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Abstract. Electroweak Symmetry Breaking (EWSB) is known to produce a massive universe
that we live in. However, it also provides an important boundary for freeze-in or freeze-out
of dark matter (DM) as processes contributing to DM relic differ across the boundary. We
explore such possibilities in a two component DM framework, where a massive vector boson
DM charged under U(1)x freezes-in and a scalar singlet DM freezes-out, that inherit the
effect of EWSB for both the cases in a correlated way. Amongst different possibilities, we
study two sample cases, first when both DM components necessarily (one of which) freezes
in and (the other) freezes out from thermal bath before EWSB and the second, when both
freeze-in and freeze-out occurs after EWSB. We find some prominent distinctive features in
available parameter space of the model in these two cases, addressing relic density and recent
most direct search constraints from XENONI1T, some of which can be borrowed in a model
independent way.
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Some acronyms

Standard Model: SM
Dark Matter: DM
Electroweak Symmetry Breaking: EWSB
Weakly Interacting Massive Particle: WIMP
Feebly Interacting Massive Particle: FIMP
Betore EWSB: bEWSB
After EWSB: aEWSB
Vector Boson DM: VBDM
Boltzmann Equations: BEQ
Coupled Boltzmann Equations: cBEQ




EWSB and DM

EWSB is an important boundary for DM freeze-in/freeze-out tor those connected

to SM via Higgs portal
Because the processes are different !

But we are usually agnostic about this issue

Is there a difference in the allowed parameter space of the model for freeze-in or freeze-out of DM
betore and atter EWSB ?

A two component WIMP-FIMP model can elucidate the etfects for both freeze-in and freeze-out in such cases

Could we then do a reverse job, that given a parameter space, can we say whether freeze-in or

freeze-out occurs bEWSB or aEWSB ?




bEWSB and aEWSB
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However, for freeze-out to render correct relic density, xpo remains in the same ballpark
rro ~ 20 — 25 for both bEWSB and aEWSB. Inevitably, these two cases of freeze-out can
only be possible for different DM masses, which changes rgw to lie above or below zpg,
as depicted in the right panel of Fig. 3. We consider two DM species with m9o > m;; =
(z2)gw > (z1)gw (vertical dotted lines), by green and pink lines, which depicts freeze out
bEWSB and aEWSB respectively from their equilibrium distributions shown by dashed lines.



Model: VBDM+Scalar singlet

Possible two component DM cases Additional Fields: {X Ma S 9 ¢}
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Evolution of the Universe

EWSB

Possible situations

X freezes-in

¢ freezes-out

mx = gxuvg,

The U(1)x gauge coupling (gx ) which provides DM-SM interaction, is required
to be feeble (roughly gx ~ 10711) to keep it out of equilibrium. The DM yield
that generates correct relic, is then proportional to the production cross section
(or decay width). For mx ~ TeV, the U(1) breaking scale turns out to be

Vs ~ 1013 GeV

These are the possibilities we study in details

() Before EWSB Before EWSB
(ii) Before EWSB After EWSB
(iii) After EWSB Before EWSB
(iv) After EWSB After EWSB

\
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bEWSB: physical states and parameters

As the phenomenology in this regime is dictated by interactions after spontaneous U(1)x

breaking and bEWSB, we have

1 1

19:;5Wy+@—+@3:;5%a(ﬂ%:& () = 0. (4.2)
The scalar potential in this limit reads:
Vieatae = 13y (HVH) + Mg (HVH)? + 2607 + 20004 — i+ 5P+ As(os +9)°
g don (V)G + 215 () (0, + 5 + 2562 (0, + 5)2. (4.3

The physical scalars can be identified from extremization of the potential, which provides
following relations between the neutral physical scalars and parameters of the model:
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bEWSB: processes relevant for DM
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Figure5. Feynman diagrams contributing to ¢ freeze out via 2 — 2 depletion processes.

DM-DM conversion




cBEQ: bEWSB
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bEWSB: constraints

Stabilty:
In order to get the potential bounded from below, the quatric couplings of the potential
Vicalar Must have satisfy the following copositivity conditions as [98-100],

i 2 0.A > 0,As > 0,

)\@H + 2/ A s > 0, Ags + 2/ AgAs > 0, )\qsg + 2\/)\;5)\5 > ()

Perturbativity:
In oder to maintain perturbativity of the theory, the quartic couplings of the scalar
potential V.a1ar and gauge couplings obey [53, 101],

(4.5)

gx < VA4,

Ag < 4, Ag < 4, )\,;g;. < 4, (4.6)
Ags < 4.

)\q’;-S < 4, )\qu < 4.

Tree level unitarity:

Tree level unitarity of the theory, coming from all possible 2 — 2 scattering amplitude,
can be ensured [53, 101, 102| via following constraints

T

Ay <
-3

. |)\5| < 271', |)\H| < 2’?1', |)\¢55| < 8?‘1’, |)\HS| < 871', |)\¢5H| < 8. (4.7)

e Constraints on DM mass bEWSB:

The possibility of freeze-in of X to complete bEWSB implies that the freeze-in scale,
which is equivalent to the mass of DM my, has to be larger than Txw; then, myx 2 160
GeV. Similarly, freeze-out of ® bEWSB forces the freeze-out temperature 7% to be larger
than Tgw, i.e, Tr 2 160 GeV. This condition automatically implies that xp = my/TF,

which is typically ~ 25 for WIMP freeze-out, requires the following condition on WIMP
and FIMP masses:

( WIMP : my 2 4 TeV; FIMP: mx 2 160 GeV.) (4.8)

Direct detection (DD) constraints : Although freeze out of ¢ occurs bEWSB, after
EWSB ¢ will couple to SM particles yielding a possibility of direct search. The relevant
couplings gx and Aygg will be shown to be constrained (~ 10712) both from the freeze-in
requirements and direct search bounds. In addition to this, Ay ~ 10~ keeps the DD
cross section safely below the experimental direct search bounds. We provide a detailed
account for DD in the appendix C.

Collider constraints : Immaterial to freezes-out/in bEWSB or aEWSB, there is a
possibility of mixing of Higgs with the complex scalar s aEWSB depending on the mass
hierarchy of s and X (we will elaborate on this point in next section). Higgs-complex
scalar singlet mixing has a strong bound from LHC [103], where the mixing angle 6 is
restricted as,

|sind| < 0.3 (4.9)

which in turn puts constraint on the portal coupling A\gg. Collider bound on scalar
singlet WIMP DM mass mgy is mild [104, 105|, while no significant bound on FIMP
mass can be obtained.



bEWSB: Freeze-in (decay and late decay)

my=10 TeV, my=10 TeV, mg=14 TeV, my=0.4 TeV, Ayg=1 07137, Aps=1 0137 my=1TeV, my=5 TeV, ms=9.5 TeV, my=0.35 TeV, gx=10""38% A g=107"2°, A45=10""2°
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mX(GeV)

bEWSB: under abundance for FIMP
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No direct search or Higgs Mixing bound !




bEWSB: freeze-in in absence of decay
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Higgs mixing and direct search bound severely constrains allowed parameter space



bEWSB: Freeze-out
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pbEWSB: Benchmark points

S| %, Mit, Ags: Mo ap? | i | S| Sxg | o
BP1 3,7, 4,1 3.16 x 10713,1.14 x 10712,4.69 x 10712,0.5 | 0.1151 | 0.0055 | 95.44 | 4.56 | 2.53 x 10~%
BP2 3,7, 5,1 6.31 x 10713,7.23 x 10712,9.61 x 10712,0.5 | 0.0890 | 0.0313 | 73.98 | 26.02 | 7.4 x 10~
BP3 3,7,4,0.9 1.26 x 10712,4.6 x 10712,3.55 x 10711,0.5 | 0.0155 | 0.1050 | 12.86 | 87.14 | 7.52 x 10746
Table 3. Some benchmark points satisfying total relic density bound and the other experimental

constraints. For all these points, WIMP freeze-out and FIMP freezes in bEWSB.



aEWSB: processes for DM

s, h mixes to produce hq, ho
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Figure 17. Feynman diagrams showing non-thermal production channels of X after EWSB Figure 18. Feynman diagrams showing annihilation channels of ¢ after EWSB



aEWSB: freeze in
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Q4h°

aEWSB: freeze out
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aEWSB: benchmark points

S1

B?E;iark WE&;;E), o 9X s ApH, Agps, SN Qph? | Qxh? 2—;‘1 (%) | &% (%) Zifﬂf)
AP1 200,150,70 6.31 x 10=13,1073,6.31 x 10~13,10—2 | 0.1140 | 0.0049 95.88 4.12 7.31 x 10—4Y
AP2 200,270,130 248 x 10712,1072,1.12 x 10—, 10—2 | 0.0666 | 0.0524 55.97 44.03 1.01 x 10—46
AP3 350,300,100 1.91 x 10—12,10=2,10— 1,10~ 0.0013 | 0.1195 1.08 98.92 | 5.85 x 10~

Table 5. Some benchmark points which satisty present relic and direct search bound for aEWSB
freeze-out.



Summary

We show that relic density allowed parameter space ditters for DMs connected to SM via Higgs portal for
freeze-in or freeze-out bEWSB or aEWSB.

We show this for a two component DM where a vector boson DM freezes in and a scalar single freezes out.
The model best encapsulates such distinction due to the fact that both DMs are connected to SM by
Higgs/scalar portal. Also VBDM inherits another symmetry breaking scale on top of EWSB.

For freeze-out to occur bEWSB, the DM needs to be heavy, for freeze-out atter aEWSB the mass can be much
smaller ~TeV and can be accessible for collider search. While the one that freezes out bEWSB, leaves the
scope of direct search only.

For FIMP produced from the decay of a particle in thermal bath, even the late decay to occur bEWSB, makes
the particle converted to DM completely bEWSB and do not allow i1t to mix with SM Higgs and therefore
leaves little scope for direct search.

In a WIMP-FIMP model, the conversion is limited to be small enough to keep the FIMP out of equilibrium,
thus allowing a significant contribution to FIMP production from WIMP, but the depletion of WIMP is
mostly unaffected by the conversion.



