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Plan
1. Introduction: Singlet particles coupled through the Higgs portal. 

Implication of the Higgs discovery for the singlet DM model. 

2. Higgs portal models. Renormalizable and super-renormalizable. 

3. Flavour physics probes of a new light Higgs-like particle

4. Constraints on the lifetime of the Higgs portal scalars from BBN, 
relevant for rare Higgs decay searches. 

5. General Cosmo constraints on super-renormalisable portal.



Big Questions in Physics

“Missing mass” – what is it? 

New particle, new force, …? Both? How to find out?
(History lesson: first “dark matter” problem occurred at the nuclear level, 
and eventually new particles, neutrons, were identified as a source of a 
“hidden mass” – and of course immediately with the new force of nature, 
the strong interaction force.) 



DM classification
At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them superweakly interacting MPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 
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Weakly interacting massive particles
In case of electrons and positrons (when the particle asymmetry = 0), the 

end point is ne/ngamma ~ 10-17. It is easy to see that this is a 
consequence of a large annihilation cross section (~ a2/me

2).
We need a particle “X” with smaller annihilation cross section,
X + X à SM states.  

10-36 cm2 = a2/L2  à L = 140 GeV. L ~ weak scale (!) First 
implementations by (Lee, Weinberg; Dolgov, Zeldovich,….)

Honest solution of Boltzmann 
equation gives a remarkably simple 
result. WX = WDM, observed if the 
annihilation rate is 



WIMP paradigm, some highlights

DM-SM mediators
SM statesDM states

Cosmological (also galactic) annihilation
Collider WIMP pair-production
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1. What is inside this green box? I.e. what forces mediate WIMP-SM 
interaction?

2. Do sizable annihilation cross section always imply sizable scattering 
rate and collider DM production? (What is the mass range?)
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Examples of DM-SM mediation
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



The Higgs portal idea

§ The Higgs field is the simplest realization of mass generation for 
gauge fields and fermions of the SM.                                               
The lowest fully gauge invariant dimension operator that you can 
build out the Higgs field is 2 :   

H+H = v2+2vh+h2

Recall that dim≤4 operators do not require extra UV physics (i.e. no 
extra particles required, self-consistent)

“Standard WIMP” dark matter in form of a scalar S can be obtained 
from the d=4 operator

S2 H+H =S2 (v2+2vh+h2)

9
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Simplest models of Higgs mediation 
Silveira, Zee (1985); McDonald (1993); Burgess, MP, ter Veldhuis(2000)!
!
DM through the Higgs portal – minimal model of DM!
!
!
!
!
!
125 GeV Higgs is “very fragile” because its with is ~ yb

2 – very small !
R = #SM modes/(#SM modes+#DM modes). Light DM can kill Higgs boson easily 

(missing Higgs #: van der Bij et al., 1990s, Eboli, Zeppenfeld,2000)!
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Dark matter pair-production in b → s transitions 5
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Fig. 2. Feynman diagrams which contribute to B-decay with missing energy in the minimal scalar
model of dark matter.

2. Minimal Scalar Models

The simplest WIMP model is a singlet scalar16,17,13 which interacts with the Stan-
dard Model through exchange of the Higgs:

−LS =
λS

4
S4 +

m2
0

2
S2 + λS2H†H

=
λS

4
S4 +

1
2
(m2

0 + λv2
EW )S2 + λvEW S2h +

λ

2
S2h2,

(1)

where H is the SM Higgs field doublet, vEW = 246 GeV is the Higgs vacuum expec-
tation value (vev) and h is the corresponding physical Higgs, H = (0, (vEW +h)/

√
2).

The physical mass of the scalar S receives contributions from two terms, m2
S =

m2
0 +λv2

EW , and requires significant fine-tuning to provide a sub-GeV mass. In this
section we will calculate the branching ratio for the pair production of scalars in the
decay B → K + SS, which contributes to Br(B+ → K+ + missing energy). Being
minimal, this model obviously possesses maximum predictivity, and the branching
ratio of WIMP production can be calculated as a function of dark matter mass only.

It should be noted that the decay B → K + missing energy is actually ex-
pected to occur regardless of the existence or nature of light dark matter. As shown
in Figure 2a and 2b, the Standard Model predicts the transition b → s + νν
at one loop, so that the B-meson can decay to neutrinos 18, with Br(B+ →
K+ + missing energy) ≃ (4 ± 1) × 10−6. However as demonstrated before 12,
the decay B → K + SS (resulting from the b → s transition shown in Figure 2c)
can enhance the missing energy signal by up to two orders of magnitude.

The transition b → s + h occurs as a loop process, which at low momentum
transfer can be calculated by differentiation of the b → s self-energy operator with
respect to vEW ,

Lbsh =
(

3g2
Wmbm2

t V
∗
tsVtb

64π2M2
W vEW

)
sLbRh + (h.c.). (2)

As the Higgs is significantly heavier than the other particles involved in the process,
it can be integrated out leaving an effective Lagrangian for the b → s transitions
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Fig. 1. Current limits on WIMP-nucleon spin-independent cross sections from dedicated under-
ground searches. The solid lines represent the predictions for the minimal scalar model with a
100 GeV Higgs, while the current limits are given from (I) CRESST, (II) CDMS (2005 Si), and
(III) CDMS (2005 Ge). In the interval of 100 MeV - 2 GeV the predicted signal has signiciant
QCD-related uncertainty.

study their rare decay modes. As a result such facilities provide a new opportunity to
search for light dark matter. For the minimal scalar WIMP model these experiments
have already excluded most of the parameter space with mS ! 1 GeV, while future
data from B factories will be able to probe as high as mS ∼ 2 GeV 12.

The purpose of this paper is to explore the question of how generic the limits on
light WIMPs derived in Ref. 12 are, and whether all dark matter models with sub-
GeV WIMPs can be efficiently constrained by B-physics. To answer these questions
we study the class of models where the interaction between Standard Model sector
and WIMPs is mediated by one or more Higgs particles. We demonstrate that b → s
decays with missing energy provide important constraints on the parameter space
of such models. We also point out the possibility, based on the two-Higgs doublet
model (2HDM) at large tanβ, that these constraints can be circumvented.

In Section 2 we review our previous results on the minimal scalar model and
extend the result for more general scalar models with an additional singlet scalar
that mixes with the Higgs boson. In Section 3 we apply the same tecniques to a
related model with two Higgs doublets and calculate the branching ratios of WIMP-
producing decays of B-mesons. This model has the additional benefit of relaxing the
fine tuning condition required for a sub-GeV scalar WIMP in the minimal model. In
Section 4 we introduce some simple models of fermionic dark matter, calculate the
WIMP production in B-decays, and discuss the limitations on such models from
the Lee-Weinberg limit. We also address the case of NMMSM (next-to-minimal

Missing Higgs: R(mS)
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Figure 3: The ratio, R, of the total Higgs width in the Standard model over the same width
in the Standard Model supplemented by the singlet scalar, plotted as a function of mS.

Are we going to see the Higgs boson at Tevatron and/or
LHC ? In this scenario, only if 2 jets + missing energy is
detected, and separated from the background.

Maxim Pospelov, SI2007, Mt. Fuji



Initially very abundant, WIMPs self-deplete 
via annihilation
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Prediction for direct detection (2000)
all masses from 100 MeV to 10 TeV were allowed
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Figure 4: The predictions for the elastic cross section, σel, as a function of mS, which

follows from the λ(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ≤ 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <∼ mS ≤ 0.5mh. In this case annihilation

at freeze-out is very efficient, requiring small λ’s which lead to elastic cross sections

suppressed to the level of 10−48 cm2. These levels of sensitivity to σel(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, Ωi = Ωtot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14

Back in ~2000, best experiments were several orders of magnitude away
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Updates on the minimal Higgs-mediated model:

9
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FIG. 5: Predicted distributions (in arbitrary units) of the strangeness content y of the nucleon (left), the nucleon matrix
element �0 (centre) and the Higgs-nucleon coupling factor fN (right). These are drawn from a random sample generated using
experimental and theoretical constraints, as explained in the text.
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FIG. 6: Limits from direct detection on the parameter space of scalar singlet dark matter. The areas excluded by present limits
from XENON100 are delineated with near-vertical solid lines and dark shading (not to be confused with the diagonal solid line
and corresponding dark shading indicating the relic density bound). Dashed, dotted and dot-dash lines indicate the areas that
will be probed by future direct detection experiments, assuming 5 times the sensitivity of XENON100 (dashes, medium-dark
shading), 20 times (dot-dash line, medium-light shading) and 100 times, corresponding to XENON 1-ton (dots, light shading).
Note that all direct detection signals are scaled for the thermal relic density of the scalar singlet, regardless of whether that
density is greater than or less than the observed density of dark matter. Left : a close-up of the resonant annihilation region,
with the area ruled out by the Higgs invisible width at 2� CL indicated by the shaded region in the upper left-hand corner.
Right : the full mass range.

Thus the appropriate rescaling of the limiting value of
⇤SI is by the fraction frel = �S/�DM of energy density
contributed by S to the total DM density. We assume
that there is no di⇥erence in the clustering properties of
the singlet component and the dominant component, so
that the local energy density of S is frel ⇥�. We therefore
demand for every value of {�hS,mS} that

⇤e� � frel ⇤SI ⇥ ⇤Xe , (24)

where ⇤Xe is the 90% CL limit from XENON100. As
with indirect signals, for simplicity we perform the same

rescaling even if the thermal relic density exceeds the
observed value.

The resulting constraints in the mS–�hS plane are
shown in fig. 6, as well as projections for how these limits
will improve in future xenon-based experiments, assum-
ing that the sensitivity as a function of mass scales rela-
tive to that of XENON100 simply by the exposure. The
contours showing improvements in the current sensitiv-
ity by a factor of 5 or 20 will be relevant in the coming
year as LUX expects to achieve such values [91, 92], while
XENON1T projects a factor of 100 improvement [93, 94]

Very importantly Higgs discovery with approximately SM rates kills 
many WIMP models mediated through the Higgs at mWIMP< mH/2
Updates on the model from Cline, Scott, Kainulainen, Weniger, 2013.

Direct detection is competitive with the Higgs decay constraints.

New generation of direct detection will probe the entire mass range of the Higgs-
mediated models. 



“Robust” model for Higgs-mediated DM

§ Fermionic dark matter talking to the SM via a “dark scalar” 
that mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S mixes with physical h, and can be 
light and weakly coupled provided that coupling A is small. 

In the early Universe, the annihilation proceed via
Chi+ chi à S + S à decay to SM. Unconstrained by Higgs decay
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Light Higgs-like particle through the 
super-renormalizable portal

Example: new particle admixed with a Higgs.

After (Higgs Field = vev + fluctuation h), the actual Higgs boson 
mixes with S. 

Mixing angle:

The model is technically natural as long as A not much larger than mS
Low energy:  new particle with Higgs couplings multiplied by q.
Mixing angle and mass can span many orders of magnitude.

New effects in Kaon and B-decays. 

aNP
µ = aexperiment

µ � aSM theory
µ (32)

Lmass = Y ⇥ ER(LL⇥
†) + h.c. (33)

(L⇥) = ⇤L⇧
0 � eL⇧

+ (34)

Le� =
1

�
(L⇥)(L⇥) (35)

Lmass = Y ⇥ NR(L⇥) +
MN

2
NN + (h.c.) (36)

1

�
= �(Y )2

MN
(37)

�
0 Y �⇥ 

Y �⇥ MN

⇥
=⌃ m1 ⇧ �(Y �⇥ )2/MN ; m2 ⇧ MN at Y�⇥ ⌅ MN (38)

⇥ ⇤ Y �⇥ 
MN

⇤

⇤
m⇥(observed)

MN
(39)

1

2
⌃Fµ⇥⌅

µ⇥⌃ (40)

1

2
⌃Fµ⇥⌅

µ⇥i�5⌃ (41)

1

2
⌃F̃µ⇥⌅

µ⇥⌃ (42)

LHiggs portal =
1

2
( µS)

2 � 1

2
m2

SS
2 � ASH†H (43)

⇥ =
Av

m2
h

(44)
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Higgs penguin in flavour physics
• Calculations of the “Higgs penguin” are especially neat:

• Notice the absence of any complicated function of mt/mW. The 
reason being is that the effect is similar to scale anomaly: 

• The result is not 0 because of the scale dependence, 
Self-Energy ~ Log(Mreg/v)

Notice that there is no smallness of any particular type. Compare it with
the light scalar S, mixed with the Higgs via a small angle ✓, analyzed many
times in the past (e.g. [5]),

MS =
S

v
mbs̄LbR ⇥ 3

2
✓
(ySMt )2VtbV ⇤

ts

16⇡2
(30)

Now, let me introduce in addition the hard mass m2
0, so that I can vary

mX and gD independently,

m2
X = m2

0 + g2Dv
2. (31)

Now the amplitude has become gDa
mX

mbs̄LbR⇥ (ySMt )2VtbV
⇤
ts

16⇡2 , and we can literally
use the dark scalar case with

✓e↵ =
2

3

gDv

mV

= 0.14⇥ gD
10�5

⇥
✓
17 MeV

mX

◆
. (32)

The last normalization is quite suggestive.

Now, using [5] we get the following answers for branching ratios (in the
small mX limit so that phase space loss and the from factors are neglected),

BrB!KX = 4⇥ 10�5 ⇥
 

✓e↵
10�2

!2

; BrB!K⇤X = 5⇥ 10�5 ⇥
 

✓e↵
10�2

!2

. (33)

I’d like to have a closer look at the experimental situation, but in any
case, even using O(10�5) limits, we get

✓e↵ < 10�2 ! gD < 10�6 for MX = 17 MeV. (34)

Axial vector coupling is 1
2gD, and therefore the result is two orders of mag-

nitude below David’s desired range.

It is possible that for general values of tan �, mH and choises of qu, qd
there can be additional cancellations, and for some spots in the parameter
space the constraint disappears. I am not sure I want to investigate this
whole tuning situation, and there is a reasonable question where we would
like to stop.

8

signal, and does not presuppose any hierarchy of gauge couplings as α′ can be taken
of order α. Therefore, this model appears the most natural candidate for MeV-scale
secluded dark matter, having the chance to explain the 511 keV line from the galactic
center.

(c) φ-mediator, mX > mφ: In this scenario, it is advantageous to have a fermionic
dark matter candidate ψ with scalar (rather than pseudoscalar) couplings to φ. The
annihilation ψψ → φφ proceeeds in the p-wave and can always be tuned to the required
level with a typical choice λψ ∼ 10−6. Since mψ ∼ few MeV, this value of the Yukawa
coupling is natural. The subsequent decay of φ due to mixing with the Higgs is highly
suppressed by the electron Yukawa coupling,

Γφ ∼

(

λ1v2

m2
h

)2

×

(

me

vEW

)2

×
mφ

8π
>∼ sec−1 =⇒

(

λ1v2

m2
h

)2

>∼ 10−8. (24)

The naturalness requirement for the φ-mass would impose a significant constraint here.
If we consider the contribution from Higgs mixing in (17), λ1v/mh <∼ mφ/v, this clearly
favors a long φ-lifetime (∼ 1 sec) and a small mixing parameter. Even then, one must
ensure that the “missing energy” decay K+ → π+ + φ is within the allowed range. At
the quark level, the amplitude for the process is given by a Higgs penguin (see, e.g.
[34]):

Leff =

(

λ1v2

m2
h

)

3g2
Wmsm2

t VtdV ∗
ts

64π2m2
W v

d̄LsRφ + (h.c.), (25)

leading to the (non-SM) missing energy decay,

ΓK→π+φ−mediator ≃

(

λ1v2

m2
h

)2 (

3m2
tVtdV ∗

ts

16π2v2

)2
m3

K

64πv2
. (26)

Requiring that this width not exceed the observed missing energy decay branching
ratio Br = 1.5+1.3

−0.9 × 10−10 [35] associated with the SM process K+ → πνν̄, results in
the following constraint on φ − h mixing:

(

λ1v2

m2
h

)2

< 2 × 10−7. (27)

This cuts out a significant part of the parameter space, but together with (24) still
leaves a relatively narrow interval for the mixing parameter, 10−7 − 10−8, where the
model survives all constraints (although not without a modest amount of fine-tuning
of the mediator mass) and thus can be the dominant dark matter component while still
accommodating the positron signal through a combination of annihilation and decay.

The constraints remain essentially the same for a pseudoscalar coupling of φ to the
fermion ψ, if the Higgs sector in SM is assumed to be minimal, in which case the
mixing constant λ1 is CP-violating. The additional processes: s-wave annihilation
ψψ → e+e− through a virtual φ, and also ψψ → φφφ if kinematically allowed, are too
weak in comparison with the p-wave annihilation ψψ → φφ to affect the constraints
discussed above. In principle, with an extended Higgs sector, φ could also mix in a
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Sensitivity to a light Higgs-mixed 
scalar

Kà p + missing energy – a potential for future discovery.
§ Underlying quark-W loop for s à d + Scalar is enhanced by 

mt
2/mW

2 factor. 
§ Above di-muon threshold, recent LHCb searches of B à K + 

muon pair of fixed invariant mass provide a dominant constraint. 
§ Below mS = 210 MeV, the decays are displaced – in fact very long 

outside of the NA62 detector, because of the small Yukawa for 
electrons. GS = q2 (me/v)2/(8p) mS.

Result (see e.g. MP, Ritz, Voloshin, 2007) 

Constraint: (mixing angle)2 < 2×10-7, in the technically natural range 
of mixings. 

signal, and does not presuppose any hierarchy of gauge couplings as α′ can be taken
of order α. Therefore, this model appears the most natural candidate for MeV-scale
secluded dark matter, having the chance to explain the 511 keV line from the galactic
center.

(c) φ-mediator, mX > mφ: In this scenario, it is advantageous to have a fermionic
dark matter candidate ψ with scalar (rather than pseudoscalar) couplings to φ. The
annihilation ψψ → φφ proceeeds in the p-wave and can always be tuned to the required
level with a typical choice λψ ∼ 10−6. Since mψ ∼ few MeV, this value of the Yukawa
coupling is natural. The subsequent decay of φ due to mixing with the Higgs is highly
suppressed by the electron Yukawa coupling,

Γφ ∼

(

λ1v2

m2
h

)2

×

(

me

vEW

)2

×
mφ

8π
>∼ sec−1 =⇒

(

λ1v2

m2
h

)2

>∼ 10−8. (24)

The naturalness requirement for the φ-mass would impose a significant constraint here.
If we consider the contribution from Higgs mixing in (17), λ1v/mh <∼ mφ/v, this clearly
favors a long φ-lifetime (∼ 1 sec) and a small mixing parameter. Even then, one must
ensure that the “missing energy” decay K+ → π+ + φ is within the allowed range. At
the quark level, the amplitude for the process is given by a Higgs penguin (see, e.g.
[34]):

Leff =

(

λ1v2

m2
h

)

3g2
Wmsm2

t VtdV ∗
ts

64π2m2
W v

d̄LsRφ + (h.c.), (25)

leading to the (non-SM) missing energy decay,

ΓK→π+φ−mediator ≃

(

λ1v2

m2
h

)2 (

3m2
tVtdV ∗

ts

16π2v2

)2
m3

K

64πv2
. (26)

Requiring that this width not exceed the observed missing energy decay branching
ratio Br = 1.5+1.3

−0.9 × 10−10 [35] associated with the SM process K+ → πνν̄, results in
the following constraint on φ − h mixing:

(

λ1v2

m2
h

)2

< 2 × 10−7. (27)

This cuts out a significant part of the parameter space, but together with (24) still
leaves a relatively narrow interval for the mixing parameter, 10−7 − 10−8, where the
model survives all constraints (although not without a modest amount of fine-tuning
of the mediator mass) and thus can be the dominant dark matter component while still
accommodating the positron signal through a combination of annihilation and decay.

The constraints remain essentially the same for a pseudoscalar coupling of φ to the
fermion ψ, if the Higgs sector in SM is assumed to be minimal, in which case the
mixing constant λ1 is CP-violating. The additional processes: s-wave annihilation
ψψ → e+e− through a virtual φ, and also ψψ → φφφ if kinematically allowed, are too
weak in comparison with the p-wave annihilation ψψ → φφ to affect the constraints
discussed above. In principle, with an extended Higgs sector, φ could also mix in a

12

Q
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Constraints on Higgs-like mediators

From Krnjaic 2015 (certain curves need to be revised)

New regions of sensitivty can be covered using new fancy beam dump 
projects (SHiP)

NA62
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Higgs portal and light scalars

§ If quadratic and linear coupling co-exist, then the LHC offers nice 
ways of probing this sector for light-ish S: At the LHC, we will be 
concerned with Hà S+S, followed by S decay. 

§ Hà2 S followed by [displaced] S decay analysis is not done. 
However, to a certain degree it can be recast from Hà 2 dark 
photons, followed by dark photon decay (ATLAS). It’ll be a much 
nicer to do a dedicated search.

§ What if S are so long-lived that they decay at really macroscopic 
distance away? 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p

m2

S0

+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
Av

m2

h �m2

S

✓
1� �Sv2

m2

S

◆
. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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MATHUSLA proposal. 

Industrial size O(200 m) hollow 
detector to be put on the surface, 
near the forward region of a particle 
detector at the LHC, e.g. CMS.

Time correlation between events 
at the LHC and decay vertex 
inside a large detector can 
drastically cut the number of 
background cosmic events
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§ MATHUSLA proposal. 

It is important to know, how much a new particle is allowed to 
travel before decaying. Impossible to know in general. Within 
Higgs à scalars, scalar decay idea – possible to constrain the 
lifetime and maximum distance using cosmology. 



23

Application for the LHC
§ New ideas to build a “cheap” detector for a dedicated search of long 

lived particles in coincidence with hard collisions at the LHC: Chou, 
Curtin, Lubatti, 1606.06298. MATHUSLA proposal. 

§ Signal ~ probability to produce * probability to decay

§ BBN may or may not provide a strong cutoff to lifetime.

§ Special investigation is warranted: Fradette, Pospelov, PRD 2016 (= 
“BBN contracting job” for MATHUSLA)
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BBN abundances at hCMB
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Last 5yr developments (Planck etc)
• Planck re-measures most of the cosmological parameters, but there is 

no drastic change in h compared to WMAP/SPT/ACT.

• Planck determines helium abundance Yp. Accuracy approaches 10%.

• Cooke et al (2013) claim better accuracy and less scatter for the re-
evaluated observational abundance of D/H. Perfect agreement, it 
seems!

• With latest results, no evidence of 6Li in the stellar atmospheres.

• Only 7Li remains a problem. 

10 Cooke et al.

Fig. 5.— Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here
(J1358+6522). The left and right panels show respectively the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark
and light green bands are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite
(Planck Collaboration 2013) assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by eqs. 5 and 6.

TABLE 2
The Precision Sample of D/HMeasurements in QSO Absorption Line Systems

Literature This work
QSO zem zabs [O/H]a logN(H i) log (D/H) logN(H i) log (D/H) Ref.b

(cm−2) (cm−2)
HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7
aWe adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
bReferences – (1) This work, (2) O’Meara et al. (2001), (3) Pettini et al. (2008a), (4) Pettini et al. (2008b),
(5) Pettini & Cooke (2012), (6) Cooke et al. (2011), (7) O’Meara et al. (2006).

the literature systems that did not meet our selection criteria
(see Section 2.2.1) have larger uncertainties, and thus their
contribution to the weighted mean value of D /H is relatively
low.

4.1. The Cosmic Density of Baryons
Using the most up-to-date calculations of the network of

nuclear reactions involved in BBN, the primordial abundance
of deuterium is related to the cosmic density of baryons (in
units of the critical density), Ωb,0, via the following relations
(Steigman 2012; G. Steigman 2013, private communication):

(D /H)p = 2.55 × 10−5 (6/ηD)1.6 × (1 ± 0.03) (5)
ηD = η10 − 6(S − 1) + 5ξ/4 (6)

where η10 = 273.9Ωb,0 h2, S = [1 + 7(Neff − 3.046)/43]1/2 is
the expansion factor and ξ is the neutrino degeneracy param-
eter (related to the lepton asymmetry by Equation 14 from
Steigman 2012). The rightmost term in eq. 5 represents the
current 3% uncertainty in the conversion of (D /H)p to ηD due
to the uncertainties in the relevant nuclear reactions rates (see
Section 4.2). For the standard model, Neff ≃ 3.046 and ξ = 0.
In this case, the Precision Sample of D/H measurements im-
plies a cosmic density of baryons:

100Ωb,0 h2(BBN) = 2.202±0.020 (random) ±0.041 (systematic)
(7)

where we have decoupled the error terms from our measure-
ment (i.e. the random error term) and the systematic uncer-
tainty in converting the D abundance into the baryon density
parameter.
As can be seen from Figure 5, this value of Ωb,0 h2 is in ex-

cellent agreement with that derived from the analysis of the
CMB temperature fluctuations measured by the Planck satel-
lite (Planck Collaboration 2013):

100Ωb,0 h2(CMB) = 2.205 ± 0.028. (8)
4.2. The Current Limitation

In the era of high-precision cosmology, we feel that it is
important to highlight the main limitations affecting the use
of (D /H)p in the estimation of cosmological parameters. As
can be seen from eq. 7, the main source of error is in the
conversion of (D /H)p to the baryon density parameter (ηD,
and hence Ωb,0 h2). In large part, this systematic uncertainty
is due to the relative paucity of experimental measures for
several nuclear cross-sections that are important in the net-
work of BBN reactions, particularly deuteron–deuteron re-
actions and the d(p, γ)3He reaction rate at the relevant en-
ergies (Fiorentini et al. 1998; Nollett & Burles 2000; Cyburt
2004; Serpico et al. 2004). Since these studies, estimates for
the deuteron–deuteron reaction cross-sections (Leonard et al.
2006) have improved and their contribution to the error budget
has been reduced. Themain lingering concern involves the re-
action rate d(p, γ)3He, for which only a single reliable dataset

12 Cooke et al.

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff ≃ 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA
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Higgs portal and light scalars
§ At the LHC, we will be concerned with Hà S+S, followed by S 

decay. 
§ Consider “an almost” Z2 symmetric case to maximize the depletion 

of S in the early universe, and minimize its decay: 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p

m2

S0

+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is

✓ =
Av

m2

h �m2

S

✓
1� �Sv2

m2

S

◆
. (2)

The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S
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◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H
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The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction
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S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �
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! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �
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The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from
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= S ⇥ ✓
X
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Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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FIG. 1. Left : Branching ratios of the scalar S in our baseline decay model. See text for details. Right : Scalar S lifetime of our
baseline model and the spectator model for the mixing angle ✓ = 10�6.

B. Cosmological metastable abundance

After the temperature drops below mS , the interaction of SS pairs with the SM shifts towards the annihilation,
resulting in an intermediate (metastable) population of S bosons. In the mass range that we consider, the S annihi-
lation is dominated by the s-channel reactions SS ! h⇤ ! XX, where on the receiving end are the pairs of the SM
states XX created by a Higgs-mediation process. The annihilation cross section �v generically takes the form

�v(s) =
8�2

Sv
2

(s�m2

h)
2 +m2

h�
2

SM+S

�mh!
p
s

SMp
s

, h�vi =
R1
4m2

S
ds �v(s) s

p
s� 4m2

SK1

⇣p
s

T

⌘

16Tm4

SK
2

2

�
mS

T

� . (12)

This formula recast the rate in terms of a Higgs width �mh!
p
s

SM

with a fictitious mass of
p
s. This form encompasses

both perturbative and non-perturbative channels in the h⇤ decay rate (with the substitution m⇤
h ! p

s), which we
have described above. In the standard WIMP freeze out paradigm, a DM particle freezes out at T

f.o. ⇠ mDM/20,
h�vi is simply the nonrelativistic limit �v(

p
s = 2mDM ) and the relic density can be conveniently approximated as

⌦DMh2 ⇠ 0.11⇥ 1pb/h�vi. This result emerges as a solution to the Boltzmann equation1 [38]

dY

dx
=

sh�vi
Hx


1 +

1

3

d(lnh
e↵

)

d(lnT )

� �
Y 2

eq

� Y 2

�
, (13)

when the freeze out occurs in the exponentially falling region of the equilibrium density Y
eq

(T ). For a much smaller
annihilation cross section, h�vi ⌧ 1 pb, Y departs from the equilibrium value earlier, possibly near the relativistic
plateau Y

eq

= n
eq

/s ! 45⇣(3)/2⇡4h
e↵

(T ) for x ⌧ 1. Since the nonrelativistic annihilation cross section in the
minimal Higgs portal model ranges from 10�3 to 10�14 pb for mS ⇠ 1 MeV�60 GeV and Br(h ! SS) ⇠ 0.1� 0.001,
we numerically integrate equation (13) to determine the metastable S abundance. The results are shown in Fig. 2,
normalized to the baryon number density for a more intuitive interpretation of its impact on BBN in the following
section.

For mS ' mh/2, the �v cross section evaluated at s = 4m2

S is a poor approximation, as it fails to capture the strong
energy dependence of the cross section near the resonance at

p
s = mh/2 [39]. The sharp drop in the abundance above

mS ⇠ 45 GeV is due to the resonant contribution to the thermally averaged cross section, leading to a delayed freeze
out and drastic decrease in metastable S abundance. Our numerical results agree with the semi-analytic treatment
of Ref. [21]. For very light mS , one can see that the freeze out abundances are large, and the relative spread between
di↵erent input values of Br(h ! SS) gets smaller, as the annihilation cross section becomes very small and the
freeze out happens in the semi-relativistic regime x

f.o. ⇠ O(1) and asymptote to the Y
eq

relativistic plateau for
small mS . The only di↵erence at the lightest masses is from Y rel

eq

/ 1/h
e↵

(T ). Since h
e↵

is a monotonic function

1 We use the standard variable definitions, where Y = nS/s is the S abundance normalized on the entropy density s, x = m/T is
the dimensionless inverse temperature, H is the Hubble rate, he↵ is number of entropic relativistic degrees of freedom and Yeq is the
normalized thermal equilibrium S number density.

Defines lifetime Defines H decay and S abundance
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Cosmological  metastable abundance
§ In the early Universe, the number density is depleted as for the usual 

WIMP: 
§ However, because Higgs mediation is relatively inefficient, the 

abundance you are stuck with is large. [The smaller HàSS 
branching is, the MORE of these particles survive in the early U]5

10-5

10-4

10-3

10-2

 0.1  1  10

Y

x

Yeq (mS = 5 MeV)
Br = 0.1

Br = 0.01
Br = 0.001

Yeq (mS = 500 MeV)
Br = 0.1

Br = 0.01
Br = 0.001

101

103

105

107

109

 0.1  1  10

nS/nb

mS [GeV]

Br = 0.1
Br = 0.01

Br = 0.001

FIG. 2. Left : Temperature evolution (x = m/T ) of the YS intermediate abundance for mS = 5 MeV and 500 MeV for the three
benchmark higgs branching ratios. Right : Metastable abundance of S prior to its decay normalized over the baryon density.
Values shown for Br(h ! SS) = 10�1, 10�2 and 10�3. The dashed lines correspond to the perturbative spectator model.

of temperature, weaker annihilation cross sections freeze out earlier, at a higher temperature, thus yielding smaller
abundances (as seen in the mS = 5 MeV curves in Fig. 2). This is in contrast with the standard freeze out in the
non-relativistic regime, with final abundances inversely proportional to the cross section. We note in passing that the
strong-interaction-related uncertainty “propagates” outside the mS ⇠ 2m⇡ � 2mc window. For example, because of
the relativistic freeze out, for mS smaller 2m⇡ the hadronic channels may turn out to be important.

III. BIG BANG NUCLEOSYNTHESIS

The formation of light nuclei is one of the earliest probes of NP in cosmology along with far less certain constraints
imposed by the inflationary framework. BBN is well-understood within SM physics, and its outcome agrees with
observational data for 4He and D. 7Li has an outstanding factor of ⇠ 2 � 3 discrepancy between theory and obser-
vations [9], with the caveat that the observed abundances may have been a↵ected by stellar evolution. Nevertheless,
the overall success over a wide range of abundances can be used to constrain various types of NP [11].

The initial BBN stage is the neutron-proton ratio n/p freeze out. Maintained in equilibrium by electroweak
interactions at high temperatures, the neutron abundance follows n/p ⇠ e�Q/T , where Q = mn � mp � me '
1.293 MeV, until the epoch when the weak processes decouple around temperatures of 0.7 MeV. The outcome,
n/p ' 1/6, is quasi-stable, decreasing to n/p ' 1/7 at the end of the “deuterium bottleneck”. The latter terminology
is used to indicate a much delayed onset of nuclear reactions controlled by a relatively shallow n� p binding energy.
Once the Universe runs out of photons that can e�ciently dissociate deuterium, the bulk of the nucleosynthetic
reactions occurs at t

deut

⇠ 200 seconds. 4He has a large binding energy per nucleon, and the reactions leading
to it are less Coulomb-suppressed than for heavier elements. Consequently, most neutrons end up in the final 4He
abundance (expressed in mass fraction from the total baryon mass) Yp ' 2(n/p)/ (1 + n/p) ' 0.25.

Traces of neutrons and incomplete nuclear burning of A = 2, 3 nuclei light nuclei result in the left-over abundances
of 3He and D. Beyond the 4He atomic number, the deepest bound nucleus is 12C, but its formation is completely
suppressed since it would need to be produced by a triple 4He collision. The 2 ! 2 reactions p + 4He and 4He +
4He are also ine↵ective at producing heavier nuclei as the A = 5 and A = 8 elements are all unstable. The only
remaining possibilities are 4He + 3He ! 7Be + � followed by a � decay to yield 7Li/H ⇠ O(10�10) and 6Li formed at
the 6Li/H ⇠ O(10�14) via 4He-D fusion. For the problem at hand - the determination of the upper limit on the S
lifetime - few of these details matter. This is because of relatively large metastable abundances a↵ecting the earliest
stages of nucleosynthesis, primarily via the n/p ratio.

A. Neutron Enrichment

Ample abundances of S particles (nS ⇠ 102 � 109 ⇥ nb) flood the Universe with final state mesons and nucleons
that in turn could spoil the final light nuclei abundances. For example, at temperatures T ⇠ 0.5 MeV, the protons are
⇠ 6 times more abundant than neutrons, but this ratio can be easily changed due to meson-induced charge exchange
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Constraints on lifetime come mostly from n/p 
enrichment

§ Decay products (nucleons, kaons, pions) induce extra pàn
transitions and quite generically increase n/p. This is very 
constrained. 

§ For a ~ GeV scale particle, and energy of 200 GeV (broadly 
consistent with being a decay of the Higgs at 13 or 14 TeV energy), 
the minimum probability to decay in 100m hangar is ~ 10-6. If the 
branching of HàSS is sizeable, then it is a detectable signal. 
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FIG. 6. Left : Lifetime constraint as a function of the S mass for three h ! SS branching ratios. The lettered regions represent
di↵erent assumptions or physics and are described in the text. The dotted lines correspond to the perturbative spectator model.
Right : Same as left, except transposed in the decay length of S, assuming it is boosted to ES = 200 GeV.

• Region B m⇡ < mS < 2m⇡ : This region is dominated by the SS annihilation to ⇡+⇡�. We also derived the
same constraint as region A from N

e↵

up to mS = 2mµ, in addition to the raised N
e↵

from decays into muons
in the 2mµ < mS < 2m⇡ and the Yp constraints from S decaying into muons. They all yield weaker bounds, of
⌧S > 0.3 sec or longer.

• Region C 2m⇡ < mS < 2mK : The abundance YS weighted by the pion branching ratio constrains the region
via direct charged pion decays. We assume 2/3 go into charged pions and 1/3 is radiated away in ⇡0.

• Region D 2mK < mS < 1.4 GeV : The abundance YS weighted by the kaon branching ratio constrains the
region via direct charged kaons decays. We assume 1/2 go into charged kaons and 1/2 into K0K̄0. Only half of
the neutral kaons survive as KL, creating similar in numbers metastable populations of KL, K+ and K�.

• Region E 1.4 GeV < mS < 2mD : By strangeness conservation, we assume that all s-quarks yield a kaon,
half charged and half neutral. Since we do not have model-independent branching ratios of S in this mass
regime, we vary the description according to the assumptions in each decay model. For the baseline model, we
assume that 100% decays to the kaons and apply our kaon injection constraints. For the perturbative spectator
model, the kaon branching ratio is given by (11), with non-negligible contributions from decays to pions, muons
and eta mesons, resulting in weaker bounds until the c-quark threshold. At mS = mc the hadronic modelling
dependence largely goes away.

• Region F 2mD < mS < 2mb : We utilize the branching fractions of cc̄ from e+e� at
p
s = 10.5 GeV into

D-mesons from Ref. [56] and weight each channel by its inclusive K± branching ratios to find a hadronization
yield of 0.63 K+K� pair per S decay into c-quarks. Rescaled by Br(S ! cc̄), same constraints from kaon
injection apply. Above the 2m

⇤c threshold, a cc̄ typically forms a c-baryon with a 0.06 probability [56], which
then hadronizes to p or n. We find this constraint weaker than the kaons injection and use the K+K� result
across this entire range.

• Region G mS > 2mb : The main decay channel here are pairs of bb̄ quarks. The charged pion, charged
kaons and proton multiplicities in the bb̄ decay of a Z boson are measured to be 18.44 ± 0.63, 2.63 ± 0.14 and
1.00 ± 0.08 respectively by the ALEPH collaboration [57]. We assume the ratio holds in the hadronization of
lower centre-of-mass decays into bb̄ and scale by the mean charge multiplicity fit [58]

Nch(s) = �0.577 + 0.394 ln(s/s
0

) + 0.213 ln2(s/s
0

) + 0.005(s/s
0

)0.55, (49)

where s
0

= 1 GeV2. This fit agrees well in both e+e� and pp̄ collisions between
p
s ⇠ 2 GeV�2 TeV. This gives

us an estimate for the baryon injection of the bb̄ branching fraction of S. We further assume 50% smaller injection
of n(n̄) to utilize our baryon injection constraints. The accompanying pions and kaons also independently yield
comparable constraints, not shown in the figure.
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Cosmological constraints on Higgs-mixed 
scalar over entire range of mixing angles
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A. Fradette + MP have improved existing cosmological constraints 
on the Higgs-mixed scalar via CMB, BBN. To appear. 
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Freeze-in yield

Freeze-in yield is given by 3*10-9 q2 with ~30% accuracy. Big 
improvements over earlier works (that we ok up to factor of ~30)
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Conclusions
1. Simplest model of DM via Higgs portal is hugely constrained by 

Higgs being “almost” SM, and by direct detection

2. Simple of DM models based on Higgs portal survive. Can be even in 
the MeV-to-GeV range. Higgs-like scalar can be searched in flavour
decays (e.g. NA62)

3. Constraints are derived on the lifetime of the Higgs portal scalars 
from BBN, relevant for rare Higgs decay searches. Lifetime is 
generically < 0.1 sec. 

4. Cosmological constraints are derived on the entire mass-mixing 
plane for scalars coupled through the super-renormalizable portals. 


