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Does the value of the Higgs mass parameter affect the expectation value of local operators in the
Standard Model? For essentially all local operators the answer to this question is “no”, and this is one of the
avatars of the hierarchy problem: Nothing is “triggered” when the Higgs mass parameter crosses zero. In
this article, we explore settings in which Higgs mass parameters can act as a “trigger” for some local
operators Or. In the Standard Model, this happens for O = Tr(GG). We also introduce a “type-0” two
Higgs doublet model, with a Z; symmetry, for which Oy = HH, is triggered by the Higgs masses,
demanding the existence of new Higgs states necessarily comparable to or lighter than the weak scale, with
no wiggle room to decouple them whatsoever. Surprisingly, this model is not yet entirely excluded by
collider searches, and will be incisively probed by the high-luminosity run of the LHC, as well as future
Higgs factories. We also discuss a possibility for using this trigger to explain the origin of the weak scale,
invoking a landscape of extremely light, weakly interacting scalars ¢;, with a coupling to O7 needed to
make it possible to find vacua with small enough cosmological constant. The weak scale trigger links the
tuning of the Higgs mass to that of the cosmological constant, while coherent oscillations of the ¢; can

constitute dark matter.
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I. INTRODUCTION

The apparent failure of naturalness in accounting for the
minuscule size of both the cosmological constant and the
Higgs mass, is giving us a profound structural clue about
the laws of fundamental physics. One of many ways of
describing the hierarchy problem is in terms of how physics
depends on the mass parameter of the Higgs, m2. Finding
m7 < A3, where Ay is a UV scale for the Standard Model
(SM) effective field theory, is mysterious because there
is nothing special about m3 = 0 for scalars; there is no
difference in the number of degrees of freedom for massless
versus massive spin zero particles, nor any obvious differ-
ence in the number of symmetries when m3 = 0. Thus most
of the “dynamical” approaches to the hierarchy problem
embed the Higgs in a larger structure, where m3 is tied to
other parameters that are associated with symmetry
enhancements when m,zz =0, be it in the context of
supersymmetry (where the chiral symmetry of fermion
superpartners protects scalar masses), or theories of the
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Higgs as a pseudo-Goldstone boson in either their four-
dimensional or anti—de Sitter (AdS) avatars (where approxi-
mate shift symmetries play this role).

What does vary, as we change the Higgs mass parameter
m%? Obviously the spectrum of the Standard Model
changes, and this is detected by the nontrivial m3 depend-
ence of the two-point function propagators of the gauge
bosons, fermions and the Higgs. For instance the gauge-
invariant electron two-point function, e (x)W(x,y)e,(y),
where W(x,y) is an appropriate Wilson line, depends on
the distance between the two spacetime points (x — y) and
certainly does strongly depend on m3.

But we can also ask if there are any gauge invariant local
operators O(x), whose vacuum expectation value is sensi-
tive to m%. We can probe (O) by coupling O, parametrically
weakly, to some scalar ¢ via the coupling £¢O, and looking
at the effective action induced for ¢. At tree-level, obvi-
ously O, = h'h depends on m3. But of course, once loop
corrections are taken into account, (O,,) is not calculable in
the SM, which is one of the aspects of the hierarchy
problem. We can simply look at the tadpole diagram, from
Eph'h which induces EpAZ where Ay is the cutoff for the
Higgs sector. This is completely insensitive to m3, and
indeed (h'h) is essentially independent of the magnitude or
sign of m%l Continuing this line of thought leads to a more
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Experimental constraints on the type-0 2HDM in the my= — my plane (masses of the charged and new CP-even Higgses).

The three panels correspond to three different choices for the vev of the new Higgs doublet v; = (H?) = (0.2,0.3,0.5)v. The mass
of the new CP-Odd Higgs m, is fixed to 160 GeV. In all three cases we allow a 10% tuning of quartics, i.e., we take
A3+ Ay + A5 = 0.1|A4 + As| = 0.2(my=/v)*. In red we show the bound from H* pair production at LEP [1,2] and in yellow from
HZ associated production and decays to fermions [3]. In light blue we display the bound from ElectroWeak Precision Tests [4] on the S,
T, and U oblique parameters [5,6]. In light green we show bounds from searches for B — Xy [7,8]. Indirect constraints from Higgs
coupling measurements set an upper bound on BR(2 — HH) (in blue). The impact of LHC searches for t — H"b is shown in pink
[9-12]. Theoretical constraints (in gray) from low energy Landau poles and the SM Higgs mass are summarized at the beginning of
Sec. III B. At high masses there is no solution for the quartics which gives m; = 125 GeV.

invariant characterization of “tuning” associated with
solutions of the hierarchy problem. Recall that the hier-
archy problem is sharply posed in theories that allow the
Higgs mass squared to be calculable, rather than taken as an
input parameter. A closely related characterization is to find
a theory in which (h'h) is calculable. In supersymmetric
theories, (h'h) ~ m% sy (mgysy is the soft supersymmetry
breaking mass) while in composite Higgs models, (h'h) ~
f2 (f, is the decay constant of the composite meson/pion).
From this perspective, the “degree of tuning” becomes a
m”ﬁ—%, and in all known theories where
both m3 and (h'h) are calculable, making r tiny requires
the usual fine-tuning of parameters in the ultraviolet (UV)
theory.

In this paper, we explore a different line of attack on the
hierarchy problem. We will look for operators O that are
sensitive to, or triggered by, scalar m* parameters. More
precisely, we consider operators whose vacuum expectation
value is calculable and sensitive to m2, ie., d log(O)/
d log m3 ~ O(1). In the SM itself there is essentially a
unique option-Og = Tr(GG). Another simple possibility
for O presents itself in a two-Higgs doublet extension of
the Standard Model, with Higgses H,, H,. With the crucial
imposition of a Z, symmetry under which the product
(H H,) - —(HH,), the operator Oy = HH, is triggered
by m%_z. We dub this the “type-0” Two-Higgs Doublet
Model (2HDM).

Demanding this Z, symmetry and requiring that Oy is
triggered put very tight constraints on the parameters of the
model. Both Higgses are forced to get a vev, while the Z,
forbids the Bu term BuHH, and so the new Higgses can
only be raised in mass via quartic couplings, demanding the
existence of new Higgs states necessarily comparable to
or lighter than the weak scale, with no wiggle room to

well defined ratio r ~

decouple them whatsoever. This is a large departure from
the standard picture of electroweak symmetry breaking
with a single Higgs, but to our great surprise, it is not (yet)
entirely excluded by collider searches! Some representative
region of parameter space that is still viable, in the plane
of new CP-even and charged Higgs masses, is shown in
Fig. 1, and the collider bounds will be discussed at greater
length in Sec. III. There is a reasonable (if admittedly
moderately tuned) region of parameter space where the new
Higgs states have thus far escaped detection. This model
will incisively be probed in the high-luminosity run of the
LHC, and the new states can also be copiously produced at
Higgs factories. If these new light states are seen, and the
associated fingerprint of the Z, symmetry is confirmed, that
would give direct experimental evidence for the “weak
scale as a trigger”.

Given some operator O triggered by the weak scale, it is
natural to try to use this trigger to attack the hierarchy
problem in a new way. For instance, we can look for
cosmological vacuum selection scenarios, that force

#* = (On), (1)
in the range
Wy <y < i (2)

Using Oy = HH, of our type-0 2HDM, this would force
tuning for light Higgses. We present one such vacuum
selection mechanism in the context of the landscape.1 We
give a field-theoretic model for the landscape, with a “UV
landscape” containing moderately many vacua, not enough

'A different approach to doing this with similar motivations
was pursued in [13].
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to find vacua with our small cosmological constant (CC).
But we also imagine a separate “IR landscape”, with n,
ultralight, weakly coupled scalars ¢;, each with a (sponta-
neously broken) Z, discrete symmetry potentially giving a
factor of 2"¢ more vacua. The ¢, also couple to Oy. If (Oy)
is too small, the 2"# vacua of the ¢, sector are all degenerate
and they do not help with making smaller vacuum energies
possible. If (Oy) is too big, the symmetry is broken so
badly that only one vacuum remains for each ¢;, and there
is again no way to find small vacuum energy. The only way
to find small vacuum energy is to tune Higgs vacuum
expectation values so that u3 < (Op) < u%. Thus using the
weak scale as a trigger allows us to tie solutions to the
cosmological constant and hierarchy problems. In this
scenario, at least part of the landscape is associated with
ultralight fields, which are not frozen to their minima but
are oscillating in the Universe today, providing novel
possibilities for coherently oscillating dark matter, and
mediating (extremely weak) long-range forces.

II. THE WEAK SCALE AS A TRIGGER

As with the example of the operator A'h discussed
above, almost all gauge invariant local operators in the SM
have UV sensitive expectation values and are thus inde-
pendent of m3. Consider for example a Yukawa coupling,
O, = qhu‘.If we add to the Lagrangian £,¢O,, to probe its
vev, at two-loops we generate the tadpole in Fig. 2
e
that every gauge invariant local operator already appears in
the SM effective Lagrangian and we can close the loops.
Said more invariantly, there are no global symmetries
carried by relevant or marginal operators O in the SM,
that are not broken by the presence of O in the effective
Lagrangian. Thus if we have £pO in the Lagrangian, ¢ is
not charged under any symmetries. So nothing forbids
EP A" in the effective action. We can consider operators that

¢A*, proportional to the cutoff A. The reason is

~

/
¢---4 )

FIG. 2. Almost all gauge invariant local operators O in the SM
have UV sensitive expectation values that are thus independent of
m% We can probe their vevs by adding to the Lagrangian the
parametrically weak interaction ¢O and look at the effective
action for ¢. If we add, for example, ¢|h|> or pghu‘ we can
always close the loops in this figure and obtain a tadpole for ¢
proportional to the cutoff. This happens because there are no
global symmetries carried by O, that are not already broken by
the presence of O in the SM effective Lagrangian.

are charged under the accidental baryon and lepton number
global symmetries of the Standard Model; now these
expectation values are not UV sensitive, but the global
symmetries ensure that the expectation values for these
operators are equal to zero, again independent of the value
of m7. We can also imagine that ¢ has a shift symmetry
¢ — ¢ + ¢, or equivalently, ask that O = 9,V* is a total
derivative. Then, ¢O = ¢9,V* = —(0,¢)V*. Again the
expectation value of O is indeed UV insensitive, but at the
same time (O) = 0 independently of m?.

There is one famous loophole to this argument, asso-
ciated with the operator GG, which is the total derivative of
a gauge noninvariant current, GG = 0,K*, and can be
turned on instanton backgrounds which break the shift
symmetry nonperturbatively. Of course GG is parity odd,
but (GG) can be nonzero with a  term. In pure QCD, we
have (GG) ~ OAGep- With light quarks, we can rotate (6 +

é‘qﬁ)GG into the quark mass matrix with an anomalous
chiral rotation and use chiral perturbation theory to get the
effective action ~m2f2cos(6 + Ep) ~ m2f2 + Ofpm?f2
so (GG) ~0(m, + md)A%CD. This is suppressed by 6
but is triggered by the weak scale through (m, + my).
This triggering of GG is used in the cosmological dynamics
of relaxion models [14]. We can also use triggered (GG) in
conjunction with our model of low energy landscapes. We
defer that discussion to Sec. IVA. First we discuss a
simpler example of the weak scale as a trigger in 2HDM
extensions of the Higgs sector.

A. The weak scale as a trigger in the type-0 2HDM

We now consider a two-Higgs doublet extension of the
Standard Model, with Higgs scalars H;, H,. Here the
operator Oy = H{H, is a good candidate to act as a
trigger.2 We want (H{H,) to be charged under a discrete
symmetry which we can probe by coupling to some ¢ with
EpH | H,. The simplest choice is a symmetry under which
¢ — —¢ and (H,H,) — —(HH,). This is part of the Z,
symmetry

H, - ie“H,,  H,— ie"H,,

¢—-¢. (3)

with a in U(1),. The Z, symmetry acts also on quark and
lepton bilinears and we have 2° possible charge assign-
ments: +ie~™ for qu°, qd°, le‘. The case where a single
Higgs couples to the quarks and leptons will be phenom-
enologically safest, so we will focus on that in the
following. This fixes the fermion charge assignments,
giving the Z, symmetry

*This operator was already considered in the context of the
relaxion in [15] and in a different capacity related to fine tuning
in [16].
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FIG. 3. In a 2HDM with a Z, symmetry [Eqgs. (3) and (5)] the
HH, vev is a UV-insensitive, calculable function of the two
Higgs masses. This can be seen by adding to the Lagrangian the
parametrically weak interaction ¢pH;H,. We can only close the
loop in this figure and generate a ¢ tadpole independent of
(H\H,) with an insertion of Bu, ¢ or 4; which break the Z,
symmetry and are thus absent from our 2HDM potential
in Eq. (5).

Hl g +i€iaH1,
(H\H,) — —(HH,),

H2 - +i€_iaH2,

(qu) = —ie'(qu),  (qd°) — +ie"*(qd ),
(le€) — +iemi@(le). 4)

The renormalizable H,, potential invariant under this
symmetry is

V:VH1H2+Vy,
2 2 2 2 A 4 A 4
Vi, g, =mi|H,|>+m3|H,| +3|H1| +5|H2|
p)
+l3|H1|2|H22+/14|H1H22+<§5(H1H2)2+H-C-)’
Vy=Y,qHou¢ +Y ;qH,d 4+ Y ,IH}e°. (5)

Note the absence of the Bu-term, BuH | H, and of the two
quartics Ag7|H,,|?(H H,), all forbidden by the Z,
2

my
y

<H1H2> =0 (Hng) =0

(HyHy) = \/|m3|[m3] (HiH) =0

FIG. 4.

symmetry. Note also the As(HH,)? term which is allowed.
Without this term, the potential would have an accidental
Peccei-Quinn (PQ) symmetry and would yield a weak
scale axion.

It is very important that By = A¢; = 0, otherwise we
would have m? ,-independent contributions to the vev of
our trigger operator from Fig. 3, as for instance

A
W= (HH,) ~ &pBu log ——, (6)
lmy

where for simplicity we have taken the Higgs masses
to a common value m3,. On the contrary, if By = Ag; = 0,
then p*(m3,m3) is a UV-insensitive, calculable
function of m3, m3 for which the weak scale is a trigger.
This is a consequence of the U(1) PQ symmetry of the
potential in Eq. (5). H;H, has charge 1 under
this symmetry. The only explicit breaking of the PQ is
by the quartic A5(HH,)?, for which 15 has charge —2, and
so no analytic expression in the couplings can give
something of charge 1. This is shown schematically
in Fig. 3.

Let us now see what is the value of y? as a function of m?
and m3. At tree level y> = 0 unless both m? and m3 are

negative. If they are both negative, we have

[m||m3]
w* = (H)(Hy) ~ Ty (7)

where we have ignored all cross quartic couplings. For

simplicity we will call y? ~ /|m?||m3] for 4, , not too tiny.
We will keep this characterization even including cross
quartics. In this case m?, should be interpreted as (mS)>

2

my
b
3
jm3| 2200
2
m
2 (HiHy) =0
""""""""""""""" A2an
Agopy/mi] > m?
""""""""""""""" —A%zcn
(H1H,) =0
Im3||m3]

In the type-0 2HDM (Eq. (5), (HH,) is a UV-insensitive, calculable function of the masses of the two Higgses: m?, m3. In the

left panel we show its classical value while in the right one we include quantum effects. m% m% in the figure are effective masses that
include contributions from cross quartic couplings. Agcp is the QCD scale with all quark masses below Agcp.
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which include the cross quartics contributions. So, at tree
level, we have the possible x> shown in the left panel
of Fig. 4.

The picture is a little more interesting taking QCD chiral
symmetry breaking into account. In the following Aqcp is
the QCD scale with all quark masses below Agcp. If
m? , > 0, then we do not break SU(2) x U(1) above the
QCD scale. Since all the SU(2) x U(1) invariants of charge
—1 under the Z, involve H;, in the low energy theory after
integrating out H ,, there can be no linear terms in ¢. So
we have to have one or both of m?, < 0.

Consider first m? > 0 and m3 < 0. For [m3| > m? we
can first integrate out H,. In the effective theory containing
the neutral and charged components of H; = (h?, h{")T and
¢, SU(2) x U(1) is broken, but a Z, subgroup of the Z,,

H2 g H2, ¢ g _¢7
(qd°) = (qd°),  (le) = (le°),
(8)

is preserved. This symmetry is still not broken also after
integrating out (A9, h{), so again in the low energy theory
there are no linear terms in ¢.

Instead for m? > |m3|, after integrating out H,, we still
have SU(2) x U(1) but there is no operator of charge —1
under the Z, (again since all these involve H). So again, no
linear term in ¢ is generated. Thus, if m7 > 0, for any m3,
we have u?> = 0.

Now consider mi <0. If mj<0, we
p* ~/|m}|max[\/|m3], Agcp).  If  mj>0  and
m3 3> mi, Ajcp, we first integrate out H, obtaining

Hl i _Hl s
(qu°) = (qu),

have

§
S Hqu + - -. ©)
m;

Hence after chiral symmetry breaking, we have

|miA .
p? ~ Y9 If |m3| < m?, we can first integrate out
ms 2 1

H, giving

[ Imilhg + - (10)

Then if m3 > AéCD we get the same result as before:

2 A3 . .
W2~ 7””;‘12‘903. If instead |m3| < Agcp, the quartic term

dominates and the H, VEV is just set by Agcp from the
potential

V(hg) = ytA%)CDhg + ﬂ(h(z))4’ (11)

so we have (h9) ~ % ~ Aqcp for a not too tiny quartic A.
This discussion is summarized in the right panel of Fig. 4.
We have seen that in a 2HDM with a Z, symmetry—what
we have called the type-0 2HDM—QOy = H;H, is a good
weak scale trigger. We defer to Sec. IV an explicit

construction that uses O to tie the cosmological constant
to the value of the Higgs mass. In the next section we
explore the collider constraints on the type-0 2ZHDM.

In this section we have worked in the limit By = 447 = 0.
It is clear from the previous discussion that any By < p% and
A7 < u%/M? do not affect our conclusions or the phenom-
enology of the type-0 2HDM. However if we take Bu and A 7
to be exactly zero, the model has a Z, symmetry under which
H,; — —H,. To avoid a domain wall problem in the early
Universe, we need to introduce a tiny breaking of this
symmetry, Bu 2 v*/M3,.

In our Universe, just below the critical temperature of the
electroweak (EW) phase transition, domains of size ~1/v
with different signs of the H; vev are formed inside any
Hubble volume. The walls separating these domains have
an energy per unit area o ~ 3. If locally the walls have
curvature 1/R they will try to flatten due to the tension o
that acts as an effective pressure py ~ ¢/R. Parametrically
we can consider two extreme regimes: no coupling between
the wall and the SM thermal bath or reflection of every SM
particle by the wall.

In absence of interactions with the SM bath, the walls
expand at the speed of light until we have one domain per
Hubble patch. After this initial expansion the energy density
in domain walls is py =~ v3H, redshifting as 1/a*>. At a
temperature T, ~ v(v/Mp)'/> ~keV the walls dominate
the energy density of the Universe. Interactions with the SM
thermal bath slow down the expansion of the walls. If we
ignore small couplings and assume that every SM particle is
reflected with unit probability, we have a pressure pp =~
vwT* that slows down the expansion of the wall. Here vy
is the velocity of the wall. Balancing py with p; we obtain
a steady state solution with vy ~v%2/(MpH'?) and
R ~v3/%/(MpH*?). In this regime, the energy density of
domain walls redshifts as 1/a°, but the initial energy density
after one Hubble time at the phase transition is larger than
that in the absence of friction. In the end we obtain the
same temperature of domain walls domination as before
(Tp =~ v(v/Mp)"/? ~keV). Note that both with and without
friction the walls make up a negligibly small fraction of the
energy density of the Universe during big bang
nucleosynthesis.

In conclusion to avoid domain walls domination we need
to introduce an energy difference between the two vacua
+wv,, for example by turning on BuH H, in the
Lagrangian. If we ask that the acceleration provided by
this term Bu/v is larger than Hubble at the time of
domination H(Tp) =~ v®/M3,, we obtain Bu 2 v*/M3,. 1t
is easy to show that the wall subsequently collapse in
approximately on Hubble time ~1/H(Tp).

Interestingly, when we explicitly use H;H, as a trigger
in our landscape model of Sec. IV, the scalars in the
landscape spontaneously break the Z, and automatically
provide a large enough By term to avoid domain wall
domination.
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III. COLLIDER PHENOMENOLOGY OF THE HH,
TRIGGER: THE TYPE-0 2HDM

A. Masses and couplings

In the previous section we have described the conditions
that make H{H, a good weak scale trigger. We need to
impose a Z, symmetry which sets to zero Bu, ¢ and 4.
This gives the potential in Eq. (5). We also choose the Z,
charge assignment which allows only H, to couple to the
quarks and leptons:

Vy = Y,qHou¢ + Y qHyd® + Y IHeC.  (12)

As we show in the following, even in this case it iS not
possible to decouple collider signatures. Many of the facts
about Higgs couplings in this section are well-known in the
2HDM literature, but we repeat them to be self-contained.
For reviews we refer the reader to [17-19].

Hermiticity makes the potential in Eq. (5) CP-conserving.
The only coupling that can have a phase is As, but the
rephasing H, — H,e~'#¢%s)/2 has no effect on the other
terms in the Lagrangian, so there is no mass mixing between
CP-even and CP-odd states. The masses of the Higgs
bosons in H, are

mf‘ = —112/15,
S As + A4
H* — 2

1
m3 = 5 (0% + o3 & \/(ﬂzv% — 4 03)? + 4viv3ads).
(13)

For convenience we have defined 1345 = A3 + A4 + 45. This
parameter sets the strength of the mixing between the two
CP-even Higgses. Limits of enhanced symmetry include: 1)
when A5 =0 a PQ symmetry acting on H;H, is only
spontaneously broken and A becomes a massless Goldstone
boson, 2) when A4 = 15 the potential acquires a SU(2)
custodial symmetry under which H = (H™",iA, H™) trans-
forms as a triplet, hence m, = mpy-=.

Measurements of Higgs couplings and low energy flavor
observables require v; < v,, as shown in Fig. 5. In this limit
the SM-like Higgs 4 is heavier than its CP-even partner H.
At leading order in v; /v we have

Equations (13) and (14) are interesting from a phenom-
enological perspective, as they imply that the new Higgses
all have masses comparable to v or smaller. This is not
surprising since we set to zero By, the only other scale in
the potential. Before discussing laboratory constraints on

these new particles it is useful to take a look at their
couplings to the SM at leading order in v;/v (a more
general approach to the decoupling limit was discussed in
[17]). The charged and CP-odd Higgses have couplings to
a pair of fermions suppressed by the small H; vev

v v v
~ M1 ~ SM 71 w1 SM VI
a6 =Gyt v’ a0 = G v’ gAx;/x//—:tghl//u/ v’

(15)

and no tree-level couplings to two SM gauge bosons,
urwrz =20, gy, 20, gayy = 0. The coupling structure
of the CP-even Higgs is slightly more complex. Its
couplings also vanish in the small »,/v limit, but there
is a second relevant parameter, As45. If we tune its value we
can take either a fermiophobic or a bosophobic limit,

A3450 |4y —A345| v
o SM 43457 S 24345 V1
gHy/y/—_ghvl\fu/I;’ gva—ghlx\//Iv 1 o (16)

As4s also controls the coupling between the SM Higgs and a
pair of new Higgses,

Antn = A3a50, Anaa = (Aags — 225), (17)
thus determining the decay width # — HH. From Egs. (15)
and (16) it is clear that the new states can not be easily
decoupled. Decreasing v; reduces all couplings with a
single new Higgs in the vertex, but makes H lighter. Taking
A5 << A, suppresses H couplings to fermions, but max-
imizes those to gauge bosons. If we tune A5~ 4, we
reduce couplings to gauge bosons, but those to fermions are
unsuppressed. Phenomenologically we find that small 4345
is harder to detect, as shown in Fig. 5, but even in this limit
H is within reach of future colliders. Notice that we need at
least A5 to be nonzero if we want A and H* to be massive.
In this case 1345 = 0 does not give any extra symmetry, as
can be seen for instance by inspecting one-loop renorm-
alization group equations [19].

Pair production of the new states is completely fixed,
insensitive to »; and other unknown parameters of the
model. We do not list here HHV- and HHVV-type
couplings, but they are O(g) and O(g?), respectively, for
all three new Higgses. They can be found for instance
in [18].

Now we have all the ingredients to establish if this model
is still consistent with experimental constraints. The prime
candidate for discovery is the CP-even Higgs, due to its
relatively small mass. In the following we will see that most
of the viable parameter space has already been explored by
LEP and the LHC. All cross sections computed for our
analysis were obtained from Madgraph 5 [25], while
branching ratios and the electroweak oblique parameters
[5,6,26] were computed with 2HDMC 1.8 [27,28]. We
draw Feynman diagrams using TikZ-Feynman [29].
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FIG.5. Experimental constraints on the CP-even Higgs H for my+ = m, and different values of 43,45. From top to bottom we increase

my=. From left to right we move from 1% tuning (4345 = 0.01|44 + As|) to natural values of the quartics (A345 = |44 + 45|). In red we
show the bound from e*e™ — Z — AH at LEP [3] and in yellow from HZ associated production [3] followed by decays to fermions. In

light blue we display the current sensitivity of H — yy at LEP and

the LHC [20-22] and a projection for the HL-LHC obtained rescaling

[22]. In light green we show bounds from searches for B — K*H — Ky at LHCb [23,24]. Indirect constraints from Higgs coupling
measurements (purple and blue) are discussed in Sec. III B 2. The pink shaded area shows the strongest bound point-by-point between

searches for flavor changing processes, mainly b — sy [7,8], and

LHC searches for t — H*b [9-12]. Theoretical constraints (in gray)

from low energy Landau poles and the SM Higgs mass are summarized at the beginning of Sec. III B.

B. Experimental constraints

In this section we discuss current constraints and future
probes of the new Higgs doublet, which are summarized in
Figs. I and 5. The parameter 4345 is central to our discussion.
It determines the maximum viable my from Eq. (13) and it
sets H couplings to SM fermions and bosons in Eq. (16).
Lower bounds on m7, ~—(44 + 4s)v* and my = —Asv?
determine a natural lower bound on Ay5 = A3 + A4 + A5. In
each panel of Figs. 1 and 5 we take 4345 proportional to m?{i.
This explains the nontrivial dependence of H phenomenol-
ogy on my=+ in Fig. 1. In Fig. 5 we consider three different
scenarios: Ays = (0.01,0.1, 1)(2m12qi/112), corresponding
to three levels of tuning: 1%, 10%, and no tuning. Tuning
As45 small decreases H couplings to fermions. This typically

increases the allowed parameter space as shown in Fig. 5, but
does not allow to decouple H and canleadto H — yy become
the dominant decay channel.

There are areas of our parameter space that are theoretically
inaccessible. These are shown in gray in Figs. 1 and 5. Atlarge
my and 345 there is no real solution for 4, , that gives the
observed SM Higgs mass. This happens when the argument
of the square root in Eq. (13) becomes negative. The second
set of theoretical constraints arises from running of the
quartics. At large my and small v, 4; becomes large and
one can get low energy Landau poles from di,/dt~
(3/47%)23. A similar situation occurs from the running of
A45 when m, and/or my= become large, as shown in Fig. 1.
The remaining constraints in Figs. 1 and 5 are discussed in the
next two subsections, starting with direct searches.

095014-7



ARKANI-HAMED, D’AGNOLO, and KIM

PHYS. REV. D 104, 095014 (2021)

1. Direct searches

Charged Higgs LEP-II gives a lower bound on the
charged Higgs mass from H'TH~ pair production [1]:
my+ 2 80 GeV. This is shown in red in Fig. 1. The
constraint on my= comes from a combination of v and
cs final states and assumes the absence of H* — W*H
decays. In the presence of a light neutral Higgs mpy =
12 GeV the bound is slightly relaxed to my- = 73 GeV
[1]. Note that the direct searches at LEP were performed for
mpy+ > 38 GeV. Masses below 39.6 GeV are excluded by
measurements of the Z boson width [2] which receives a
contribution from the charged Higgs [30]. The LHC is
mostly sensitive to H* production via top decays. Just like
the Z, the top has a small width from electroweak
interactions I', ~ GeV, so the branching ratio t - H*b
can be sizeable given that it is proportional to the top
Yukawa coupling. We find that LHC searches for t — H*b
with H" = 7ty and HY — ¢5 [9-12] are sensitive to
BR(t — H*b) down to a few percent. The bound is shown
in pink in Figs. 1 and 5. When the mass difference between
H* and A becomes O(my,), also the decays H* — W*A
become relevant [31], but we do not consider this parameter
space in our analysis since it is disfavored by bounds on
h — AA and electroweak precision measurements. For
larger my=, when top decays are not kinematically allowed,
direct searches for H*, that typically target pp — thH™*
and decays to tb and zv, are not yet sensitive to our parameter
space [9,32-39]. To conclude this brief overview of the
charged Higgs, itis interesting to notice that a CMS search for
stau pair production [40] has a sensitivity comparable to LHC
searches targeting H™' single production. The latter can be
decoupled by making v; small, while pair production rates
are fixed by gauge invariance. In the CMS search the staus
decay to 7’s plus alight neutralino (m, = GeV). The analysis
is thus sensitive to pp - H"H™ — vt 1" v,0,. Naively
superimposing the cross section limit from this search with
H™" H~ vector boson fusion (VBF) production gives a bound
mpy+ 2 150 GeV. The DY pair production cross section is
too small and does not give a constraint. This shows that the
LHC can already set a (almost) model-independent bound on
H* and warrants a more detailed analysis.

CP-Even Higgs LEP searches target mainly associated
production e*e” — HZ, which is controlled by the cou-
pling gyyvy in Eq. (16). The most sensitive channel is H —
bb for my > 2m, [3], but even below this threshold LEP
retains a comparable cross section sensitivity (down to
2m,) by targeting different decays [41]. The strongest
constraint above 2m,, is set by the combined searches for
HZ production by the four LEP experiments [3]. This is
shown in yellow in Figs. 1 and 5. The bound has a
nontrivial dependence on A345. When 345 < 4, the decays
to SM fermions targeted by LEP are suppressed, but HZ
production is enhanced. In this limit our new CP-even
Higgs is fermiophobic and searches for eTe™—>HZ—yyZ

become relevant. The LEP bound [20] dominates the light
blue shaded area in Fig. 5 for my <65 GeV. When
Asas =~ Ay, the coupling to the Z is as small as it can be:
guvy = O(v3/v?), but the decay to bb is enhanced com-
pared to the limit A3y5 < A,.

To conclude the discussion of LEP constraints, it
is interesting to notice that if we compare the model-
independent VBF cross-section e*e™ — HHy,v, with
LEP pair production constraints [3] we find sensitivity in
the mass range 10 GeV < my <25 GeV. This is a bound
that relies only on the electroweak doublet nature of H;. It
applies to a Higgs decaying mostly to bb. LEP searches for
HH are optimized for C P-violating couplings, but the signal
topology is not appreciably affected by the CP properties of
the couplings [3]. However this is a rough estimate of the
actual constraint (given also that the search is not designed
for VBF production) and it would be interesting to perform a
dedicated collider study.

The main LHC constraints on H arise from measure-
ments of Higgs couplings, discussed in the next section,
and direct searches for H — yy [21,22]. As noted above,
when 4345 << 4, the CP-even Higgs couplings to fermions
are suppressed and its BR to yy becomes O(1). The LHC
bounds on H — yy is shown in light blue in Fig. 5.

Other direct searches for SM and beyond the standard
model (BSM) Higgses, H — yy [21,22,42-53], H - v~
[54-67), H — putu~ [68-74], H — bb [15-84], H — Zy
[85], H > WTW~,ZZ [86-100], and H — ZA [101-104],
give weaker constraints than the indirect probes discussed
in the next section and shown in Fig. 5.

At lower masses, 0.3 GeV < my <5 GeV, we have
constraints from LHCb searches for rare B meson decays
[23], from the CHARM beam dump experiment [105,106]
and excess cooling of SN1987A [107,108]. For 4345 = 1072
both these constraints and the LHC bound on I'(h - HH),
discussed in the next section, exclude the whole mass
range. At lower values of 4345 all the probes of a low mass
Higgs, which are mainly sensitive to the coupling to
fermions gp,, ~ 4345/, lose sensitivity. However pro-
posals for future beam dump experiments [109-111], the
HL-LHC projections for LHCb [112], and proposed long-
lived particle experiments [112—115] can cover most of the
viable parameter space down to the lowest masses that we
consider: my ~ 300 MeV.

CP-Odd Higgs In the mass range 0.3 GeV < my S
5 GeV, A is excluded by LHCb searches for B —
K" uyu [23] and by the CHARM beam dump experiment
[105,106]. The only exception are two mass windows
([2.95, 3.18] GeV and [3.59, 3.77] GeV) vetoed from the
LHCb analysis to suppress the backgrounds from J/y and
w’ production. Furthermore, A can be lighter than m;,/2
only if H is heavier than m;,/2 due to the indirect constraint
on I'(h - AA) and I'(h -» HH) discussed in the next
section. For m, < 145 GeV direct searches for eTe™ —
H,H, at LEP [3] exclude a large fraction of our parameter
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space due to the large AH production cross section at the
Z pole,

QZAHQ—%(PA+PH)- (18)
C Ow

This is shown in red in Fig. 5. We do not show this constraint
inFig. 1 since it completely overlaps with other bounds. LHC
searches for BSM and SM Higgses, listed for the CP-even
Higgs, do not add new constraints to our parameter space.
The only exception are LHC searches for pp - A - ZH
and pp - A - Zh[116-120]. Form, = 220 GeV the LHC
is already sensitive to an interesting range of our parameter
space [120]. Most of this region is already excluded by the
presence of low energy Landau poles, but a more detailed
experimental study would be interesting.

Finally we can consider a light axionlike A, with m, < v.
However to be consistent with experiment this possibility
requires v; << Agcp, to suppress the couplings of A to the
SM. This forces also H to be light, at odds with LHC bounds
on BR(h — HH) discussed in the next section.

2. Indirect constraints

Measurements of low energy flavor changing processes,
such as B — X,y and B — v, are powerful probes of our
charged Higgs [121,122]. In both cases the charged Higgs
contributes at the same order as the leading SM diagram,
given by a W boson exchange. If we include other well-
measured processes sensitive to the charged Higgs
(B— K*y, By —»utu~, Dy, —w, B— KWITI~, Ry,
Rp- and By — ¢u*pu~) [8], we find the bound in light
green in Fig. 1 and in pink in Fig. 5.

The second set of indirect constraints that we need to
consider arises from LHC measurements of SM Higgs
couplings. At small »; and fixed masses they read

ghvv—gZ%N_v%(l _ A34s0? >2

a2\ T m-mg)

Ihyy — 92% - _U_% ( _ 15451}4 > (19)
Gy 202\ (my—mp)*)

so v; < v insures that couplings to both vector bosons and
fermions are consistent with experiment. As my
approaches the SM Higgs mass at fixed 4345, the sensitivity
to v,/v increases. We also have regions where A3;5v% ~
m? — m3; and most sensitivity is lost. In Fig. 5 we show in
purple projections for the HL-LHC and a future lepton
collider at 16. We take projected sensitivities from Table I
in [123]. To represent future lepton colliders we use

This choice is conservative as it allows the presence of
additional new physics that modifies Higgs couplings. In our
model alone, we could have used a more constrained fit with two
universal coupling modifiers for fermions and bosons and a free
width to new particles.

international linear collider with unpolarized beams and
/s = 250 GeV. Current bounds from the LHC [124,125]
are not shown in the figure. They give the bound v /v <
0.45 +0.55 and completely overlap with other constraints.
The only exception are new decay modes of the SM Higgs.
The new CP-even Higgs H is lighter than the SM Higgs.
So for small enough my we also have to consider the new
decay width I'(h —» HH). Direct searches for decays to
four SM particles via two intermediate states, h - HH —
4SM [126-131], are less constraining than the indirect
bound set by the dilution of SM branching ratios. LHC
measurements of Higgs couplings give an upper bound on
Asas if my < my,/2, from Eq. (17). If we consider the latest
ATLAS combination of Higgs couplings measurements
[125], we have a global signal strength gy = 1.06 & 0.07.
From CMS [124] we have u = 1.02f8.'8g . A very rough
combination, assuming uncorrelated Gaussian errors, gives
a 20 error Spgsq, ~ 0.1. This implies BR(h — HH) S 0.1 at
20 and hence A3y5 < 1072, If we restrict ourselves to the
Yukawa couplings in Eq. (12) there is not much that we can
do to relax this constraint. For example, increasing g, to
compensate for the new decay mode decreases g,yy, as
shown in Eq. (19). In more generality, barring detailed
constructions that exploit flat directions in Higgs couplings
constraints, we need Azys = O(1072) for my < my/2,
given our current knowledge of Higgs couplings. This is
shown in Fig. 5. When we tune 1345 to be small we have no
constraint, while in the more natural parameter space my <
my,/2 is excluded. Note that if we take 4345 small the same
reasoning leads to my > my,/2, since Apuy = (Asss — 245)v.

To conclude, ElectroWeak Precision Tests [4], mainly
the S, T, and U oblique parameters [5,6] constrain mostly
the mass difference between A and H* that breaks the
custodial symmetry. The bound is displayed in light blue in
Fig. 1. A more detailed analytical discussion of oblique
parameters, custodial symmetry and CP in 2HDMs can be
found in [132,133].

IV. WEAK SCALE TRIGGERING LOW ENERGY
LANDSCAPE FOR SMALL CC

We now present a vacuum selection mechanism in the
context of the landscape, where the weak scale as a trigger
is crucially needed to find a vacuum with tiny enough
cosmological constant. We imagine there is a “UV land-
scape” containing moderately many vacua, not enough to
find vacua with our small Cosmological Constant (CC).
The UV landscape scans the CC and the Higgs mass(es)
without scanning dimensionless couplings [134].

We also imagine a separate “IR landscape”, with n
ultralight, weakly coupled scalars ¢;, each with a (sponta-
neously broken) Z, discrete symmetry, potentially giving a
factor of 2"+ more vacua. The ¢; also couple to a trigger
operator Or. If (O7) is too small, the 2"+ vacua of the ¢;
sector are all degenerate and they do not help with making
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smaller vacuum energies possible. If (Or) is too big, the
symmetry is broken so badly that only one vacuum remains
for each ¢;, and there is again no way to find small vacuum
energy. The only way to find small vacuum energy is to tune

Higgs vacuum expectation values so that ,u?r < (Or) <

,ugT. Thus using the weak scale as a trigger allows us to tie
solutions to the cosmological constant and hierarchy
problems.

Our low-energy effective theory, contains in addition to
the SM or the type-0 2HDM, an “IR landscape” consisting
of n, scalars ¢;. In first approximation the scalars are
uncoupled, and each have a Z, discrete symmetry,
described by the potential:

g

2
€~
Vg =D (47 = M2 (20)

i=1

In absence of new symmetries or dynamics below M,, we
take the ¢; vevs M, ; to be the fundamental scale of the
theory O(M,). ¢, is an order parameter that quantifies the
breaking of the shift symmetry on ¢;, such that my ~
€M, ; <M, is technically natural. We assume that the
cosmological constant and the Higgs mass(es) squared are
scanned uniformly in a “UV landscape”, which has Nyy
vacua, with Nyy too small to find a vacuum with small
enough CC. The smallest CC in the UV landscape is
~M*/Nyy.Invacua where Higgs mass(es) squared are ~v>
the minimal CC is larger and we call this value of the
CC A,.

We now imagine that each of the ¢; also couples to our
weak scale trigger operator Oy,

ng 3A
ke M, ;"

VN"”:; N

Here k; parametrizes an additional weak coupling, breaking
the (Z,)" symmetry down to a single diagonal Z,. Note
that gravity loops also couple the different sectors, but the
coupling to gravity does not break the (Z,)" discrete
symmetry that we have when x — 0, (and, at any rate,
induces parametrically minuscule cross-quartics of order
€? € ¢2) The structure of our IR landscape is depicted in

Flg 6 while their role in scanning the CC is sketched in
Fig. 7. The interaction in Eq. (21) makes the number of
minima in the landscape sensitive to the value of (Oy). If*

$:0r +He. (21)

(Or) 2 <M = iy’ (22)

some minima are lost, as shown in Fig. 6, which makes it
impossible for the CC to have the observed value.

*For simplicity we have dropped the subscript i, assuming that
all ¢, x;, and M, ; are close to a common value.

Low Energy Landscape
mg ~ v /M, {(¢) ~ M,

o 612 2 2 \2 i :"CieiMf;AT

i=1

FIG. 6. The landscape contains a UV sector and an IR sector (in
this figure). The high energy sector is generated by fields of mass
close to the cutoff mg ~ M, and does not have enough vacua to
scan the CC down to A, &~ meV#, but can scan the Higgs mass
(es) m2, down to the weak scale. The low energy sector is
generated by fields of mass m ~ v?>/M, and has a number of
nondegenerate minima dependent on the Higgs vev. When (h) =~
v we can scan the CC down to its observed value.

f (Or) is too small,

(Or) LDt = 23)

M4 Srse

the degeneracy between the minima of Eq. (20) is not lifted
enough to scan the CC down to (meV)*. This defines the
two scales pg and pp. To see how these two opposite
pressures on the vev of (Or) select the weak scale we need
to specify the field content of Oy. In the two following
sections we discuss Oy = GG and Oy = H,H,.

A. SM trigger of the landscape

The simplest trigger Oy is already present in the SM. It is
given by the familiar GG operator introduced in Sec. II that
we now couple to the n, scalars in the low energy
landscape,

1 <A (¢
Ve =5 —+0)GG
N¢G 327522 ( -+ )
GG = e‘”””’ZG“ GS,. (24)
Here we only briefly discuss how to use this trigger in the

context of our landscapes. We give more details in the next
section for the H,H, trigger.
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Values of the Cosmological Constant in the Landscape

A
T) >~ pg” #éT SA{Or) Sup

Q

(Or) =0 (Or) < g™ (

UV Landscape

FIG. 7. Values of the Cosmological Constant in our two-sectors landscape. When (O7) = 0 the UV landscape does not have enough
minima to scan the CC from M? down to A, ~ meV*. The minimal value of the CC in the landscape is M?/Nyy > meV*. When
(O7) # 0 the degeneracy in the vacua of the low energy landscape in Fig. 6 is broken and if M?T <(0p) < ygT we can harness the full
potential of its 2"# vacua and scan the CC down to meV*. If (O7) > ugT the low energy landscape loses all its minima but one and the

minimal CC in the landscape is again M*/Nyy > meV*.

In the notation of the previous section we have
1 . 32772Kl'€l'
fi JigM.;’

We imagine that one of the usual mechanisms solves the
strong CP problem, leaving at low energy a residual € angle
|

OT — GG, (25)

M) (S84 0) 4 () 5 ool

i 2 A h
A‘(‘QCD<<h>>(Z,’%+9) T (O

VN4)G >~

In the previous equation we have introduced Agcp(v.),
which is the chiral condensate with quark masses propor-
tional to the vev v,. Similarly f2(v,) and m2(v,) are the
values of these parameters with EW symmetry breaking at
the scale v,. Note that the dependence on v, saturates when
Aqcep(v.) > v, and QCD itself becomes the main source of
EW symmetry breaking.

The potential in Eq. (26) makes the number of minima in
the landscape sensitive to the value of the Higgs vev (h).
When (k) is too large some minima are lost, when it is too
small the minima of Eq. (20) remain almost degenerate. To
see why minima are lost when (/) is large consider the limit
Aoep M./ f > €M, where Eq. (26) dominates over the

potential in (20). Then at the minimum Eq. (26) is

smaller than 1071, We also impose (¢;)/f; < 107'%/n, to
avoid reintroducing the problem. To study the effect of
Vngc in Eq. (24) we can move ¢); into the quark mass
matrix with an anomalous chiral rotation and use chiral
perturbation theory to get

(26)

effectively fixing > ,(¢;/f;) = —0. We can implement
this condition as a Lagrange multiplier

L:ﬁ(Z_:%w) ~ Vg (27)

From the point of view of this Lagrangian fixing

> i(¢i/f:) = =0 corresponds to A/f; > 0Vy,/0p;, so

when we try to solve the cubic equation
;i

we are guaranteed to find at most one solution. This would
be true also if V,, was a periodic potential. This discussion

fi = fielzlf’i(# - Mi,i) =4 (28)
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shows that in the limit of large (k) all minima in the low
energy landscape (but one) are lost.

In summary we have an upper and a lower bound on ()
that depend on the mass of the scalars in the landscape and on
A, (the smallest CC in the UV landscape). If we imagine that
both opposing “pressures” are saturated at the same value of
(h), then in the multiverse this is the only value consistent
with Weinberg’s anthropic argument. We have measured this
value to be the weak scale v, so the mass scale in the low
energy landscape and the residual CC must be:

m ~ fﬂmﬂ
?" min[f, /M, /6]

2
|OM 0
A, ~|N =] < (100 keV)*
* < 2fﬂm7r f> ~( € ) (10

) (29)

where m, and f, are those observed in our Universe. In
Eq. (29) the value of m,, determines whether minima are lost
or not, so it depends on the term that dominates the QCD
potential of the new scalars. This can either be the linear one if
6 > M.,/ f; or the quadratic one in the opposite limit. On the
contrary A, is sensitive only to the linear term, since
A4QCD6’¢ /f provides the only difference between the value

|

1
Vi) = (m)D1H P + (m3) D]y + AD

of the potential at the two minima ¢ ~ =M . This shows that
we cannot have an axion lighter than the ¢;’s and the strong
CP problem has to be solved at higher energies.

There is a priori no reason why the two pressures on (&)
are saturated at the same scale, given that they arise from
two distinct physical requirements (Vy46 < Vyy and
A, =~ VR};;‘G). In general we expect a range around the weak
scale, ug < (h) S up, to be viable. We further expand on
this point in the next section.

B. Type-0 2HDM triggering of the landscape

We now consider the case where the triggering operator
is Op = Oy = H{H,, so that we have

" T2
v =Y |G-

i=1

€K
M.g:H\H, | + V).

g
(30)

For simplicity we have dropped the subscript i, assuming
that all €;, k;, and M, ; are close to a common value. The
Higgs potential reads

A A A
+31|H1|4 +32 |Ho|* 4 23| H, [2[Ha|* + Ag|H Ho |* + (ES (H\H,)? +H-C->

+ Y, qHut + Y qHLd + Y IHe".

Here I =1, ..., Nyy labels vacua in the UV landscape. We
imagine that A, (m?,)!) are uniformly distributed
between (—M?$, M%), (=A%, A}) where Ay is the Higgs
cutoff. Of course the simplest choice is to assume
A% ~ M2, but it is possible to have A% < M2 and on
occasion we will consider Ay much smaller than M,.
The first term in Eq. (30) has a large (Z,)" discrete
symmetry. The couplings ¢;H; H, break it down to a single
diagonal Z, under which all ¢,’s are odd and HH, is odd.
The small parameter € is a measure of the small breaking of
the shift symmetry ¢; — ¢; + ¢;, while « is a further weak
coupling of ¢; to H,H,, which breaks (Z,)"# down to the
diagonal Z,. By spurion analysis we should also include

AVU ~ Z€2K2¢i¢jM$ (32)
iJ

in the potential for ¢, which is logarithmically induced by a
one-loop diagram. Now, suppose we are in a region of the
big landscape where the operator (HH,) is not triggered,
ie., u* = (H H,) = 0, say with m{, > 0 and close to the

(31)

[

cutoff A%. From the UV landscape, we have a distribution
of vacua with CC splittings of order AAyy ~ M?*/Nyy.
When k = 0, each of these vacua is 2"*# degenerate, as in the
first column of Fig. 7. Turning on , from AV;; in Eq. (32)
we get CC splittings of order e’x>M?. If this splitting was
much bigger than AAyy =~ M%/Nyy, we would already
finely scan the CC. So, we assume that « is small enough so
this splitting is much smaller than the splitting in the UV
landscape,

M4
Mt <« —=.

Nov (33)

Note that if we tune down the Higgs masses squared to m?
and m3, the CC splitting in the UV landscape increases as

M A% AL

AAUV(mz, mz) ~— 48 _ 7 (34)
PR Nyy [md| [md

so if the condition in Eq. (33) is satisfied, then obviously the
loop-induced e?x>M? splitting gets even smaller relative to
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AAyy. Thus we must have > = (H;H,) # 0 in order to be
able to find a vacuum with the CC much smaller
than AAyy ~ M?*/Nyy.

Now let us look at the region in the landscape with
V/|mi|[m3]. If
42 is too big, we tilt the ¢b; potentials so much as to lose one
of the vacua, as shown in Fig. 6. This happens for > > u3
where y% is determined from

m3, <0, and look at tree-level where y* =

M} ~ keM?p% — p% ~ gMﬁ (35)

When p drops below pup, we want the splittings in the
N = 2" vacua, now of order exuzM? ~ k*u%, to be much
larger than

M A M* A4
AAyy(m},m3) ~—— 1~ =M (36)
Nyy [mims|  Nyy up
So we should have
Mm? A4
K2 > (37)
NUV ﬂB
Putting Eqgs. (33) and (37) together, we have
A2, M? 1
52 <Kk (38)
Nyvkg HB Nyy

This forces Nyy > (A% M, /u3)*. So for u3 ~ v?, suppose
we take the simplest possibility where Ay ~ M, ~ Myp,.
Then, the above inequality tells us that Nyy > 103, In
this case, our mechanism s clearly irrelevant. There would be
more than enough vacua in the UV landscape to simply tune
down one Higgs and the CC. For our mechanism to be
relevant, we would like to have Nyy < (M31/Agys)X
(A2 /v?) ~ 10'2°A%, /92, Thus we must have

ARME 0 M
5 <10 e (39)
and we get an upper bound on the Higgs cutoff:

Ay < 1012 GeV Note that since Nyy > (A% M, /u3)*,
and k << 1 NI we have also an upper bound on the coupling
N

of the new scalars to the Higgses

2 2

Kk < X—g ~ AU—Z : (40)

H H

With these conditions, Ay < 102 GeV and k < v2/A%,
satisfied, our mechanism works. For instance if we take
Apy=10°GeV, M, ~Mgur~10'° GeV, x~ 1073, ¢ ~ 1073,
Nyy =~ 1077, we have ug ~ 100 GeV, up ~6 TeV and the
smallest CC in the UV landscape corresponds to an Hubble

size of O(10Ry). With this choice of parameters we have
ng =~ 120 light scalars with mass mj ~ 10~ 3 eV in the IR
landscape which scan the CC down to its observed value. In
the next section we discuss ¢; dark matter, but let us mention
here two cosmological constraints necessary for our mecha-
nism to work. First, we must have H;; < M, during
inflation. This ensures that the fluctuations of the ¢; during
inflation are small, so that after inflation, our Hubble patch has
the ¢;s in the basin of attraction of one of the N = 2"
minima. Obviously the condition H;; < M, 1is trivially
satisfied for M, ~ Mp;. We also want the ¢;s to be massive
enough to actually oscillate and reach their minima.
Minimally we should have mgy, > Hq,y. Putting my~
€M, ~ kug /M., we have that kv? /M, 3> H4,, Which gives
a lower bound on k.

2 M 1}2

Y LKL . 41

3, A (41)
The resulting condition on Ay, A% M, < M3, is trivially
satisfied once Ay < M, < Mp,. Indeed, my =~ Hyyq,y is the

limit in which AAyy < Hp,y M3 < Hpg, Mpy ~ Agys and

the maximum scan of ¢ is smaller than the observed CC and
thus our mechanism would be irrelevant.

As we keep dropping p, at some point the splitting
exu’M? ~ k*u?u% will eventually become smaller than
AAyy. This happens for y = ug, where pg is defined by

M4 A}
Keuduy ~———1, (42)
P Nuyv /4§
which determines yug as
23523
A (43)

SRRSO
Below p ~ ug, the extra scanning of N = 2" vacua
cannot bring the smallest CC down, and the minimum
CC shoots back up to M?/Nyy. A schematic plot of the
smallest CC in the landscape, as a function of x?, is shown
in Fig. 7. As we have seen, only for 3 < yu? < p3 can the
power of the extra 2"# vacua be harnessed to exponentially
suppress the CC’s we can get from the landscape as
in Fig. 8.

We can perform a similar analysis for the case where
mi < 0 and m3 > 0, in which y* ~ \/|m{|Acp/m3. Here
keeping 4> <% is easy since u? is naturally tiny
(2Adcp/Ap). Instead the constraint is in making u big

enough for the splitting x*4?u% to be bigger than AAyy.

Clearly AAyy(u) is minimized when m? ~ —A%. Then
W ~ Ay Adyep/m5 and we obtain

MEAY MY PA,
NUV m%

AAyy (=A% m3) ~ (44)

Nuv Ayep
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1
Amin X A4

A M 2 2 2
ps K p- < pp
]\/[;L ‘ \

Nyvy l

P

2
2 2 >
Hs Hp Ay a
FIG. 8. The smallest CC in the landscape as a function of
> = (H,H,). In the light blue area the CC is smaller than its
observed value, while for y? > u3 or ug < u3 it is much larger,
M$/Nyy > meV*.

To scan the CC to its observed value, we need the splittings
in the IR landscape to be larger than AAyy. Then we must
have

M} 2A
2,2,2 * H
Kp=pg > , (45)
b N uv A%CD
which gives a lower bound on 3,
, 1 M*A,
Hp > 3 (46)

If this happens we can also find small CC vacua in this part
of the landscape. But note that we can never find a vacuum
that looks like our world here. While the W/Z bosons are
massive, near the cutoff Ay, the fermions are massless in
the effective field theory beneath Ay. If we integrate out
H,, the 4 fermi operators (qq¢)(ee€)/m3 are generated and
leptons also get minuscule masses ~Adcp/m3 ~ u* /Ay
after chiral symmetry breaking. But if we suppose the
parameters of the model are such as to have > < p3 < v?,
the lepton masses are suppressed by at least by a factor of
v/ Ay compared to our world. In this situation for atoms to
form, the temperature of the Universe must drop by a factor
of v/ Ay further relative to our Universe, meaning that the
CC must be further smaller by a factor of (A—”H)4 before

atoms can form. It could easily be that Njg = 2" is not
large enough to realize this possibility. Thus while finding
vacua with tiny CC suppressed by 1/Ng = 27" is possible
with m3 ~ =A%, forcing m3 > 0 to be tuned small, these
worlds look nothing like ours. It is only possible to get a
world that looks like ours with m? < 0 and m3 < 0. As we
have seen in our discussion of the phenomenology of this
model, since the weak scale is set by the largest of the
Higgs VEVs, this forces the existence of new light charged
and neutral Higgs states which we cannot decouple or
tune away.

V. ULTRALIGHT DARK MATTER FROM WEAK
SCALE TRIGGERS

In this section we describe a very interesting feature of
our low energy landscape: it provides new dark matter
(DM) candidates whose relic abundance is rather insensi-
tive to the high energy history of our Universe and it is only
determined by the DM mass and its coupling to the SM.

Take H|H, as a trigger. At the time of the electroweak
phase transition (EWPT), (HH,) turns on, displacing the
new scalars by an amount A¢p = O(M,,). The correspond-
ing energy density p; ~ mjM? ~ k*v* depends only on the
¢’s coupling to the SM «. So to a first approximation the
relic density today depends only on x and the scalar mass
my. This is reminiscent of weakly interacting massive
particles (WIMPs), whose abundance is uniquely deter-
mined by their coupling to the SM and their mass. In the
case of WIMPs initial conditions are washed out by
electroweak interactions with the SM bath, in our case
by the EWPT displacement triggered by H{H,. WIMPs are
insensitive to initial conditions if the Universe is reheated
not too far below the dark matter mass, while in our case we
need the initial SM temperature to be above that of the
EWPT. The above statements can be made more explicit by
computing the relic density of the scalars from their
classical equation of motion

. . 8VN¢ K€M*
+3H¢ + + H H =0. 47
¢ ¢ N (H\H))r (47)

At temperatures 7> v we have (HH,); =0, so
initially we can neglect the last term in the equation.
After the EWPT, the interaction with the Higgs only gives a
constant shift to the scalar potential. Therefore the only
effect of the coupling to the Higgs is to give a kick A¢ =
O(M,) to the new scalars at T ~ v.

The second and third terms in the equation determine
when the new scalars start to oscillate, transitioning from
dark energy to dark matter. Since the quartic and trilinear
coupling of ¢ are largely subdominant at the scale of the
mass we have OV, /0¢ ~ m§)¢. So the evolution of ¢ is
determined by the value of my in units of Hubble. We
imagine that the ¢ potential in Eq. (20) has its zero-
temperature form throughout the history of the Universe,
i.e., the sector generating this potential has dynamics above
its reheating temperature to avoid domain-wall problems.
Then m, is temperature independent in our analysis. There
are two relevant regimes for m,. It can be larger or smaller
than Hubble at the electroweak phase transition, H(v).
There are also two natural possibilities for the initial (i.e.,
T > v) displacement of the scalars from their minimum,
either A¢p ~ M, or A¢p < M,. We start by considering the
case m,; < H(v). The scalars are frozen in place by Hubble
friction until after the EWPT. When the phase transition
happens, the scalar potential is shifted by the Higgs vev,
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generating a displacement of O(M,). Therefore, regardless
of the initial misalignment, the new scalars start to oscillate
and redshift as cold dark matter with A¢ ~ O(M,) when
my ~ H. In this case initial conditions change the relic
density at most at O(1).

In the second case, my > H(v), the scalars start to
oscillate before the EWPT. Their initial energy density
starts to redshift at 7 > v and when T ~ v it is already
smaller than mgM:. Therefore the kick imparted by the

EWPT is responsible for the dominant contribution to the
energy density.

Solving Eq. (47) we obtain that the right relic density is
given by

3/4 4174
my My
K~———,

v

K~ \/M:Pl’ H(v) < my. (48)

To highlight the parametrics we have used the rough
approximation 7'y ~ v?/ My, for the temperature of matter
radiation equality. We do not use this approximation in
figures and when quoting numerical results. Given that
determines the coupling of the new scalars to the SM, we
have a target for ultralight dark matter and fifth force
searches, shown in Fig. 9. In this section for simplicity we
neglect the O(1) difference between v and v, v,. We also
take A345 << A, so that at leading order in v;/v we can
neglect O(1) factors introduced in Fig. 9 by the mixing of
the two Higgses. The viable ranges for the dark matter mass
and dark matter coupling are

H(v) > my

1 Stellar Cooling %
5th =
10° v
S 410 EPV
2
Eﬁ 107 1® Black Hole SR
< j0: J
1072 ;
e a
10 107" 10710 1078 1
mg(eV)

FIG. 9. Laboratory and astrophysical constraints on scalars
coupled to the Higgs boson via the trilinear interaction
KM, S ilHIP/ /Tty [we neglect unimportant O(1) factors
introduced by the mixing of the two Higgses]. The bounds
include tests of the equivalence principle [142—145], tests of the
Newtonian and Casimir potentials (5th force) [146—154], stellar
cooling [155], and black hole super-radiance [156,157]. The pink
solid line shows the target given by the scalars being dark matter.
We shaded in gray the region where « > 1 (i.e., Ay < TeV).

1072 eV Smy SkeV 107 <k $107°. (49)
The upper bound on the dark matter mass is determined by
not lowering the cutoff M, below 10 TeV. Note that even
at the upper end of this range m, ~keV the lifetime of the
scalars is about 10?° times the age of the Universe. The
lower bound is determined by astrophysical measurements
of small scale structure. The precise lower bound on the
DM mass is still the subject of active research, see for
instance [135-141].

We have obtained our previous results neglecting ¢* and
¢* terms in the potential. These anharmonic terms are too
small to have a measurable impact on structure formation.
One conservative way to see this is to show that the effective
Jeans length that they induce [158,159] is smaller than the
typical size of a galaxy (~Mpc) at all times between today
and matter radiation equality. This is satisfied in all our
DM parameter space. Imposing the same requirement
on the Jeans length induced by the ¢ mass: L;(my) ~
(M3,/pymy)'/? leads to my 2 6 x 107! eV. This is con-
sistent with observational bounds on the lightest viable DM
mass and comparable to our theoretical lower bound in
Eq. (49). As mentioned above, establishing a precise lower
bound on the DM mass is still the subject of active research
and goes beyond the scope of this work.

In Fig. 9 we also show laboratory and astrophysical
constraints on ¢p DM. They include tests of the equivalence
principle [142-145], tests of the Newtonian and Casimir
potentials (5th force) [146—154], stellar cooling [155], and
black hole super-radiance [156,157]. Fifth force and equiv-
alence principle constraints were translated on bounds on the
trilinear coupling of a scalar coupled to the Higgs boson in
[160,161]. The bound from super-radiance is cut off by the
quartic ¢ that at fixed m, and « scales as €* ~ my /(v*x?).

Future laboratory probes of our scalars include torsion
balance experiments [160], atom interferometry [162],
optical/optical clock comparisons and nuclear/optical clock
comparisons [159], and resonant mass detectors (DUAL
and SiDUAL [163]). We do not show them in the figure
because they are O(15) orders of magnitude away from the
¢ dark matter line.

In addition to the laboratory and astrophysical constraints
shown in the figure, Planck’s measurement of the power
spectrum of isocurvature perturbations [164] sets a mild
constraint on Hubble during inflation H; < 107N, M, x
(2./9,) < 10" GeV(Q,/Q,). The subscript k means that
Hubble is evaluated when the perturbation leaves the horizon
k = aH and is subsequently frozen. In quoting the bound
we have used the most constraining scale measured by
Planck k, = 0.002 Mpc~' and assumed isocurvature per-
turbations that are completely uncorrelated with curvature
perturbations.

As we noted at the end of Sec. II we need to break the
H, - —H| symmetry to avoid a domain wall problem.
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At the EW phase transition the new scalars spontaneously
break the Z, providing an effective Bu large enough to avoid
domain wall domination: By ~ keM? ~ kK>v? > v*/ M3,
To conclude, note that also in the case of a GG trigger we
can have ¢ dark matter. The relic density is set as in the case
discussed above, but this time the new scalars get their
O(M.,) kick at the QCD phase transition. The energy density
at T =~ Aqcp is ~myM? = fom, M/ min[f>, fM., /6] and is
determined by the ratio of f and M,. We find that the only
viable parameter space is my < 107'7 eV. Having ¢ dark

matter for larger m,, requires M, > 1079 /N, at odds with
the strong CP problem.
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