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Minimal singlet-fermion DM with a real scalar mediator

Motivation and minimality

e Dark matter (DM) requires physics beyond the SM.

@ Aim: minimal, renormalizable, gauge-invariant extension with
fermionic DM.

@ A singlet fermion x ~ (1,1,0) has no renormalizable couplings to SM
fields.

@ Introduce a singlet scalar mediator S ~ (1,1,0) to connect x to the
Higgs sector.
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Minimal singlet-fermion DM with a real scalar mediator

Field content and symmetries

o New fields: a gauge-singlet fermion x (DM) and a real gauge-singlet
scalar S (mediator).
@ No Z; symmetry imposed on S (so odd terms in S are allowed).

@ To ensure DM stability one may still impose x — —x (or a conserved
dark fermion number); here we simply assume x is stable.
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Minimal singlet-fermion DM with a real scalar mediator

Most general renormalizable Lagrangian

: 1 _
L= Loni+ X(i9 = m)x + 5(9,5)(9"S) = V(H, S) =y SXx-

The most general renormalizable, gauge-invariant scalar potential (no Z;

on S)is

1

3
1

+u15+uH55HTH+§>\H5 S2HTH. (1)

1 1
V(H,S) = —p2 HTH + Ay(HTH)? + 5,ﬁssz + -pu3S + Z/\SS“

All parameters are taken real.
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EWSB and field expansions

Take )
0
H_E(V'i‘h), 5_V5+57
with v ~ 246 GeV and singlet vev vs.
Then

Hip = R
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Minimal singlet-fermion DM with a real scalar mediator

Tree-level minimization conditions

Insert the vevs into the potential and impose

ov
Oh

B 3%

= —| =0
0 Y as 9

0

equivalently 0V /Ov = 0 and 0V /dvs = 0.
Using HTH = v2/2 and S = v, at the minimum, one finds:

1
0= —'UJ%_I—I—)\Hvz—i-,uHSVS—i- 5)\H5V52, (2)
1 1
O:u1+u§vs+u3v52+)\5vs3+ §uH5v2+§)\H5v2vs. (3)

It is often convenient to trade u2, and py for (v, vs) via (2)—(3).
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Minimal singlet-fermion DM with a real scalar mediator

CP-even mass matrix in detail

Define fluctuations (h, s) about the minimum. The CP-even mass-squared

matrix is
» 0%V

U 00i00) | h_yg

) (¢1,92) = (h,s).

A direct expansion gives:

1
M%h = —#%/ + 3Anv2 + pHsvs + §>\HSV527 (4)
Mg = v (purs + AHsvs) , (5)
1
Mis = :U*% +2u3vs + 3)\5V52 + §>\HSV2~ (6)
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Minimal singlet-fermion DM with a real scalar mediator

Using the minimization condition (2), the (hh) entry simplifies to

M%h = 2>\HV2.
So
M2 — 2\ v2 v(pHs + AHsvs)
V(iHs + AHsVs) 13 + 2u3vs + 3Asv2 + SApsv? )
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Minimal singlet-fermion DM with a real scalar mediator

Diagonalization, mixing angle, eigenvalues

Define mass eigenstates (h1, hy) by

hi1\ [ cos@ sind h
ho)  \—sinf® cosf) \s)’
with h; usually taken as the 125 GeV SM-like Higgs.
Mixing angle:
2M?
tan20 = ———hs
M%h - Mgs

Eigenvalues:

1
mi2 = E |: hh + M s T \/ M Mgs + 4(M/275)2
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Couplings and DM interactions

@ Yukawa term: —ySyx = —y(vs + s)XX-

@ Physical DM mass (tree-level) becomes
mihys =my + yvs.

@ In terms of mass eigenstates:

LD —y(sinf hy + cos ha) X x.

@ Couplings of h; to SM fields are rescaled by cos 6 relative to the SM.
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2HDM-+-a (as in the original outline)

The 2HDM+-a

Extend the SM with:
e two Higgs doublets (®1, d2),
@ a pseudoscalar singlet ag.

Key feature: mixing between CP-odd states of the 2HDM and the singlet
4a0.
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Field content

o

1

o = 1 ( ) | i=1,2,
— v- + - +I .
\/§ ] pl 771

2

v
Singlet pseudoscalar: ag.

2 2
= V1+V27

v
tan g = 2
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Lagrangian structure and kinetic terms

L= Ekin - V(¢17 ¢27 30) + ﬁYukawa-
2
1
Liin = Y (0,0 (DF0) + 1 (3,20)(2"20),
i=1

Dy =0, +igW;T? +ig'YB,.
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2HDM potential + singlet portal

VoupMm = m%l ¢T¢1 + m§2 q)T b, — m12 (d) ®5 + h.c. )
LN <¢Td> )2 422 (¢T¢2)

+ s (chcbl) (cb;%) + 2 (0]02) (o)
A; [(qﬂ%) +h.c},

1 2 22
Va_§ a0+407
K'/

Voortal = it a0 (]2 — 011 )

V = V2HDM + Va + Vportal-
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CP-odd mixing and DM sector

Define physical CP-odd states (A, a) from (Aaupm, a0):

A\ [ cosf sinf AsHDM
a)  \—sinf cosd ao ’
Dirac fermion DM:

Lom = X(id — my )X — iyyaoXysx = L D —iyy(cosfa+sind A)xysx.
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