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Peculiar Scalar extensions of the SM

Some models have negligible dark matter direct detection (DD) cross section at zero momentum
transfer (at leading order). Barely affected by direct detection bounds.

True for models with a pNG dark matter candidate with origin in a potential of the form

7= Y mdl b+ Y d 80+ Y| S| dlt =3 | S| s |S|T 1S )
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with
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which is a model with N Higgs Doublet Model plus a complex singlet.
The potential is invariant under

S - S* Stabilises A

and without the red term it is also invariant under

S — e“S

The soft breaking term gives mass to the pNG dark matter.



Let us start with just one doublet and one complex singlet (CxSM)

The SM is extended by an extra complex scalar singlet S which has a global U(1) symmetry

S — e”S
Softly break dark U(1) symmetry to the residual Z, symmetry in one of the singlet components

L= Loy + D)+ |S| =2 |S|" —x|S|" HIHHuAS* + 5 S - S*

SM + dark matter candidate A + a new scalar that mixes with the CP-even field in the doublet such that

my = Ayvi + Agve + \/Aévfl + Agvg + kViVE — 25 AV ve
The mass eigenstates fields h; and hz are obtained from h and S via
hy _ [ cosa sina h
h, —sina  cosa/ \S
The conditions for the potential o be bounded from below are the same for the two models
Ag > 0, Ag > 0, K > =2+/Agls
The scalar mass matrix is
2Ayv% KV 0
M? = kvvg 2403 O
2

0 0 —4u




The amplitude for the DM direct detection cross section

GROSs, LEBEDEV, ToMA, PRL119 (2017) No.19, 191801
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And it vanishes for zero momentum transfer. Why? Going back to the Lagrangian,

& = ZLoy+ D,S)(D'S) + u? |§|2—/IS |§|4—K |§|2HTH+ﬂ2(§2+§*2) S — S*

Writing

Ve+ S A 2 2 2A 2 2 24
S = es = Viou=—pg+S)cos|{ — |=—pg+S)| 1——|+...
V2 Vs Vg

Including the kinetic term leads to the following Lagrangian interaction

1 2 2 1 2 2
Lopp==—(0"5)A" — —SA(0" + m)A
2VS Vg

First term proportional fo p2 of S and the second term vanishes when the DM particle is on-shell.
Amplitude is proportional fo p2 with A on-shell.



Cancellation in the CxSM
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AZEVEDO, DUCH, GRZADKOWSKI, HUANG, IGLICKI, RS, PRD99, 015017 (2019)

Which vanishes when t = 0

CAl, ZENG, ZHANG, JHEP 01 117 (2022).

Note however if other soft breaking terms are added

o = — K (S +§%) =1, | SP(S + $%) — k5 (S* + $*7)

the cancellation is lost except for fine-tuned values of the couplings

K13 = E(Kz + 91<3)vS2



Note that the cancellation does not happen in scattering

INDEPENDENT C i v . :
PARAMETERS Mpp, SINA, Ny, Vg—— Singlet VEV

Mass of the DM / / ™ Mass of the

particle o second scalar
Mixing angle between

doublet and singlet (real)

There is obviously a 125 GeV Higgs (other scalar can be lighter or heavier).
Experimental and theoretical constraints included.



One-loop corrections in cXSM



The one-loop calculation in the CxSM

A A
AN /
AN /
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his |
/\ The tree-level amplitude is proportional to g4, this means more than 10
N N orders of magnitude below the recent experimental DD bounds.

In the one-loop calculation we will still work at the nucleon level,
combining the Higgs-quark and Higgs-gluon couplings to a nucleon into a
single Higgs-nucleon-nucleon form factor fymy /vy .

we work in the limit of zero momentum transfer g — 0 in order to

simplify our calculation - the terms proportional to g are suppressed by
powers of the relative DM velocities.



Negligible contributions and counterterms

A A At the fundamental level, the DM-nucleon
. / RN S scattering can be understood as the scattering of
S il s the DM particle A with light quarks and gluons.

>
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>
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B | | | Light quark Yukawa couplings are extremely small,
PN N the diagrams (a) and (b) with multiple insertions
, | , of light quark Yukawa couplings, are expected to
g 9 be negligibly small. Diagram (c) although small
could contribute but we checked that it did not.

A

The counterterm potential is

V.= — 62| H|* = 6u2|S|* + Suy | H|* + Sug| S|* + 6k | H|*|S|* + (5u>S* + h . c.)
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model has 6 independent parameters, we need 6 counterterms to cancel the UV divergences at one-loop.

Sum of all diagrams is zero. No need for renormalisation prescription - sum of all diagrams in the
amplitude without counterterms has to be finite. Expected in the limit of zero momentum fransfer.



Contribution proportional o the tree-level cross section

Many contributions are proportional to the tree-level amplitude and therefore vanish in the same limit

t t t
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SM particles: quarks, leptons, and electroweak gauge
bosons, couple to the Higgs bosons h; ; only through the
rotation of the doublet neutral components h. The
coupling modifiers are cosa, for h; and -sina for h..
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Scalar contributions to
the external legs.

I \
Vhaha Vhy,he
I \

. 2 , 2%Vaai Aty 2iVanslt
For the external lines Fe= 55— l—zAmi TR 442 2] Fo=0
DT —my my msy



Corrections that survive
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Very simple expression that
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Scalar DM: vg=1 TeV, my,=300 GeV, sina=0.1

10751 F .
: : Results for the point presented as
10752 a function of the DM mass.
107 - The approximation is quite good in
I ] reproducing the shape.
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GROSS, LEBEDEV, TOMA, PRL119 (2017) No.19, 191801

mA[GeV]

€ For this set of parameters, the DM-nucleon scattering cross section varies between 10-28
cm? and 10792 cm? when the DM mass mA is in the range of 1-109 GeV.

¥ For the same set of the parameters the curve has a maximum value of 0(1) ~3x10723 cm?

for ma ~ 630 GeV. The tree-level contribution is oT"e€ - 10769-10765 cm? for the same set
of parameters.
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Scalar DM: vg=1 TeV, ma=100 GeV, sina=0.1
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Behaviour with m, - approximation substantially
deviates from the exact formula.

Two dips appear in the exact calculation:

a) one for m, = m, corresponding to the vanishing
of the factor (mi? - m2?);

b) another one at around m, ~ 30 GeV which is

caused by accidental cancellation between loop
integrals. The location of this dip varies with the
set of parameters chosen and is a combination of
all input parameters.

Finally we checked the behaviour with m, when m,
is the 125 GeV Higgs.

Main difference here is just in the vanishing cross
section related to the factor (mi2 - mz2)



Scan takes into account the most relevant theoretical and experimental constraints
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One-loop corrections in the S2ZHDM



S2HDM - Now the SM is extended by one doublet and a complex singlet. There is an extra doublet
compared to the previous model.

7= Y mil i+ X A bl D [S|T -3 | S|+ as S| kst 4 )
i

ijkl ij

Extra particles: 2 CP-even scalars, 2 charged scalars and 1 CP-odd scalar and a DM particle. Free

2
parameters m, = ,m,,m,, @ 53, tan f,mp,, vs.

These models can lead to tree-level flavour changing neutral currents. These are very constrained by
experiment. To solve this problem one usually forces the Yukawa Lagrangian to be invariant under a Z5

symmetry. This leads to 4 possible Yukawa Lagrangians (the way scalars are combined with fermions).

We just consider Type I and Type II. Besides that we just have more particles in the loop.

Diagrams that survive. Same type of
a diagrams as for the CxSM but with
N - S S more particles in the loop.



Scalar DM: vg=1TeV, m=300 GeV, sina=0.1
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Generic behaviour of the loop corrected cross section Type IT

Ww-oL= Type II/F, N =p 2
—= Typell/F,N =n
= Type I/LS,N =p,n

A\

1 L 1 1 L
50 100 150 200 250 300
my, |GeV]

Type dependent blind-spots

Here we just fixed all input parameters except for the VEV of the singlet. The behaviour is similar

is excluded.

for all values of the singlet VEV but as the VEV gets smaller a larger mass region in the WIMP region

We also show Darwin as an example of some future projection. This is the total cross section.
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Experimental prospect for direct detection in Types I and II
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One-loop corrections in a VDM model



A simple Vector Dark Matter (VDM) model

Dark U(1)x gauge symmetry: all SM particles are U(1)x neutral.

New complex scalar field - scalar under the SM gauge group but has unit charge under U(1)x.
Lagrangian invariant under

X,—-X, S-S

Forbids kinetic mixing between the SM gauge boson from U(1)y and the dark one from U(1)x. The
Lagrangian is

1 2 4 2 X
€$=ZW—Z&JW+@ﬁWD®H¢ﬂS|+%w|—HS|WH D, =0, +igxX,
with
G S 1( S+iA)
— ) = —Wc+d+1
H é(vH+h+lG0) > 5

h is the real doublet component, S is the new real scalar component and A is the Goldstone boson
related with U(1)x .

HAMBYE, JHEP 0901 (2009) 028. LEBEDEV, LEE, MAMBRINI, PLB707 (2012) 570. FARZAN, AKBARIEH; JCAP 1210 (2012)
026. BAEK, Ko, PARK, SENAHA; JHEP 1305 (2013) 036, ...



With the previous definitions, the masses of the gauge bosons are

1 1 ) ”
mW:EgVH; mzzg 8"+ 8" vy, Mpy = 8xVs

and the masses of the two scalars are

my = AHVEI + ﬂsvg + \/ ﬂflvfl + /”tgvg1 + KV,%,VS2 — 2/1H/15v13v§

The mass eigenstates fields h; and hz are obtained from h and S via

hy _ [ cosa sina h Originally we studied this model because it is equal to the
hy —sina cosa) \S CxSM in the number of particles and number of parameters.

There is no tree-level cancelation in this case. Are electroweak one-loop corrections relevant?



One-loop corrections in the VDM model

X

W

X reff _ reff o pefi We have used an effective Lagrangian starting with

S: q B z;z ¢ Thra the interaction of dark matter with quarks and gluons.
| q=u,d,s

"

q

X X X X X X

VNANONVVY A ANVVY Loops are calculated - including also CT

: . C'Dhl diagrams. The result can be written in
o Ch; terms of the form factors of the effective
e e ian.
q q 7 g q q Lagrangian
(a) Vertex Corrections (b) Mediator Corrections (¢) Box Corrections

GOODMAN, WITTEN, PRD31 3059 (1985); ELLIS, FLORES,
NPB3017 883 (1988). K. GRIEST, PRL62 666 (1988);

PRD38 2357 (1988); SREDNICKI, WATKINS, PLB225 140 ) . )
(1989); GIUDICE, ROULET, NPB316 429 (1989); DREES, Results are translated into interactions

NoJIRrl, PRD48 3483 (1993) with nucleons using the matrix elements of
the quark and gluon operators in a nucleon

HILL, SOLON, PRD91 043505 (2015) state.

HISANO, ISHIWATA, NAGAYA, YAMANAKA, PTP126 435 (2011)
ABE, FUJIWARA, AND HisANoO, JHEP 02 028 (2019)

ERTAS, KAHLHOEFER, JHEPO6 052 (2019)



NLO vs. LO results for the VDM model
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The K-factor (NLO/LO) is mostly
positive and the bulk of K-factor values
ranges between 1 and about 2.3.

Largest contribution comes from the
triangle diagrams which are

proportional to gj at one-loop. If the

100 200 300 400 500 600 700 800 900 1000

m, [GeV] coupling is below 1 corrections are
smaller than 10%.

Left: points that are not excluded at LO but are excluded at NLO.

Right: points that are far way from exclusion but are pushed closed to the bound at NLO.

In a scan

1000 1

valid at LO
excluded at NLO

200 400 600
my [GeV]

800 1000

In a scan one cannot distinguish between LO and
NLO exclusion.



my [GeV]

500 |

100 |

Comparing the two simplest models with vector or scalar DM

e Scalar [Under Relic] e Vector [Under Relic] e Scalar [Relic] e Vector [Relic]
1000 ¢

50 F

Region where only scalar DM
survives. In this region, if we could
measure the DM mass and m,
Vector DM would be excluded.

oSl

....-\ . .
Region where m: is
close to 2mpm.

I\

: - Region where m; is close

50 100

500‘ | l1lOOO To ZmDM'
mpy [GeV]

Enhancement by the resonance must be compensated by suppressed couplings.

m, =~ 2mp,, DM annihilation through the non-SM-like resonance #,

m, = 2myp,, DM annihilation through the non-SM-like resonance £,



Thank you.
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If you use this code for a scientific publication, please cite the following papers:

« arXiv:2108.10864: Thomas Biekoetter, Maria Olalla Olea, Reconciling Higgs physics and
pseudo-Nambu-Goldstone dark matter in the S2HDM using a genetic algorithm, J. High
Energ. Phys. 2021, 215 (2021)

« arXiv:2207.04973: Thomas Biekotter, Maria Olalla Olea, Pedro Gabriel and Rui Santos, Direct
detection of pseudo-Nambu-Goldstone dark matter in a two Higgs doublet plus singlet
extension of the SM

https://gitlab.com/thomas.biekoetter/s2hdmtools



Nuclear form factors

We here present the numerical values for the nuclear form factors defined in Eq. (4.59). The
values of the form factors for light quarks are taken from micrOmegas [75]

fh =0.01513, f4 =0.0.0191, [P =0.0447, (A.99a)
fr, =0.0110, f7, =0.0273, fr = 0.0447, (A.99b)
which can be related to the gluon form factors as
q=u,d,s q=u,d,s

The needed second momenta in Eq. (4.59) are defined at the scale 4 = myz by using the CTEQ
parton distribution functions [76],

uP(2) =022,  @P(2) = 0.034, (A.101a)
dP(2) =0.11,  dP(2) = 0.036, (A.101b)
sP(2) =0.026,  37(2) =0.026, (A.101c)
(2) =0.019,  ’(2) =0.019, (A.101d)
b(2) =0.012,  bP(2) =0.012, (A.101e)

where the respective second momenta for the neutron can be obtained by interchanging up- and
down-quark values.



NEW CALCULATION BY ISHIWATA AND TOMA, JHEP 1812 089 (2018)

Third type of diagrams were not considered. We believe that is why the limit of mZA = 42 - 0,
where the dark matter particle A is again a Goldstone boson.
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mp [GeV]

Going back to the scan - no major changes after
the exact one-loop calculation

e Scalar [Under Relic] e Vector [Under Relic] e Scalar [Relic] e Vector [Relic] . L.
. There were two consistency conditions
that were checked:

500
- the tree-level AN recoiling amplitude

vanishes in the limit of zero momentum
transfer, the one-loop amplitude and F
should be finite in the same limit. In
other words, we do not need to
renormalise the model (the set of
diagrams with counterterms only is
zero). Consequently, the sum of all
diagrams has to be finite. .

100}

50

10F

.
T | L L PR I S S | L L P

1 5 10 50 100 500 1000

mpy [GeV]
in the limit of mZA = -442 — 0, the dark matter particle A would return to its Goldstone boson nature
due to the spontaneous breaking of the global U(1) symmetry. In this limit, the scattering amplitude

should be only proportional to q2 and thus it should vanish when q2 — 0, that is, F should approach

zero in the limit mZA — 0.
Since the exact one-loop results lead to cross sections that are below the XenonlT limit, the

plot looks exactly the same.



& Mediator corrections

Again because we are working in the approximation of zero momentum

W exchange the contribution from the mediators can be written as
R
, Shon, (02 =0
[ S 7 =
' ' A, Db, (p*=0)
hih; m2 m2
hi Th,

with . .
R 0z

(G Gt} = 502) = 20 - m? — o7 + 2 (47— M) + (2 = M?) 2Z
Eh2hl Ethz 2

Projecting the one-loop correction on the corresponding tensor structure we obtain the one-loop correction to the
Wilson coefficient of the operator m, yygq induced by the mediator corrections as

med _ 99x"Mx _ , hi\ Py _ [ cosa sina) (g
q - ZmW ;Ra,lzRa,]lAhihj <h2 = o ®g ) \—sina cosa bg

& Box corrections

X X X s X X vV X X X X X
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s s s s s Sis sl Vs

F
q 9 a F g a F aq g F ¢ g F ¢

F, S ={q} {hi} F, S ={a},{hi,Gx} F, S,V ={q},{hi,Gx},{X} F, S ={q}, {hi} F, 8,V ={a},{hi, Gx}, {X}



& The NLO EW SI cross section can be obtained using the one-loop form factor

NLO

= 2 B

q=u,d,s q=u,d,s,c,b

with the Wilson coefficients at one-loop given by

The LO form factor is given by

BE_po| S e Y o

q=u,d,s q=c,b,t

And the cross section at one-loop is

() 1ot

+ 2Re (f fNLO*)]

1
ON = —
™

> 2@t a@)a - o

Box diagrams contribute to the two different

quark operators.
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ERTAS, KAHLHOEFER, JHEPOG6 052 (2019)

ABE, FUJIWARA, HisANO, JHEP 02, 028 (2019)

EthG deﬂh h] o Ga Gaemr
top deff) ij —a&S
Ja ( Ot

q:u7d787c7b)t




3.5
30 Wilson coefficient at one-loop as a function of the non-125 scalar
o5 (in units of GeV~?) with the dark gauge coupling in the colour bar.
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Different contributions to the cross section
with LO being the largest followed by the
vertex contribution.

vy
= 1013 fL| Even for small g, the vertex contribution
| quERTI ' dominates except for a few points where
10710y % ) |f?30X| mediator take the lead - in those cases the
19 . e . quED, ’ LO is larger by several orders of magnitude.
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Constraints
Theoretical and collider:

Points generated with ScannerS requiring

- absolute minimum

- boundedness from below

- that perturbative unitarity holds
-5 Tand U

Signal strength: 125 GeV coupling measurements give a constraint on the mixing
angle a

Searches: BR of Higgs to invisible below 24%

Searches: for the new scalar imposed via HiggsBounds which gives a

bound that is a function of the new scalar mass and cosa



Constraints

DM abundance: we require

(th)DM < 0.1186 [Calculated with MicroOmegas]

or to be in the 5o allowed interval from the Planck collaboration measurement

QA% = 0.1186 + 0.0020

Direct detection: we apply the latest XENONIT bounds

. Q1)
O'Ie)];{/[,N = fpm Cpm N with  fpy = hs [Fraction contributing to the scattering]
(Qh?) DM

Indirect detection: for the DM range of interest, the Fermi-LAT upper bound
on the dark matter annihilation from dwarfs is the most stringent. We use the
Fermi-LAT bound on bb.



Where does this difference comes from? - Dark matter
nucleon scattering at tree-level

A LA
N 0, % v
N7 : LMy AA1C AA2S, _
Y _lﬂtree = - ) 0!2 - 5 a2 MN(p4)uN(p2)
| VH q-—my g=—mj
hyy | .
T _ i sin 2afymy m? m3 )
_lﬂtree - - 2 2 - 2 2 uN(p4)uN(p2)
/\ vy g-—mig g —mj;
2 2
N N . SoCoalyy [ M —my \ ,_
_lﬂtree ~ = == < ) q uN(p4)uN(p2)
ViVs mym;

GROSS, LEBEDEV, TOMA, PRL119 (2017) No.19, 191801

The total cross section for DM-nucleon scattering is

2 2 2,6 2 22
sin” 2afiy Mykpyn (mi —my)” Mpp Ty
% where  ppyn =
m3, viv:  mimi M T mpy+m
pmVEVYS 111 pM T My

tree  ~
CpM.N ~ 3
T

Because vpy ~ 200Km/s = vi, ~ 1071



that is,
& Write the effective Lagrangian

ff _ 5 9a . p:au; v q
eff _ eff eff »CZ = foxux"mqaqq + —5 X 10"i0 Xpop,zm 1 1
q=u,d,s %ff — fGXpoGZyGalwa

& Define the nucleon matrix elements
14 denotes the fraction of the nucleon mass that is due to light

(Nlmyqq|N) = mnf7, / quar'k q (lattice)

90{5 a,uv o N o N
81 (NG, G2 IN) = [ 1- Zd fr, | my =myfr, SHIFMAN, VAINSHTEIN, ZAKHAROV, PLB78 443 (1978)
q=u,a,s
q 1 1 2 N N
<N(p)| O,ur/ |N(p)> = m_N PubPv — ZmNg;w (q (2) +q (2)) )

\

fraction of the nucleon momentum carried by the quarks (PDFs)

& And calculate the cross section

1 Y
(,N:%(m_) P fufmy= 3 L+ Y 6@+ @) - g o

my + my qg=u.d,s a=u.d,s.c,b

And now we need to get all the Wilson coefficients f , g, f; at NLO, but before that,



O.NLO / O'LO

NLO vs. LO results for the VDM model

We start with points that at LO have passed all the
theoretical and experimental constraints.

Both the LO and the NLO contribution to the SI direct detection

cross section are proportional to fLO and therefore proportional

to g,. sin 2a and m,f — m)?

10-60 1 . . . —  Biggest contribution comes from the triangle diagrams which
0 250 500 750 1000 . 3
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2.0 3.5 2.5 2.5
0.8 - ) 800
0635 3 Y 600 =
a2 ’ -9 "'-' &
[a\] 8 1 5 ° 't » _
4% A g '. *&%ﬁ <“< 400 £
1_0--1-.—1::-1231:3:1}_.:‘ sy ‘.‘/‘
0.2 ) 200
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In the plots below we see the enhancement (only) with the dark coupling constant. The ratio between
NLO and LO increases like g,.



Experimental prospect for direct detection in Types I and II

Mpg Vs
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NLO vs. LO results for the VDM model

101_ R 3.5 2.5 R 3.5 . I
) » The K-factor is mostly positive and
s . .2 3.0
DR 50 . the bulk of K-factor values ranges
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Points with mg # my and K-factors where |K| > 2.5 are excluded. For mg # my, the interference effects

between the h and & contributions, largely increase or suppress the (dominant) vertex contribution. NLO
results are no longer reliable. Two-loop contributions might lead to a better perturbative convergence.

The blind spots at LO and at NLO are the same.

In our scan we did not find any other points where a specific parameter combination would lead to an
accidental suppression at LO that is removed at NLO.

There is a further blind spot when a = O (SM-like Higgs boson with exactly SM-like couplings; new scalar
only couples to the Higgs and to dark matter). The SM-like Higgs decouples from DM and we may end up
with two dark matter candidates with the second scalar being metastable.



