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The goal

e Find simple (not simplified) consistent and renormaizable models of Dark Mater

(DM) of spin 0, 1/2 and 1.

e Impose experimental and theoretical constraints.

e Maximize signals and differences between cross-sections to compare the models in

a meaningful way.
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Vocom(H, S) = —uf | H|* + Mg |H|* — ps|S|> + Xs|S|* + &|S|?|H|? + (1*S* + H.c.)

1 Tt
— A H = :
S ﬁ(vs+¢+z ) , and <\}§(U—|—h+iﬂ-0)>

Positivity: Ag >0, Ag >0, kK> —2vVAgAs

Symmetries:

o 112 # 0 breaks global U(1) softly to residual Z5 : S — —S,
e rephase S such that Im p? = 0 (basis choice),
o V3 u?(S?+5*%),s0 8 4 5 (p — ¢ and A — —A) is a symmetry,

e global minimum at (S) = % with vg being real, so C' is unbroken and A is a

stable DM candidate, m? oc u?, if u?> — 0 then A becomes a Goldstone boson of
broken U (1),
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The DM direct detection signals are naturally suppressed in the pGDM model:
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- hio
The total cross section o 4n: N N
.92 2
(tree)  SIN“acos“a, o o\ 2 4
Oan = X 5 (m] —m3)” X v}y,

Ug

where v4 is the A velocity in the lab frame. Since v4 ~ 200 km/s, the total DM
nuclear recoil cross section o4y is greatly suppressed by the factor v ~ 10715:

a%\fe) ~107"Y em? <« a%?NONlT) ~ 10740 cm?
U

1-loop effects are leading

e if ¢> — 0 then loop corrections are expected to be UV finite,

e if m% o p? — 0 then loop corrections should vanish.
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Figure 1: 1-loop diagrams contributing to A-nucleon scattering.
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where the one-loop function F is defined as

1 1
F— V/(Uil Ca Vf(uzQSoz

2 2
mji ms;

with Vf(uh A2 as one-loop corrections to the vertices h1A? and hoAZ.
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with a1 2 3 being coefficients
Comments:

e The one loop amplitude F is UV finite in the limit of zero momentum transfer
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The Vector Dark Matter (VDM) model
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The model:

e extra U(1)x gauge symmetry (A% ), DM candidate: A%,

e a complex scalar field S, whose vev generates a mass for the U(1)'s vector field,
S = (O, ]_, ]_, 1) under U(l)y X SU(Q)L X SU(S)C X U(l)X

e SM fields neutral under U(1)x,

e in order to ensure stability of the new vector boson a Zs symmetry is assumed to
forbid U (1)-kinetic mixing between U(1)x and U(1)y. The extra gauge boson A,
and the scalar S transform under Zs (dark charge conjugation) as follows

AL S A 95 g

The scalar potential

Wom(H,S) = —uf|HI? + Ag|H|* — p2]SI? + As|S|* + &[SI H|?.
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For k2 < 4\g\g the global minimum is
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The mass squared matrix M? for the fluctuations (h, ¢) and their eigenvalues read
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Fermion Dark Matter (FDM)

e DM: x - a left-handed Dirac fermion,

e spin 0 mediator: S - a real field.

Zg: S — =85,y —1x

1 z, B
L = Lsu+ixdx + 58’“‘5 (%S — %(xcx +xx°)S —V(H,S),
A
Veom(H,S) = —p¥|H?+ AglH|* - 52+ 25 —\H| 252

where y¢ = —ivyox™ and
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After SSB relevant parts of the Lagrangian take the following form:

Yz UVSs —

Yz
S — s

L 1 — ~ ) — 1
ixdx + 50"9 0,8 — %(xcx + xx°)S — %w&% +50"¢ Outp —

where ¢ = ¢ = x + x¢ is a Majorana mass eigenstate with m,, = y,vs.

hi\  S_1(h __|cosa —sina T B KUVg
(hg) =& (q5> = [Sina COS Qv ] N [ 4’4} ’tanza_)\H,Uz_)\S,U%‘

Figure 2: The vertex relevant for the FDM model.
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Parameters

VpGDm(H,S) = —,u%{H2—|—>\HH4—,u%\S\Z—1—)\5\5\4+/<;\S|2\H|2—|—
Wom(H,S) = —p4|H|> + Ag|H|* - /&29\5’2 + As|S|* + k|S)?|H|?

A
Viom(H, S) = —pglH|* + Au|H|* - S2+ 25 —\HI 262

Tt
S = Vs + §b (+7’A) ) H = v+h—+iro
B

(hl) _ p-l (h) R = [Cf)SCV —smoz]
ho 1) sina  cos«

It is convenient to use the same input parameters for all the models:

ma, sina, mpy = (ma, mx,my) and  vg

o |[LC: \/52250 GeV — mpm S775 GeV

(1?S? +H.c.)
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2. Vacuum stability,

3. Minimum globality,

Constraints

Higgs invisible decays (1809.05937):

. Perturbativity: vy, < 47 (T—g < 47r)  gx < 4w (Tz—g < 47r) | K < 4w, TE < A,

BR(h1 — inv) = BR(hy — DM DM) < 19%

. The mixing angle: 0 < sina < 0.3 (1501.02234, 1604.04552).
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6. The Planck data (1807.06209): h*Qpas = 0.1240.0012. The thermally averaged
cross section (DM DM — ff) reads:

3/2
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7. Indirect-detection (1611.03184) limits.
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Figure 3: Relic-density and indirect-detection limits. (1611.03184)

e For pGDM and VDM: my, mx = 30 GeV, since otherwise the proper value of
annihilation cross section is forbidden.

e For FDM due to the TO/Tf factor, current annihilation cross-section corresponding
to the correct value of relic density is orders of magnitude times smaller than
the one for the pGDM and VDM, hence it satisfies the ID limit.
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8. Direct-detecion (1805.12562) constraint the spin-independent nucleon-scattering
cross section.
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Figure 4: Direct-detection limits. (1805.12562)

For VDM and FDM:
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For pGDM 1-loop calculations are needed (1810.06105).
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2
]

2.2
o4 VUG

with

In considered range of parameters, in the case of pGDM, the DD upper bound on

-2 2 . . .
the value of 32 (?;gos 2(m% — m3)*? is always higher than the value corresponding
to the correct relic density (for sin a that maximize the cross section for given ms

and mDM).
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https://arxiv.org/pdf/1810.06105.pdf
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The XENONI1T limit for mpy = 100 GeV can be parametrized as:
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Hence, the strictest possible DD limit reads
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Dark matter at eTe™ colliders

Figure 5: Feynman diagram for eTe™ — Zxx, x denotes the dark particle (y =
A, X, ).

e P. Ko, H. Yokoya, “Search for Higgs portal DM at the ILC", JHEP 1608 (2016)
109,

e 1. Kamon, P. Ko, J. Li “Characterizing Higgs portal dark matter models at the
ILC", Eur.Phys.J. C77 (2017) no.9, 652
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Figure 6: Feynman diagram for ete™ — Zxx, x denotes the dark particle (y =
A, X, ).
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Js =15TeV, m,=700GeV, vs=554TeV

two-pole case: mpy = 60 GeV, sina = 0.01
one-pole case: mpy = 200 GeV, sina = 0.05
no-pole case: mpy = 500 GeV, sina =0.3

do
— [pb-GeV™]

dE;
107°
107"
107" ¥ I
I~ .Sl 9] pgey
100 200 300 400 500 600 700 ‘
Figure 7: C{‘fE—"Z for the pGDM model.
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Background

Z 176717/“177-

Figure 8: Exemplary diagrams of the Standard Model background processes. Neutrinos
contribute to missing energy and can therefore mimic dark particles. The background
cross-section could be reduced by polarizing the initial e™ and e~ beams.
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Strategy
e Fix /s e.g. at 240 GeV for the CEPC, or /s = 250 GeV for the ILC,

e Parameters: mo, mpm, Sin o and vg,

e For given (mo, mpym) and sin a, the value of vg is derived by solving the relic-density
condition, so vg is no longer independent:

- 2 2
SIN1 & COS™ (¥
——(mi —m3)* =
Us
(1
—91. 10—5 GeV_Q(m% o 4/’TI’%I\/I)Q (m% o 4/’TI’%I\/|)2 1 (VDM)
spu (FOM)

e For each point (mso, mpy) of the plot, we choose such value of sina < 0.3 that
maximizes the total cross section.
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Extra scalars at 500 ILC — Exclusion Limits

Prelimiary results for 500 GeV.

k95

ILD preliminary

& 500 GeV

4= 250 GeV

10—3‘..“‘...“.\.|\|
0 100 200 300 400

Mg (GeV/c?)

Yan Wang | Searching for new extra scalars at the ILC | October 25, 2018 | 17/18

Figure 9: Expected sensitivity for the measurement of the cross-section for ete™ —
DM DM Z at the ILC, from Yan Wang (DESY, IHEP) at LCWS 2018, Arlington,

October 25, 2018. kgs = o(ete™ — -+ Z)/osyp(ete™ — hgyZ)
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Figure 10: For the pGDM, the allowed region (greenish), the region forbidden by the
invisible BR of h; (cyan) where BR(hy — DM) > 19% and the gray region where
the cross section falls below its expected precision at the 95% CL. Coloring of the
greenish area shows the value of the normalized total cross section o/ogps. The star
denotes the chosen benchmark point, characterized by relatively high cross section.
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Figure 11: As in Fig. 10 for the VDM model. The region forbidden by the DD
constraint is denoted in black.
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Figure 12: As in Fig. 10 for the FDM model. The region forbidden by the DD
constraint is denoted by black.
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White: pGDM allowed,

White: FDM allowed, Yellow: FDM forbidden
Cyan: pGDM forbidden (BRn,.pn > 19%)

(Light: BRph,-pn>19%, dark: opp too large)
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Yellow: FDM forbidden, pGDM and VDM allowed
Magenta: FDM and VDM forbidden, pGDM allowed
Cyan: 11 forbidden, white: all allowed

White: VDM allowed, Magenta: VDM forbidden
(Light: BRy pn>19%, dark: opp too large)
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Figure 13: Top-left: pGDM model, top-right: FDM model, bottom-left: VDM model,
bottom-right: the three models combined. Light- and dark-gray regions denote

violation of perturbativity conditions. Note that the |x| < 47 condition is not violated
in any place of the considered range of parameters.
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Figure 14: The difference between predictions for the pGDM and the VDM. The gray
region denotes parameter space for which the difference is smaller than the limit of
Fig. 9. The models are compared in the region where both of them are consistent
with the data, see Fig. 13.
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Figure 15: The difference between predictions for the pGDM and the FDM (left
panel), and the FDM and the VDM (right panel). The gray region denotes parameter
space for which the difference is smaller than the limit of Fig. 9. The models are
compared in the region where both of them are consistent with the data, see Fig. 13.
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Summary

1. The following models were discussed and compared:

e pGDM with complex scalar field S and U(1) global symmetry softly broken by
n?(S% 4+ S*2),

e VDM with gauged U(1)x and complex S,

e FDM with chiral x and real S.

2. Perturbativity, vacuum stability and globality of the vacuum ensured.

3. e Limits for invisible Higgs boson decays BR(hy — DM DM) < 19% and LHC
limits on sin a < 0.30 imposed.

e Limits from ID and DD satisfied.

e DM abundance constraint satisfied.

4. Direct detection efficiently suppressed in the pGDM model, o5 o< v, as a
consequence of A being a pseudo-Goldstone boson, 1-loop calculations were
performed and adopted. For ¢* = 0 the 1-loop results are UV finite and vanish in
the limit maqa = mpy — 0.

5. In some regions of (ms, mpas) space eTe™ colliders might be useful to disentangle
the models.
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Backup slides: Vacuum stability

Wom(H, §) = —pi[H|* + Au|H|* — p5]SI* + As|S|* + &|S[*|H|*

Ar(Q) >0, As(Q) >0, £(Q) +2vAr(Q)As(Q) > 0

1- (solid) and 2- (dashed) loop, g,[m;]= 0.3, Ay[m¢]= 0.14, Ag[my]= 0.1,k[m]=—-0.06 1- (solid) and 2- (dashed) loop, gx[m{= 0.3, Ax[m¢= 0.14, As[m{= 0.1, k[m;]=-0.06
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Figure 16: Running of various parameters at 1- and 2-loop, in solid and dashed lines
respectively. For this choice of parameters Ay (Q) > 0 at 2-loop (right panel blue)
but not at 1-loop. Ag(Q) is always positive (right panel red), running of k(Q) is
very limited, however the third positivity condition x(Q) + 21/ A (Q)As(Q) > 0 is
violated at higher scales even at 2-loops (right panel green).
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The mass of the Higgs boson is known experimentally therefore within the SM the
initial condition for running of Ay (Q) is fixed

)\H(mt) = Mﬁl/(Q’UQ) = )\SM = 0.13

For VDM this is not necessarily the case:

Mh1 — \gv® + )\5’05 + \/)\Svs — 22 g Asv20% + A4 0t + k20208,

VDM:

e Larger initial values of A\py such that Ag(m;) > Agns are allowed delaying the
instability (by shifting up the scale at which A\ (Q) < 0).

e Even if the initial A\ is smaller than its SM value, Ay (m:) < Asps, still there is a
chance to lift the instability scale if appropriate initial value of the portal coupling
(my) is chosen.

6§ 551\4 I
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