and type Y (flipped; dr couples to ¢1,
and /g and ug couple to ¢2) [70]. The resulting models are recovered for
the particular values of ¢y indicated in Table III. The Z; symmetries imply
real alignment parameters and a CP-conserving scalar potential.

TABLE III

CP-conserving Z, models (tan 8 = vy /v1) [62].

Model Sd Su Se

Type I cotB cotp cot 8
Type Il | —tanf cotf3 —tanpf
Type X cotB cotfS —tanpf
TypeY | —tanf cotf cot 3
Inert 0 0 0

A different scenario appears if the Z5 symmetry is imposed in the Higgs
basis. In that case, all right-handed fermions must couple to @1 in order to
get their masses and, therefore, @9 decouples from the fermions and gauge
bosons [71]. The resulting Inert Doublet Model contains four dark scalars
with limited interactions with the SM particles. The lightest of them is stable
and (if neutral) is a good candidate for DM. This inert model is in agreement
with current data, both from accelerator and astrophysical experiments, and
can accommodate the needed DM relic density. However, since the CKM
phase is the only source of CP violation, as in the SM, it fails to be a correct
model for baryogenesis [72].

The underlying discrete symmetry makes the flavour structure of the
Z5 models stable under quantum corrections (natural flavour conservation).
This is no longer true in the more general A2HDM framework, where loop
corrections generate a small misalignment of the Yukawa matrices |62, 73-75].
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However, the flavour symmetries of the A2HDM tightly constrain the pos-
sible FCNC structures, keeping their effects well below the present experi-
mental bounds [62, 73, 76, 77].

7.8. A2HDM phenomenology

The built-in flavour symmetries protect very efficiently the aligned model
from unwanted effects, allowing it to easily satisfy the experimental con-
straints. Leptonic and semileptonic decays are sensitive to tree-level H*-ex-
change contributions but, owing to the fermion-mass suppression of the
Yukawa couplings, the resulting constraints on the ¢y parameters are quite
weak [73]°. In spite of its flavour-blind CP phases, the A2HDM satisfies also
all present bounds on electric dipole moments [79], although interesting sig-
nals could be expected within the projected sensitivity of the next-generation
of experiments.

More stringent bounds are obtained from loop-induced transitions involv-
ing virtual top-quark contributions, where the H* corrections are enhanced
by the top mass. Direct limits on |g,| can be derived from the Z — bb decay
width, the mass difference AMpo between the BY~B° mass eigenstates, and
the CP-violating parameter e characterizing the mixing of neutral kaons.
The last observable provides the strongest limits, which are shown in Fig. 12.
Other important constraints are obtained from rare FCNC decays such as
B — X¢v [73, 80, 81] (Fig. 13) or B — T4~ [76].

2.0F

151

[$ul
o
T

0.5/

0.0l : : :
100 200 300 400 500
MH/GeV

Fig.12. 95% C.L. bounds on g, from €k, as a function of Mg+ [73].

2 Some experimental flavour anomalies, such as the recently measured ratios R(D<*)) =
Br(B — D™ 7u)/Br(B — D™ (v) with £ = e, u, are however difficult to accommo-
date within the A2HDM [78].
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Fig.13. 95% C.L. constraints on g, 4 from B — X7, assuming real couplings [81].

The A2HDM leads also to a rich collider phenomenology. Neglecting
CP-violation effects, the couplings of the neutral scalars to the fermions and
gauge bosons are given, in units of the SM Higgs couplings, by

~ .~ A .
y}‘ = cosa +¢Sfsina, Y1 = 1Sd,1

ny = —Sin&—{—gfcos&, y,f :_Zg’u,a (39)
and (K«S&? = goovyv /gy, V =WE Z)
v =90vv/I9HVY> ’

K = cosd, = —sina, K =0. (40)

The CP symmetry implies a vanishing gauge coupling of the CP-odd scalar A.
In the limit of @ — 0, the h couplings are identical to those of the SM Higgs
field, the heavier CP-even scalar H decouples from the gauge bosons and
]yf | = |y}4| = |¢¢|. The opposite behaviour (up to a global sign) is obtained
for & — m/2. The trivial trigonometric relation between sin & and cos &
generates the sum rules [82]

KPP =1—kbl?, WP =P =1-10?, syl =1-wby},
(41)
relating the couplings of the three neutral scalars.
Assuming that the lightest CP-even scalar h is the Higgs boson discov-
ered at 125 GeV, a global fit to the LHC data gives [82, 83]

|cosd@| > 0.90 (0.80), (42)

or equivalently sin& < 0.44 (0.60), at 68% C.L. (90% C.L.). Figure 14 [82]
shows the allowed regions (light grey/yellow) at 90% C.L., in the planes
sin &, (top left), y"—yl (top right), yi—y" (bottom left), and y!—y! (bot-
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Fig.14. Allowed 90% C.L. regions (light grey/yellow) from a global fit of h(125)
collider data together with Z — bb and B — X,v, within the CP-conserving
A2HDM. Neutral Higgs searches at the LHC, taking My € [200,600] GeV and
My € [150,600] GeV, shrink the allowed regions to the dark grey/purple areas [82].

tom right), including also in the fit the constraints from Z — bb and
B — X,y data. The LHC searches for higher-mass neutral scalars provide
complementary information, through the sum rules (41), shrinking the al-
lowed regions to the dark grey/purple areas (assuming My € [200, 600] GeV
and My € [150,600] GeV). Notice that the allowed parameter space would
be much smaller in any of the Z5 models discussed before. For instance,
in the type I model, one has the additional restriction ¢4 = ¢, = ¢y, which
implies ys =yt = yél.

Although the gauge coupling of the h(125) boson is found to be very
close to the SM limit, there is still ample room for new physics effects related
with the additional scalars. For instance, a very light fermiophobic charged
Higgs (sf = 0), even below 80 GeV, is perfectly allowed by data [82, 84].
The experimental bounds on new-physics contributions to the gauge-boson
self-energies (Fig. 11 plus the additional diagrams with HT) are satisfied,
provided the mass differences |My+ — My| and | Mg+ — My| are not both
large (> 50-100 GeV) at the same time [82, 83]. If a charged Higgs is found
below the TeV scale, an additional neutral boson should be around.
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8. Custodial symmetry and dynamical EWSB

It is convenient to collect the SM Higgs doublet @ and its charge-conjugate
& = joyd* into the 2 X 2 matrix

v = (é,2) :< _‘p;*_ q; >=\2(U+H) U(@), (43)

where the 3 Goldstone bosons are parametrized through the unitary matrix

[

- (-
U(g) Eexp{a-cp(:r)}. (44)
With this field notation, the SM scalar Lagrangian (3) adopts the form [85]

Ly = %Tr [(DME)TD“Z} _% <Tr {ETZ’} —1)2)2

,02

- oM (D) DU+ O(H/v). (45)
This expression makes manifest the existence of a global SU(2)r, ® SU(2)r
symmetry

S Ygk, gy €SU@)x. (46)

The ground state corresponds to a configuration proportional to the identity
matrix, (0|X|0) = (v/+/2) I, which is only preserved by those transforma-
tions satisfying g, = gr, i.e., by the so-called custodial symmetry group
SU(2)y [86]. Thus, the SM scalar Lagrangian is characterized by the chiral
symmetry breaking

SU(2)L, ® SU(2)r — SU(2)y . (47)

The SM promotes the SU(2)r, group to a local gauge symmetry, while only
the U(1)y subgroup of SU(2)g is gauged. The SU(2)g symmetry is then
explicitly broken at O(g’) through the U(1)y interaction in the covariant
derivative.

The second line in (45), without the Higgs field, is the universal Gold-
stone Lagrangian associated with the chiral symmetry breaking (47). Any
dynamical theory with this pattern of symmetry breaking has the same Gold-
stone interactions at energies lower than the symmetry breaking scale v. The
same Lagrangian describes the low-energy chiral dynamics of the QCD pions,
with the notational changes v — fr and g — 7 [85].

The Goldstone covariant derivatives generate the masses of the gauge
bosons. The successful relation between the W+ and Z masses is a conse-
quence of the symmetry properties of (45) and not of the particular dynamics
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implemented in the SM scalar potential. The gauge boson masses are not
necessarily related to the Higgs field. The QCD pions also generate a tiny
contribution to the W+ and Z masses, proportional to the pion decay con-
stant fr.

The EWSB could arise from some strongly-coupled underlying dynamics,
similarly to what happens with chiral symmetry in QCD. The dynamics of
the electroweak Goldstones and the Higgs boson can be analysed in a model-
independent way by using a low-energy effective Lagrangian [85], based on
the known pattern of chiral symmetry breaking in Eq. (47). In full generality,
the Higgs is taken as a singlet field, unrelated to the Goldstone triplet .
The effective Lagrangian is organized as a low-energy expansion in powers
of momenta (derivatives) and symmetry breakings

Leg=) Ln. (48)
n=2

At lowest order (LO), O(p?), it contains the renormalizable massless (un-
broken) SM Lagrangian, plus the Goldstone term in (45) multiplied by an
arbitrary function of the Higgs field® F,(H/v) = >, _q Fun (H/v)" [87].
The Lagrangian L9 includes in addition the kinetic Higgs Lagrangian and a
scalar potential V(H/v) containing arbitrary powers of H /v.

Since the electroweak Goldstones constitute the longitudinal polariza-
tions of the gauge bosons, the scattering VLV, — WW, (V. = W+, 2)
directly tests the Goldstone dynamics. In the absence of the Higgs field,
the tree-level scattering matrix has the same form as the elastic scattering
amplitude of QCD pions

M
T (WiWL > WIWr) = T(ete™ = ete™)+0 ( \/ng>

= S;t+o<{4/vg> . (49)

At high energies, it grows as s/v? which implies an unacceptable violation of
unitarity. In the SM, the right high-energy behaviour is recovered through
the additional contributions from Higgs boson exchange in Fig. 15, which
exactly cancel the unphysical growing

T L oy s? t2 M% st

= —= S — —_— = — .

B2 s— M3 t— M3 02 | s— M} t—M}{( |
50

% The non-linear representation of the Goldstone fields in Eq. (44) contains arbitrary
powers of J compensated by corresponding powers of the electroweak scale v. If H
and J are assumed to have similar origins, powers of H/v do not increase either the
chiral dimension.
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Fig. 15. Tree-level contributions to the scattering of gauge bosons.

However, this subtle cancellation is destroyed with generic HV? couplings.
One-loop corrections induce a much worse ultraviolet behaviour s?log s/v*
[88, 89], which is only cancelled if the gauge couplings of the Higgs boson
take exactly their SM values. Any small deviation from the SM in the Higgs
couplings would necessarily imply the presence of new-physics contributions
to the V1,1, — VLV, scattering amplitude, in order to restore unitarity. The
same applies to the gauge-boson self-interactions which are also relevant in
this unitarity cancellation. Therefore, the measurement of o(V1,V1, — V1,11)
at the LHC is a very important, but difficult, challenge. The first evidence
of WEW#* collisions has been recently reported by ATLAS [90], and used
to set limits on anomalous quartic gauge couplings.

At the next-to-leading order, one must consider one-loop contributions
from the LO Lagrangian plus O(p*) local structures

Ly=) Fi(H/v)Oi,  Fi(H[v)=) Fin <Ij> . (51
i n=0

Writing the most general basis of operators O; [91-97], built with the known
(light) fields and the SM symmetries, the effective Lagrangian parametrizes
the low-energy effects of any underlying short-distance theory compatible
with these symmetries.

In the absence of direct discoveries of new particles, the only possible
signals of the high-energy dynamics are hidden in the couplings of the low-
energy electroweak effective theory [97], which can be tested through scat-
tering amplitudes among the known particles. They can be accessed exper-
imentally through precision measurements of anomalous triple and quartic
gauge couplings, scattering amplitudes of longitudinal gauge bosons, Higgs
couplings, etc. [98].

9. Status and outlook

After the Higgs discovery, the SM framework is now fully established
as the correct theory describing the interactions of the elementary particles
at the electroweak scale. With the measured Higgs and top masses, the
SM could even be a valid theory up to the Planck scale. However, new
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physics is still needed to explain many pending questions for which we are
lacking a proper understanding, such as the matter—antimatter asymmetry,
the pattern of flavour mixings and fermion masses, the nature of dark matter
or the accelerated expansion of the Universe. The SM accommodates the
measured masses, but it does not explain the vastly different mass scales
spanned by the known particles. The dynamics of flavour and the origin of
CP violation are also related to the mass generation.

The Higgs boson could well be a window into an unknown dynamical ter-
ritory, may be also related to the intriguing existence of massive dark objects
in our Universe. Therefore, the Higgs properties must be analysed with high
precision to uncover any possible deviation from the SM. The present data
are already putting stringent constraints on alternative scenarios of EWSB
and pushing the scale of new physics to higher energies. How far this scale
could be is an open question of obvious experimental relevance.

The ongoing LHC run could bring interesting surprises. The first results
released from the full 2015 data sample, at /s = 13 TeV, show already
some hints of a possible 2 resonance structure at Mo, = 750 GeV [99-101].
The statistical significance is still low and the signal could well be just a
statistical fluctuation; otherwise we could be witnessing the first indications
of a second scalar boson and the emergence of a new fundamental paradigm.
In any case, there is no doubt that as more data will get accumulated, we
will learn which directions Nature has chosen to organize the microscopic
world of particle physics. We are awaiting for great discoveries; the LHC
scientific adventure is just starting.
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