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We give a brief review of beyond-the-Standard Model (BSM) extensions of the Standard Model

(SM) Higgs sector. Going from very simple to more complicated models, our survey includes

models with additional scalar singlet fields, the Two Higgs Doublet Model (2HDM) and the Higgs

sector of the Minimal Supersymmetric Standard Model (MSSM). We discuss the impact of current

experimental results from LHC Higgs searches and measurements and the prospective reach of

the LHC in the high-luminosity (HL) phase. We furthermore highlight possible new collider

signatures within these models that have not been experimentally probed to date.

DESY 19-150

ALPS 2019 An Alpine LHC Physics Summit

April 22 - 27, 2019

Obergurgl, Austria

∗Speaker.

c© Copyright owned by the author(s) under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

ar
X

iv
:1

9
0

8
.1

0
9

0
0

v
1

  
[h

ep
-p

h
] 

 2
8

 A
u

g
 2

0
1

9



BSM Higgs physics Tim Stefaniak

1. Introduction

In the Standard Model (SM) of particle physics one fundamental complex scalar SU(2)L dou-

blet field Φ with hypercharge + 1
2

and a scalar potential V (Φ) = µ2
Φ

†
Φ+λ (Φ†

Φ)2 is responsible

for the spontaneous breaking of the electroweak symmetry. This Brout-Englert-Higgs (BEH) mech-

anism successfully explains the non-zero masses of the electroweak (W±,Z) gauge bosons, as well

as the SM fermion masses via gauge-invariant and renormalizable interactions, restores unitarity

of the scattering amplitude, and predicts the existence of one fundamental scalar particle — the

Higgs boson. The discovery of a scalar boson with a mass M ≃ 125 GeV at the LHC in 2012 and

the on-going measurements of its properties thus far confirm this SM picture — within the current

experimental precision. The discovered scalar particle is a “SM-like” Higgs boson. On the other

hand, the shape of the scalar potential V (Φ) is yet to be confirmed experimentally.1

At first glance, the minimality of the scalar sector of the SM as well as its effectiveness in

describing all current experimental data are quite convincing that we have finally completed the

particle physics picture. At second glance, however, we find that the Higgs boson, or more gen-

erally, the scalar potential, is a unique place to anticipate effects from new physics beyond the

SM (BSM). The Higgs field may interact with the dark matter (DM) sector through a so-called

Higgs portal [2], and may play a crucial role in the generation of the baryon asymmetry of the

Universe [3]. BSM theories addressing the so-called hierarchy problem, i.e. the quadratic sensi-

tivity of the Higgs mass parameter to the UV cutoff scale which in turn requires an “unnatural”

fine-tuning of the bare mass parameter, generally modify or extend the Higgs sector. One of such

theories is Supersymmetry (SUSY), and supersymmetric versions of the SM contain at least two

Higgs doublets. Other aspects that may motivate an extension of the scalar sector are a possible

improvement of the stability of the vacuum or an explanation of (yet-inconclusive) experimental

anomalies seen in the current data (e.g., see Ref. [4] and Refs. [5], respectively, for discussions on

either topic at this workshop).

Quite generally, new physics in the scalar sector can lead to three observational effects: (i) mod-

ifications of the 125 GeV Higgs boson properties (couplings, decay rates, CP-properties); (ii) exis-

tence of additional electrically neutral or charged scalar bosons; and (iii) interactions of the Higgs

boson (and other scalar bosons) with other new particles present in the BSM theory (e.g. supersym-

metric particles). Obviously, the Higgs sector is an exciting place to look for new physics effects,

and needs to be studied in detail at present and future colliders.

So far, experimental results from Run I and Run II of the LHC have been rather disillusioning.

All measurements of the 125 GeV Higgs boson properties are (within the current experimental

precision) in agreement with the SM predictions, and searches for additional scalar states have

not found any convincing hints of new particles. In addition, LHC searches for supersymmetric

particles or other exotic new particles, DM direct detection experiments, as well as searches for

electric dipole moments, have not found evidence for new physics yet. All these experimental facts

lead to important constraints on the new physics landscape. Therefore, in this work, we address the

following three questions:

1An independent determination of the quartic interaction λ requires the measurement of the Higgs self-coupling

which will not be possible at the LHC to good-enough precision [1].
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1. What do these (non-)observations tell us about new physics?

2. How much more can we probe in the future (at the LHC)?

3. Have we looked everywhere? Could we have missed a BSM signal?

Regarding the coupling properties of the 125 GeV Higgs boson, the sensitivity to new physics

can be assessed in an (in principle) model-independent way in the framework of an effective field

theory, as long as the new physics is too heavy or too weakly coupled to be directly accessible at

the experiment (see Ref. [6] for a discussion at this workshop). In contrast, in this work we focus

on specific renormalizable BSM models. While such studies are by definition model-dependent,

this approach is highly predictive, has no validity restrictions (beyond those inherent to the model)

and — most importantly — enables us to study the possible complementarity of different observ-

ables, e.g. searches for additional scalar bosons with the Higgs rate measurements, or even farther,

with flavor or dark matter observables. In order to confront BSM models with the experimen-

tal results from Higgs searches and measurements we largely employ the public computer tools

HiggsBounds [7] and HiggsSignals [8]. We discuss scalar singlet extensions of the SM in

Sec. 2 and scalar doublet extensions in Sec. 3. We conclude in Sec. 4.

2. Models with additional scalar singlets

2.1 Adding a real scalar singlet

Arguably the simplest extension of the SM Higgs sector is the addition of one real scalar degree

of freedom S which is a singlet under the SM gauge group. Assuming a discrete Z2 symmetry, the

scalar potential is given by

V (Φ,S) = µ2
Φ

Φ
†
Φ+µ2

S S2 +λ1(Φ
†
Φ)2 +λ2S4 +λ3Φ

†
ΦS2. (2.1)

If S does not acquire a vacuum expectation value (vev), 〈S〉 = 0, S is stable and thus a highly

constrained DM candidate (see Ref. [9] for a discussion at this workshop). No mixing between S

and the scalar doublet Φ occurs. In contrast, if 〈S〉 6= 0 the two scalar fields S and Φ mix, forming

the two physical scalar states h125 and hS (where h125 is identified with the observed Higgs boson),

and leading to the following collider signatures:

(i) A reduced signal strength of the 125 GeV Higgs boson as the Higgs couplings to SM

fermions and gauge bosons are universally suppressed by the mixing angle, sinα;

(ii) An additional scalar boson, hS, may be searched for at the LHC, produced and decaying

identically as a SM Higgs boson with the same mass, but with a highly reduced signal rate;

(iii) If hS is heavy enough it can decay into two SM-like Higgs bosons, hS → h125h125;

(iv) If hS is light enough, h125 can decay into two light scalar bosons, h125 → hShS.

Detailed phenomenological studies of this model have been presented e.g. in Refs. [10]. The

imprint of the first and fourth signature on the h125 properties can be simultaneously described

in terms of a universal coupling scale factor κ ≡ sinα and a generic branching ratio (BR) of the

Higgs decay to new physics, BR(H → NP)≡ BR(h125 → hShS). Taking into account all available

Higgs signal rate measurements from LHC Run I and Run II (up to 137 fb−1 [status: July 2019])
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to M1. In the latter case where h2 → h1h1, it may even be possible to reconstruct M2 from four

reconstructed b-jets. However, the experimental challenge of this signature is the softness of the

final state objects, possibly demanding the presence of an associated particle in the production

process (e.g., one additional jet, pp → h3 + j, or Higgs-Strahlung, pp → h3V [V =W±,Z]).

In contrast, in the other benchmark plane, BP6, we assume h1 to be at 125 GeV, and focus on

the signature pp → h3 → h2h2. The 13 TeV LHC signal rate is shown in Fig. 2 (right). If M2 >

250 GeV, the decay h2 → h1h1 happens to ∼ 30%, which in turn can lead to a spectacular cascade

pp → h3 → h2h2 → h1h1h1h1, with a rate . O(10 fb). If M2 ≤ 250 GeV, the most promising

signature is pp → h3 → h2h2 → W+W−W+W− and we find that a current ATLAS search [15] is

already sensitive to small parts of the parameter space.

3. Models with an additional scalar doublet

3.1 The CP-conserving Two-Higgs-Doublet Model (2HDM)

We now extend the SM scalar sector by a second scalar SU(2)L doublet field with hypercharge

+1
2

(see Refs. [16] for reviews). With a softly-broken Z2 symmetry (Φ1 → Φ1, Φ2 →−Φ2), and

assuming CP-conservation, the scalar potential in the general basis reads

V (Φ1,Φ2) =+m11Φ1
†
Φ1 +m22Φ2

†
Φ2 − [m12Φ1

†
Φ2 +h.c.]+ 1

2
λ1(Φ1

†
Φ1)

2 + 1
2
λ2(Φ2

†
Φ2)

2

+λ3(Φ1
†
Φ1)(Φ2

†
Φ2)+λ4(Φ1

†
Φ2)(Φ2

†
Φ1)+ [1

2
λ5(Φ1

†
Φ2)

2 +h.c.] (3.1)

with all parameters being real. The particle spectrum consists of two CP-even neutral Higgs bosons

h and H (with masses Mh ≤ MH), one CP-odd neutral Higgs boson A (with mass MA) and a pair

of charged Higgs bosons H± (with mass MH±). In order to suppress dangerous flavor-changing

neutral currents (FCNCs) at tree-level, the Z2 symmetry can be promoted to the fermion sector

(with four different possible Z2 charge assignments to the fermion types). In a 2HDM of Type-I

only Φ2 couples to the SM fermions, whereas in Type-II Φ2 couples to up-type quarks, and Φ1

couples to down-type quarks and leptons.

In the general basis, the mixing of the two CP-even Higgs states is described by the rotation

angle α , and we define tanβ ≡ v2/v1, where v1,2 are the vevs of the neutral components of the

doublet fields Φ1,2. The (SM normalized) Higgs couplings to vector bosons V = W±,Z for the

physical CP-even Higgs states h and H are then given at tree-level by

ghVV

ghSMVV

= sin(β −α) and
gHVV

ghSMVV

= cos(β −α). (3.2)

In the two possible alignment limits, sin(β −α)→ 1 or cos(β −α)→ 1, the Higgs state h or H,

respectively, has identical tree-level couplings to SM particles as predicted for a SM Higgs boson.

Hence, either Higgs state h or H can be identified as the observed Higgs state at 125 GeV. It is

therefore interesting to ask: Will we ever be able to distinguish these two cases?

It turns out that, within the 2HDM, the answer is yes, due to an interesting interplay between

the neutral Higgs bosons h,H (and possibly, A) with the charged Higgs boson, H±. Let’s assume

the heavy Higgs state H to be the observed Higgs boson. The Higgs rate measurements then require

the alignment limit, cos(β −α)→ 1, to be approximate realized. Interestingly, contributions from
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