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Motivation

» The real scalar singlet model is strongly constrained by relic-density and direct-detection limits
Ref. [1].

» The inert doublet model mainly favors the Higgs-funnel and heavy nearly degenerate regions

Ref. [2].
= Can singlet-doublet mixing and VLQ save the day?

Can the interplay of singlet—doublet mixing and vectorlike-quark interactions yield viable
scalar dark matter while satisfying relic-density, Higgs, and direct-detection constraints?

Ref. [3]
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Field content and the stabilizing Z,

Field

SM Higgs @,

Inert doublet @5
Real singlet S
VLQ doublet Qr/r

2 1/2 +
2 1/2 —
1 0 -
2 7/6 -

Vacuum configuration

1 /0
<(D1>:\/§< >7 (P2) = (S) = 0.
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Consequence
» The Zs symmetry remains exact.

» The lightest odd neutral particle is stable.
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Scalar Potential

A A
Vir = m3, &1 @, + mi,dld, + 25 (<1>*<1> 2422 (¢>*¢>2)

+ A3 (P11 ) (D1 D2) + A4(<I>1<1>2)(<I>Tc1>1)

2
+ % [(®1®2) + hoe] + %52 L s
+ ﬁ(qﬂ@l)s? aC 5 (@)@2)S" + ”12 [(®192)S +h.c.].

In this study, we choose 11 input parameters: the seven quartic couplings A2 3 4.5.6,7,8, the three
scalar masses My, Mup,, Mup,, and the mixing angle a.
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Scalar Mixing Produces the Dark-Matter State

With 4
H* Hpy\ _ (cosa sina) (ps)
P2 = (p+iA)/V2)’ S =rs, Hpo —sina  cosa p

the CP-even odd-sector mass matrix in the basis (ps, p) is
Choice in this analysis

2 1y 2 1
5 mg + 5 A7v 5 K120
M= 1 2 1 5 | »Asa5 = AstAatAs. Hp, s taken to be the lightest
K12V mao + =A3450
2 2 — DM candidate.

a =~ 0: singlet-like DM |a| >~ w/2: doublet-like DM
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The VLQ is an electroweak doublet, not a singlet

QL/R = (;{) L/R ~ (37277/6)7
QX = 27 QT = %

The relevant interaction is

Lyvrg = —YviLq Q ®hup — myvLqoQLQr + h.c.
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Phenomenological role

>

t/u-channel VLQ exchange opens
Hpi1Hpi, — uu.

Yy1Lq controls the quark-portal strength.

myr,q suppresses both annihilation and
scattering amplitudes.
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Why Can the VLQ Suppress Direct Detection?

Higgs-mediated scattering VLQ-mediated scattering
Hpy ----- *----- Hp Hp Hp:
I N .
: J
| \\ T //
\ Hsm
|
!
|
q—p—o—p—( q q
My X Ne o Hot B YV2LQsin2a
D1 p1HsSM* MT S S

3
myLq

Destructive interference between the Higgs- and VLQ-mediated amplitudes can strongly suppress the
spin-independent cross section.

Nguyen Minh Hien | Inert doublet-singlet DM with VLQs Student Seminar 8/18



What Makes a Parameter Point Acceptable?

Tt

» Vacuum stability » Additional Higgs searches > Relic abundance [6]
» No charge-breaking » Higgs signal » Direct detection
vacuum measurements » LUX-ZEPLIN limit [7]
» Tree-level unitarity » Higgs decay constraints
Ref. [11, 12]

A point is retained only if it satisfies all constraints included in the analysis.
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From Annihilation to the Relic Density

Cross sections Thermal rate
Freeze out
0ii(8)  wemasime  (OefV) dm,m
Annihilation and Thermally aver-
) ) Ty = mx/wf
coannihilation aged interactions
Boltzmann evolution
Final yield 1 Relic density
converted into 2
Y Qh
Dark-matter abundance today Compared with observation

Larger (o.5v) =—> fewer particles after freeze-out = smaller 2, hZ.
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An lllustrative Benchmark Point

Benchmark features

» Dark-matter mass:

Mp; =93 GeV

» Singlet—doublet mixing angle:
a =0.543

» The other Z5-odd states are sufficiently heavier than the dark-matter candidate; therefore,
coannihilation is negligible.

This benchmark describes a mixed singlet—doublet dark-matter candidate without relevant
coannihilation effects.

Source: Dao and Nguyen, PIAS proceeding (2026).
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Relic Density Scans

~ 0.08 o
g % 100
c c
0.06| 05
0.04] 0.50
0.02 025

T 5 3 i ¢ i% 5 5 55 15
Yuo a [rad]
Yy1.q scan « scan
The approximate symmetry follows from the even-power The peaks indicate strongly suppressed annihilation rates.

dependence on YvLq.

Only narrow regions reproduce Qpyh? ~ 0.120.

Source: Dao and Nguyen, PIAS proceeding (2026).
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Exact-relic solutions extend across a broad mass range
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Source: Dao and Nguyen, PIAS proceeding (2026).
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» Exact-relic points are found for
approximately

100 GeV < Mp; < 1000 GeV.

» More surviving points occur
above about 300 GeV.

» The color encodes

fl = )‘HD1HD1HSM/U7

generally within a narrow interval
around zero.
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Results and scope

Not included

» Viable mixed-scalar dark matter is found. » Electroweak precision constraints: S, T, U

> Relic density, Higgs data, and direct » Direct collider limits on X and T'
detection are imposed simultaneously.

» Detailed collider signatures
» Scalar and VLQ contributions can

interfere in direct detection.

» Exact-relic points are found for
Mpy ~ 100-1000 GeV.

The viable region may change when electroweak-precision and collider constraints are
included.
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Please have mercy.



Thank You

Thank you for your attention.

Questions are welcome.
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Mass Parameters after Electroweak Symmetry Breaking

After EWSB, the scalar fields are written as

Gt HT
1= ((v + Heu +z‘G°>/ﬂ) b = (<p+m>/ﬁ) > S=ps

The minimum condition OV /9 Hgnm|o = 0 gives mfl = —/\11;2/2. The coefficient of HSM/2 is therefore
M3
2 _ 2 _ " Hswm
MHSI\/I = \v —— A1 = 02

Collecting the quadratic terms in H*, A, p and pg gives

A Az + A — A
2 2 3 9 2 2 3 4 5 2
MHi:mer?v, MA:mwﬁ»fv7
and
A K
) m% + —27'02 —;21)
Meven = ) Azas = Az + A4 + As.
K12 2 A345 o
71} mso + v

(pssp)

These relations follow by matching the quadratic part of the potential to %Mzapz for a real field and M2 H+ H~ for the charged field.
Source: Ref. [3], Egs. (1)—(8).
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Diagonalization of the CP-Even Dark-Scalar Sector

The mass eigenstates are defined by
Hpi) _ ps _ cos « sin o
(HDQ) = R(a) (p ’ R(a) = —sina  cosa )’
Since RM2,, RT = diag(M%ID1 ) MIZ{D2), the mass matrix in the interaction basis can be reconstructed as

2 2 32 2 372 2 a2
_gT (MHDl 0 ) _ ( oMy, Tsa My, Casa(MHDl MHD2)>
0 )

M?
2 2 2 2 2 2 2
MHD2 cc,(sD((MHD1 7MHD2) leMHD1 +COMHD2

even

where ¢, = cos « and s, = sin a.
Matching the off-diagonal elements,

K12V 2 2 _ sin(2a) 2
2 Casa(Mpp,, = Myp,,) = T(MHDI = Mip,),
gives
sin(2a) 2 2
Fr2 = v (MHDl - MHD2) ’
Matching the two diagonal elements gives
ngrﬁvQ*gM2 + 52 M3, m3 Jr>\3451)2*521\42 + el M;
s 2 = CaMupy, aHpo 22 = SaMmp, aMEp,-

Source: Ref. [3], Egs. (7)—(10).
Nguyen Minh Hien | Inert doublet-singlet DM with VLQs Student Seminar 2/16



Expressing Lagrangian Parameters in Terms of Physical Inputs

Define

2 .2 2
M, = sin aMp,, + cos® onHD2

From Mip = m3, + A3450%/2 and M:(j: = m3, + A3v?/2, subtracting the two equations gives
A+ A
2 a42 4 5 2
Myy =M, — — v
Using M3 = m32, + (A3 + A1 — A5)v?/2 and eliminating m3,, one finds
M3 = M2, — As0”.
Finally, the original quadratic parameters follow directly from the charged and singlet diagonal mass terms:

m —M 7&1)2 m2—cos aM +:>m aM 7ﬁ2
HE T 5V s Hp1 Hpa — 5

Therefore, the complete inverted relations are

2
Mirgu sin(2a)
A= ———, K‘12:7(MH - Mg )7
02 v D1 D2
A4+ As
2 .2 2 2 2 4 5 2 2 _ .2 2 2 2 2
N]Hi_sm onHD1+cos aMHDQ—Tv s M = sin aMHD1+cos aZVIHD2—)\5v s
A3z o 2 2 2 2 2 A7 o
mzz—MHi—?v , mg = cos” a My . +sin CEMHD2—7U .

Source: Ref. [3], Eqgs. (9)—(14).
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Higgs—VLQ Cancellation Condition

For up-type quarks, the effective coupling is

2
My )\HDlHDlHSM my, 2 22
Cu = —5 + 22 Yy1qsin®
my v miLq
S —

Hi L
iggs contribution VLQ contribution

Defining
fi = AHpiHpy Hsu

f2 fl YVLQ ban a,
VLQ v

)

destructive interference occurs when
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Higgs—VLQ Cancellation at the Quark Level

Denote the dark-matter particle by D = Hp; and the SM-like Higgs boson by h = Hgsyy. At small momentum transfer, the elastic
scattering Dg — Dgq is described by Log = D? Zq cqqq.

The Higgs-exchange contribution is cfzh) = mgAppn/(vm}), where fi = Appp /v and

2 K12 . .2
f1 = —A7cos”a— —= cosasina — Agys sin” a, A3a5 = A3 + A4 + A5,
v

For an up-type quark, the s/u-channel VLQ diagrams provide the additional contribution cqu) = muY\?LQ sin? a/(Qm%,LQ).

Therefore, the total up-quark coefficient is

2
h T Moy, my 2 .2 _ May
ew =M 4 el ):7 f1 “FﬁYVLQSln al = —5fa
My I~ “MyLq my,

Higgs e oo

vLQ
Destructive interference occurs when the two terms have opposite signs and comparable magnitudes:

ADDh m;, 2 2
~ #YVLQsin .

m2
f2,f1+ YVLQ51n2o¢~O — ~
LQ v 2mVLQ

Since the VLQ term is non-negative, cancellation requires f; < 0 in the convention used in the proceeding. It is therefore not
automatic, but occurs only in particular regions of parameter space.
Source: Ref. [3], Egs. (18)—(23).
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Cancellation at the Nucleon Level

The cancellation is incomplete at the nucleon level because the VLQ contributes only to the up-type-quark coefficient:

) N N N N N N
Cu = My fo/m?2, whereas cq,s = mg s f1/m?. Define AN = 1 ,}u) + 2l7f7<"0) and A((i ) = %(ﬁ}d) + fr}s)) + %fq(ac)- The
spin-independent cross section is

4
N mN (N))2 2 (N)) 2 2
= A + (A .
og1 (Mp1 + "/N)2’U2m;§ﬂ' [( “ ) |f2] ( d ) |ful

Hence, fo =~ O suppresses the up-type contribution, but it does not generally imply aéVI = 0, because the down-type contribution
proportional to |f1|2 remains. A very small cross section therefore requires both a cancellation in f2 and a sufficiently small residual

Higgs contribution f;.
Writing AvLg = miY\?LQ sin? a/(2m%,LQ) > 0, the physical picture is simply

fo=fitAvg~0 = MP i MmMD~0 = olY is strongly suppressed.

Thus, the Higgs and VLQ diagrams are genuine contributions of the model, but they cancel only when their amplitudes have opposite
signs and nearly equal magnitudes. The proceeding demonstrates the possibility of such interference; it does not imply that every valid
point lies exactly on the cancellation condition.

Source: Ref. [3], Eqgs. (18)—(23).
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Thermal Relic-Density Workflow

4 N\
R All initial states Cross sections
spectrum _p M | (s)
iX; — oi;i(s
mi, i XiX3 v
|\ J
\4
( . . ) Boltzmann
Relic density . Thermal average
02 | «— evolution | «—
Oeff U T
L X ) Y;q — YO < € >( )

Gondolo—Gelmini provides the relativistic thermal average for annihilation, while
Edsjo—Gondolo extends the same framework to coannihilating particles.
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Step 1: From Amplitudes to Cross Sections

For each initial state, Define the invariant rate
Xixi = X, Mijsx = [Migox |, Wij(s) = 4pij /s 0ij(s),
Sum over all final states: with
aii(s) = _olxixs = X). pij = Vs = (mi +m;)2][s — (mi — m;)?]
X ‘ 2/s

The full s-dependence retains resonances, thresholds and interference effects.

J. Edsj6 and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
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Step 2: Thermal Average for One Species

For a dark-matter particle with mass m,,

| asoteits - amd s (i)

m2
ov) (T) = -
{ov) (T) 8myT K3 (my /T)
Particle physics Thermal physics
o(s) contains masses, couplings, propagators, K3 and K5 provide the relativistic
thresholds and resonances. Maxwell-Boltzmann weighting.

The relativistic thermal average requires only a one-dimensional integral over s.

P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).
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Step 3: Determine the Freeze-Out Temperature

The annihilation rate is

Thermal equilibrium

Fann > H -
Define

Freeze-out

Fa,m(Tf) ~ H(Tf).

Ty is determined self-consistently by the competition between annihilation and cosmic expansion.
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P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).
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Step 4: Evolve the Comoving Abundance

Define
n m
y = X = Mx.
s’ v T
The Boltzmann equation becomes The cosmological factor is
dy 7 g2 (T)my 2 2 12 _ _hest (1 T dheff>
dx == 15G 22 (ov) (Y - qu) : g /et 3heg dT ]~

After integration,

GeV

P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).

Yo=Y(@—o00), Quh%~2.75x% 10° ( mx ) Yo.
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Step 5: When Is Coannihilation Relevant?

Consider
X1,X25-+-5 XN, m1<m2<"'<mN,
where x1 is the stable dark-matter particle.
Large mass splitting Small mass splitting
mi—m1>>Tf mi_mISTf

The heavier particles remain populated, so

n o g~ (Mmi—m1)/T < ”Tq-
X1Xi — SM, XiXj — SM
Coannihilation is negligible.

can affect the relic abundance.

Coannihilation depends on both the mass splitting and the interaction strength of the heavier states.

J. Edsjé and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
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Step 6: Define One Effective Boltzmann Equation

Define the total densities: The coupled system reduces to
n:Zn-, neq:Zn?q. dn _ 2 2
i i i i E—FSHn——(aeﬂvv) (n —ncq),
Fast conversions maintain where nSped
_ A |
n; N nl?q <Ueff’U> = Z<Uz]1)1]> (ncq)z
n ~ ned i

The many-particle system behaves as one effective species while relative chemical equilibrium is
maintained.

J. Edsjé and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
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Step 7: Apply the Boltzmann Weights

Define
mi; — ma mi
A= —— = —.
¢ ma ’ v T
The effective number of degrees of freedom is The effective thermal rate becomes
et (7)) = Zgi(l +AG) e (o) = Y ri(@)r (@) (o550i5) -
i i
The equilibrium weight is A large 0;; may still be irrelevant when
X N3/2 —zA;
ri(x) = gi(1+Ai)" e . rir; < 1.

Gett (T)

Boltzmann suppression determines which annihilation and coannihilation channels actually control
freeze-out.

J. Edsjé and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
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Step 8: Effective Rate with Coannihilation

For each initial pair,

Wij(s) = 4pijV/s 0i5(s),

where

pij =

VIs = (mi +m;)2][s — (mi — m;)?]

2V/s

The effective invariant rate is

Dij 9ig;
Weﬂ(s) = p%;ifjww (S)

3y

Nguyen Minh Hien | Inert doublet-singlet DM with VLQs

Define

pet =p11, 5= A4(pg +mi),

and
2

gi my; m;

The thermal average becomes

/ dpcﬁpiEWcH(S)Kl (\j/E)
0
miT N*(T)

(Oegrv) =

J. Edsjé and P. Gondolo, Phys. Rev. D 56, 1879 (1997).
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Complete Numerical Workflow

e 2 e 2 s N
Spectrum All amplitudes Invariant rates
mi, gis A Mijx oij(s), Wij(s)
(. J (. J (. J
e 2 e 2 s N
Boltzmann equation Thermal average Effective rate
Yeq(z) — Yo (oearv)(T) Weg ()
(. J (. J (. J
T ,
Final prediction
Q,h?

,
.

Essential consistency checks

No coannihilation = Weg — Wh1; thresholds begin at /s = m; + m;; large mass splittings =
Boltzmann suppression.
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