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Outline

& Several ongoing experiments to directly probe the existence of Dark Matter
in the WIMP region;

& Uncertainties not related to particle physics;

& Electroweak corrections not relevant most of the times ;

& In some models the leading order cross section in negligible;
€ Higher order corrections are needed:;

& Cross sections can be probed in future experiments.
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Direct detection experiments

QX N1/ In gas, these excite more xenon
g y to make another light flash (S2)

This also frees electrons, which
travel up an applied electric field

' Dark matter hits

a xenon atom The atom recoils and excites 4
others, causing a light flash (S1)
\
4
1
S1
‘ * Example signal
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Direct detection experiments
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So far no event was recorded and bounds were set on cross-section/coupling vs. mass.
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Direct detection

Assume Standard Halo Model with a density profile of p(r) ~ r~2. The velocities obey a Boltzmann-
Maxwell distribution. The local circular speed of DM is (218-246) Km/s.

The DM stream may interact with a nucleus and transfer a small amount of energy (recoil energy). The
differential scattering can be written as

dR(Ep,, t . do(Ep, v myE mym
e I (R ) e . &
dEg m, )., dEg 2u? my + m,

where Ey is the recoil energy, Ny is the number of nuclei, v is the velocity in the rest frame of the
experiment, f is the velocity distribution function and v, is the minimum velocity of DM causing a recoil

energy and my is the nucleon mass. The differential rate can further be divided in a spin-dependent (SD)
and a spin-independent (SI) part. The time integrated differential cross section is then written as

do(Ep, V) My
B 2 (0*' F3(Eg) + 0°PF5p(ER))

where F are nuclear form factors.
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Peculiar extensions of the SM

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

True for models with a pNGB 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 )
ij ijkl ij

with

c* 1
di=1_1,, Lin S=—Wg+ S +iA)
[\/E(v’ +a; + lbl)] \/5

which is a model with N Higgs Doublet Model plus a complex singlet.

The potential is invariant under
S - §* Stabilises A

and without the red term it is also invariant under
S — e@S

The soft breaking tferm gives mass to the pNGB dark matter.
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One extra complex singlet (CxSM) - the simplest scenario

The SM is extended by adding a complex scalar singlet S,

L= Lo+ D, D'S) + 2 |S| = 4| S| "~k | S|  H H1u(S” + 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 + /ISVS + \/ AZve + A vS + KVHVS 2/1H/15vHvS
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+/Agis

The scalar mass matrix is Wy kvvg 0
M? = | kvvg 2502 0 Mpy = — 4/,{2
0 0 —4y?

R. Santos, HPNP2023, Osaka University, 8 June 2023 7



One extra complex singlet (CxSM) - the simplest scenario

The amplitude for the DM direct detection cross section

imj,, imj; —imy
i/ ~ sina cosa — I/_tf(kz)uf(pz) ~0 (t—>0)
v

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

And it vanishes for zero momentum ftransfer. Why? Going back to the Lagrangian,

Z = L+ (0,9 D) + 22 |S|" =25 |S| =k [S|" HH+2(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
Lo == —(0%5)A2 — —SA@* + m>)A
2VS Vg

First term proportional to p2 of S and the second term vanishes when the DM particle is on-shell. Amplitude
is proportional to p2 (transferred momentum) and A is on-shell. Therefore the amplitude vanishes.
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One extra complex singlet (CxSM) - the simplest scenario

‘ i (—i ) i "y i (ky)ue(ps)
12AcVV i (k,)u
; 2 sHVVs)~ 2 Ny L \Ko)Ur( D)

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 tferms of the same type are added

V= —k3(S+S%) — iy [ S|A(S + $%) — 1 (S® + S+

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

K13 = E(szs + 91<3)vS2
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One extra complex singlet (CxSM) - the simplest scenario

Also - the cancellation does not happen in scattering

Direct detection

—>

AN

Scattering
INDEPENDENT .
PARAMETERS Mpys SM A5 Ny, Vg ——> Singlet VEV
Mass of the DM / / ™ Mass of the
particle 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.
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One-loop corrections in cXSM - version 1

AZEVEDO, DUCH, GRZADKOWSKI, HUANG, IGLICKI, RS,
JHEP 01 (2019) 138, [HEP-PH];



https://arxiv.org/abs/1810.06105

One-loop corrections in cXSM - version 1

A A
h N g . o s SacameN ’/nl2 B m22 9 -
Y _l%tree ~ =1 2.9 q uN(p4)uN(p2)
ViVs mimj
|
his |
|
/\ The tree-level amplitude is proportional to g2, 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 fy my /vy
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Negligible contributions and counterterms

A A B At the fundamental level, the DM-nucleon
A / R ‘ scattering can be understood as the scattering of
s 1 n the DM particle A with light quarks and gluons.

m t ] Light quark Yukawa couplings are very small, the
e diagrams (a) and (b) with multiple insertions of
light quark Yukawa couplings, are expected to be

(a) (®) (€) negligibly small. Diagram (c) although (in principle)
small could contribute.

>
5
V)
>
=
o
~+y

A

The counterterm potential is

V.= — 62| H|* = 6u2|S|* + Suy | H|* + Sug| S|* + 6k | H|*|S|* + (5u>S* + h . c.)

® ® ®
A e A A e h A A A A A A A A ! A A A A A
NS R h ®’/ N L’ :hrh}}é/
ANy LA 0 ol o .
| | | | | \h,l,hz Uheh
| | | | | | "Ry, hy
Vi, ho Vi, ho Vhy,hy Vhy,hy Vb, hy Vhy,hy ® ®,,h'}’,hf,4
| | | | | | L ha, by Vb, by
N N N N N N N N N N N N N N N N

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 transfer.
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Contribution proportional o the tree-level cross section

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

Aot A A tOAA A A AAOf

Ne o Nl N o N s N 'hl/z/ SM particles: quarks, leptons, and electroweak gauge
Thu Thm ha oot hghm Th bosons, couple to the Higgs bosons hy ; only through the
| | i O s e rotation of the doublet neutral components h. The coupling
/\ /\ /\ /\ /\ modifiers are cos«, for h; and -sina for ho.
N N N N N N N N N N

. ~ 2L Vasaica  Vaa2Sa
For the external lines  F. = (—=i)—5— (Am + A4 >fo=0

pP—mi \ mi m3
. _ Vaarca  Vaazsa
D (1) (1) 0= 5 5
: : v+ v vl + Vi s m m
For the internal lines ., = Ydaw Al oo _ Vi Vidz)So _ 1 2
mi m;
h1,iL2‘A h1,ZL2,A
N ,\ N ,\‘ Ry, ha, A s ha, A
A\Th i _A A\ i th/A A\/’\ _A A\ /*\/A A\ _A A\ _A
Ll ‘2 1) '2,‘/ \w\(/w Y ‘\\A . N 4 A
A\\‘,’/ \\\‘,’/A A\\‘// \\\‘//A R he f;\T \7/21 “hasha
s e e sl e s Scalar contributions to the

/\ /\ /\ /\ /\ /\ external legs.

. 2 | 2Vani At 2iVasAt
For the external lines Fo= g |—iAm? 4 ZEANTI | TTAMTR ) B 0
D™ =My my my
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Corrections that survive

A A A A A A
e \‘/ \(/
hy h2\7A :h1 hy »\\:h17h2 /le17h2
T LS . st AL e A Internal scalars
N N N N N N o
A A A A A A A A A A A g A
N , hi, ha N N
M A ALK N \’\’4’ i b
R A, A Bihs o7 by, he AN .
i A ‘hl hgoa  wh2 T | | T ke | | | Ver‘Tex corrections
h1 hy hl hy h1 ho h1 ho hl hy
h] hy
Very simple expression that
2 2 2 . .
s20(m7 — m3)my 2 2 2 you can insert in your code!

F=- 3,2

["4 02(0 mAva7m17m27mA)
1287 2vgvdmims R

+A2D5(0,0,m%, m%,0,m%, mi, m?, m3, m34

2 2 2 2 2 2 2
+A3D3(07 07 A, TN Y, 07 ma, My, Mo, My, mA)]

Ar = 4(mis + m3c2)(2mivy s + 2mivpct — mivgsan + m3vssaa) (1) f]2\7 m%\f,u/iN , One-loop Squar'ed -
Az = —2misa[(md + 5m3)vsca — (mF — m3)(vscaa + 4vms)], OAN — 5 5 F because tree-level
As = 2mica[(5mF + m3)vssa — (md — md)(vsssa + dvmcs)] . T™WH A IS zero
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Results

Scalar DM: vg=1 TeV, my,=300 GeV, sina=0.1

107 ~ 7777 Results for the point presented as
10_52? 1 afunction of the DM mass.
1053, ] The appr9xumaT|on is quite good in
— : ! reproducing the shape.
E 05
ES 2w fy ms
é 10_55? E ) 6475 miv? m4vs’ ma = my
Exact TAN 7 9 A4 g2 A9
—56 Se My Sy mamy ma < ms
10 7 Approx 7 6475 m‘llv%, vg ’ -
10757
GROSS, LEBEDEV, TOMA, PRL119 (2017) No.19, 191801
1 10 100 1000 104 10°
mA[GeV]

¢ The Goldstone nature of DM is recovered - the cross section vanishes in the zero DM mass
limit.
For this set of parameters the curve has a maximum value of 0(1) ~3x10723 cm? for maA ~

630 GeV. The tree-level contribution is g€ - 10769-10763 cm? for the same set of
parameters.

R. Santos, HPNP2023, Osaka University, 8 June 2023 16



Results

Scalar DM: vg=1 TeV, mpy=100 GeV, sina=0.1

1.x107%
1.x1075}
a0 7
§ 1.x107%%¢
z
5 I ]
1.x107% Exact )
Approx.
1.x107%F
1 5 10 50 100 500 1000

mo [GeV]

Scalar DM: vg=1 TeV, mpy=100 GeV, sina=0.1, my=125 GeV

my [GeV]

50 100

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 (mi? - mz2?)

R. Santos, HPNP2023, Osaka University, 8 June 2023
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One-loop corrections in cXSM - version 2

GLAUS, MUHLLEITNER, MULLER, PATEL, ROMER, RS, JHEP 12 (2020) 034,
[HEP-PH].



https://arxiv.org/abs/2008.12985

Direct detection at LO for scalars

& Write the effective Lagrangian
O?g = qu2qq’
Og — % 2Ga Gam/,
Lag= Y CLOL+CLOL 4+ CLOL G

€ Quark contributions

Exchanged momentum very small

1

Agen = Z Cixhs quhti—
i

_ 20 1
% u(p)u(p +q) L Z Cxhi Cagh,

2

7 1 i

u(p)u(p)

Assuming scalar-like couplings we can write

Cyon. Cooh: . .
Lo D — Z Lf‘ﬂ“xmq Term in the effective Lagrangian

- 2mhi

And so the Wilson coefficient is

Cg 5 — Z CXXhiquhi

2
- 2mthi

There can be additional contributions to the quark operators generated through other diagrams, even though at tree
level the t-channel exchange is the only topology contributing to this operator in the models under investigation.

R. Santos, HPNP2023, Osaka University, 8 June 2023 19



Direct detection at LO for scalars

€ Gluon contributions

SHIFMAN, VAINSHTEIN, ZAKHAROV, PLB78 443 (1978)

h;

MVGCWV
g \MMA\MM/ g

€ This transformation can be used to write

X ------ - X

moQQ

fN fLO |: Z qu

d—td.s Fraction of proton mass due to gluons

raction of proton mass due to light quarks
€ And so the final cross section is

In our first calculation we considered the same "PDF" for the proton and corrected the upper vertex and the
mediator

LO "PDF" -> NLO "PDF"

R. Santos, HPNP2023, Osaka University, 8 June 2023 20



Direct detection at NLO for scalars

& Missing: "lower vertex" corrections. Box type diagrams meQQ — 22 ga, Guw

127

X | | X The gluon PDF now originates from
a, @ the diagrams on the right.
q ! ! q Factorisation is no longer possible.

— mqg > Mg, My

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

ERTAS, KAHLHOEFER, JHEPO6 052 (2019)

R. Santos, HPNP2023, Osaka University, 8 June 2023
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Direct detection at NLO for scalars

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

NLO

3 s
O + = (a(2) +2(2)) gy — — f1, f5~°
4= ;ls v 4= u,ch,s,c,b 4 ! 9ag 16 Box diagrams contribute to the two different

quark operators.

with the Wilson coefficients at one-loop given by

fNLO _ fpvertex

gq — !a
NLO ag vertex med
6= "1on fo o T s )

h7 \ X

The NLO cross section is g@gil&% 2
mmmm

ERTAS, KAHLHOEFER, JHEPOG6 052 (2019)

2
1 mny 2 ABE, FUJIWARA, HISANO, JHEP 02, 028 (2019)
On — — ‘fn‘
7

ﬁthG deffh h] o Ga Gamv

top _ deff) Cij —OAS'
/ ( @ ij A7

R. Santos, HPNP2023, Osaka University, 8 June 2023 22



Constraints

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 «

Searches: BR of Higgs to invisible below 11%

Searches: for the new scalar - bound that is a function of the new scalar mass and cosa

DM abundance: we require
(Qh?)py, < 0.1186 [Calculated with MicroOmegas]

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

Direct detection: we apply the latest XENONIT bounds

| (Qh?)
(QRH = 0.1186 £0.0020 o =foyopuy With fry =——2
, QA2

[Fraction contributing to the scattering]

R. Santos, HPNP2023, Osaka University, 8 June 2023
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Results

Tree-level cross section

@ Scalar tree-level [Under Relic] e Scalar tree-level [Relic]

1044

A —

9
&
g

2
apm-n [em?]

o
|
=

Line from the XENONIT.

Combination of several constraints lead to a few scattered points

400 600 800 1000
mpy [GeV]

Cross section

DM fraction

Mass of the non-SM Higgs

10-4
— XenonlT
---- Xenonl0T
10454 — my/2
\\
\\
107164 N

—49 |

10—50

-
_
-
—
Lo i
-
-
-
....

10

above the neutrino floor. There are probably much more allowed
points (220000 points that passed all constraints).

10°

LHC Higgs to invisible bound

(no points).

Differences between the two calculations below 5%.

800

600

M¢/G€V

400

200

R. Santos, HPNP2023, Osaka University, 8 June 2023
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One-loop corrections in the S2ZHDM

BIEKOTTER, GABRIEL, OLEA-ROMACHO, RS, JHEP 10 (2022) 126,
[HEP-PH].



https://arxiv.org/abs/2207.04973

S2HDM - two doublets plus one real singlet

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 b Dy S| - | S| as| S| kst 4 )
]

ijkl ij

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

parameters my, | .My, 1M, @ 53, tan g, m122, 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.

~ ~ h
~--X__ . Se——d 7
< z < z

- - N - 4 - N/
AN PANS o . 4

1
—<
\

h;

N -
1
|
Ih‘
|

N Eh. ) (:r:) e W= ! 4
: I I N Diagrams that survive. Same type of
~ . . S diagrams as for the CxSM but with
R N more particles in the loop.

) ~JUh - I h; |
PN =N PN j
i ’ ! hi | |
X! )xh xh!l o} PATRI S ',
\'n/ S—7ip, So i, |
]
q/\q q/\q q/\q q/\q

. X
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Generic behaviour of the loop corrected cross section Type II

tan 8 = 2
ap=p3
as = 0.1
ag=7m/2—-0.1

] mp, = 125 GeV
mp, = 350 GeV
mp, = 500 GeV
ma = 600 GeV
mpy+ = 700 GeV
M = 500 GeV

1074 - e
— g = 100 Ge

10745 —_— g =150 GeV 3
— 5 =200 GeV ']
1074 — g = 250 GeV 3

m— g = 300 GeV
R vs = 350 GeV
By —== XenonlT j
I Y A 4 === PandaX-4T
S —49 7 LZ N
w“Ye £ S Darwin \
10-50 \\,
10-51 _
Neutrino floor
10-52 | L - - Ll i

10° 10 10 10° 10* 10°
my [GeV]

Here we just fixed all input
parameters except for the
VEV of the singlet. The
behaviour is similar for all
values of the singlet VEV but
as the VEV gets smaller a
larger mass region in the
WIMP region is excluded.

We also show Darwin as an example of some future projection. This is the total cross section.

R. Santos, HPNP2023, Osaka University, 8 June 2023
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Blind spots in Type I

T T T LI B B s | T T

vs = 200 GeV vs =350 Gev | M7 =10
10—46 | vg = 250 GeV vg = 400 GeV | a =0
vg = 300 GeV az = 0.2
as =1m/2—0.2
10-48 1 my = ' ' .
my =100 GeV Behaviour with the non-SM Higgs
- Mh, =125 GeV is again very similar to the one
3, 10_50 B 1 Mp, = 125 GeV d bl 1.
E . ma = 100 GeV oublet case.
10752 i \ ] Mg+ = 340 GeV
M =125 GeV
10754+ i
Type I
10° 10! 10 10°
mp, [GeV]

Two blind spots appear

a) one for the case when all neutral masses are equal (in the CxSM the blind spot
appeared at m, = m,),

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.

R. Santos, HPNP2023, Osaka University, 8 June 2023 28



2HDM Type-dependent blind spot

x10~%

50| = Type II/F,N =p o OILF _ ALLS
10 3 . o - “u - Yy 107 = I51
f == Type IlI/F,N =n F ILF ]
- o LOF e 1z =0.01
I'ype [/LS,N =p,n : d ]
10~ ; a3z =7/2 - 001
1 1 m, =400 GeV
ég 1052 J ', l.(): 1mp, = 125 GeV
e i = ] .
> 1 O { mp, =500 GeV
& ‘ o {ma = 600 GeV
B g 0.5
10 ’ 1my+ =700 GeV
[ \ / ] vs =200 GeV
107 E \ Yy, i 1 M =500 GeV
F \ Yy, : 0.0 F
v, ] ]
T T T ™
my, [GeV] my, [GeV]

What is new for this model is that we have scenarios where:

a) Blind spots appear in one type but not in other. In this case in Type IT but not in Type I.

b) Blind spots may depend on whether the collision is with a proton or with a neutron.

R. Santos, HPNP2023, Osaka University, 8 June 2023
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Experimental prospect for direct detection in Types I and IT

(h*Q)ro

10~4° f
10—46
10747 §
10k
N .
g
5 10778
X ' T
By _ ’ -
1070 ' , === XenonlT
=== PandaX-4T
107°!
10-%2
55?&&2%% my [GeV] my [GeV]
Type | mp,  mp,, My, ma,my M+ Q123 tan 3 M Vs
I 125.09 [30,1000] [150,1000] [-7/2,72] [1.5,10] [20, 1000] [30,1000]
Type | mp, Mhy,ma Mmp+ Mh,,x 01,23 tan 3 M Us
II 125.09 [200,1000] [650,1000] [30,1000] [—7/2,72] [1.5,10] [450, 1000] [30,1000]
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One-loop corrections in a VDM model

GLAUS, MUHLLEITNER, MULLER, PATEL, RS, JHEP 10 (2019) 152,
[HEP-PH]



https://arxiv.org/abs/1908.09249

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
& = Ly =7 X, X"+ (D,S) (D'S) + pig IS|"=As|S| —«|S| H'H D, =0, +igxX,
with
G S ! ( S+iA)
— ) = —Wc+d+1
H é(vH + h +iGy) > 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, ...

R. Santos, HPNP2023, Osaka University, 8 June 2023 32



A simple Vector Dark Matter (VDM) model

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

1 1 ,
My, = EgvH; my = E\/ 82 + 82 Vs Mpyr = 8xVs

and the masses of the two scalars are

My = AyvE + Ayl & \/ 1204 4 220 4 k0202 — 20, AgvEv?
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
h, —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?

X I
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NLO vs. LO results for the VDM model

10—45

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

el 10—45 J

froo™ [ch]

fXXUSI [cm

Largest contribution comes from the
triangle diagrams which are

o 10464
10-10 4"

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000 PF'OPOF‘TWHGI to 8y at one—loop. If the
my [GeV] my [GeV] coupling is below 1 corrections are

Left: points that are not excluded at LO but are excluded at NLO. smaller than 10%.

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

10001 valid at LO

excluded at NLO

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

2001
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Comparing two simple models with vector or scalar DM

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

b O 'C‘:ff-"',

500 F

>4

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

100 |

50 F

my [GeV]

. . . . T . \ . .
T Lo Region where m; is
10} 3 : ' - close to 2mpm.

| j\ Region where m; is close
1 1 L |

1 TR T | 1 I |I:||I
1 -

, I to 2mpm.
50 100 500 1000
mpm [GeV]

Enhancement by the resonance must be compensated by suppressed couplings.

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

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

AZEVEDO, DUCH, GRZADKOWSKI, HUANG, IGLICKI, RS, PRD 99 (2019) 1, 015017, 1808.01598 [HEP-PH].
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https://arxiv.org/abs/1808.01598

The Naoshima pumpkin is back!

My picture of the Naoshima pumpkin
in 2019.

~ Yayoi KusamaiPumpkin |

Photo: Tadasu Yamamoto | © Yayoi Kusama 'Pumpkin’ (2022)

The iconic Yayoi Kusama yellow
pumpkin on Naoshima is back

The art island’s trademark yellow pumpkin by Yayoi Kusama is back on display after it
was damaged in a typhoon last summer

R. Santos, HPNP2023, Osaka University, 8 June 2023



Summary

P Direct detection experiments impose important constraints on WIMP models.

2 When the tree-level cross section is not negligible electroweak corrections have K-factor (NLO/
LO) and mostly positive and the bulk of K-factor values ranges between 1 and about 2.3.

P Inthe VDM, largest contribution comes from the triangle diagrams which are proportional to
g; at one-loop. If the coupling is below 1 corrections are smaller than 10%.

2 For pNGB with negligible cross sections at tree-level electroweak corrections are needed.
P There are no big differences if the number of doublets is increased.

P These models can be probed in future direct detection experiments
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Thank youl

B3] s2hdmTools Q_ search GitLab

w1l %o
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Home Citation guide
API External software
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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
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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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& 104 3.5
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my GeV 1.0 )
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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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Where does this difference comes from? - Dark matter
nucleon scattering at tree-level

AL LA
N 0, % v
N7 i LMy AA1C AA2S, _
Y _l'ﬂtree = - ) 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 \ ,_
_l%tree ~ =1 == < ) 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 2 282
CpmM.N ~ 37

MpyVEvs — mim3 Mpy + My
Because vpu ~ 200Km/s = v, ~ 1075

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



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]

fg,zu = 0.01513, f%d = 0.0.0191, f;is = 0.0447, (A.99a)
fr, =0.0110, f7 =0.0273, fr =0.0447, (A.99Db)
which can be related to the gluon form factors as
fo=1—=>_ ., fho=1- Y f#. (A.100)
q=u,d,s g=u,d,s

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

uP(2) =0.22,  @P(2) =0.034, (A.101a)
d’(2) =0.11,  dP(2) =0.036, (A.101Db)
sP(2) =0.026,  5(2) =0.026, (A.101c)
P(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.




Nuclear form factors
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Figure 1. The contributions of different quark flavors and glue to the proton momentum fraction. The left panel
shows the lattice results renormalized in the MS scheme at 2 GeV with 1-loop perturbative calculation and proper
normalization of the glue. The experimental values are illustrated in the right panel, as a function of the MS scale.
Our results agree with the experimental values at 2 GeV.

_Quark mass _ ’ quark energy

YANG ET AL., ARX1V:1710.09011v1 (2018)

QCD
trace anomaly glue energy

Figure 2. The pie chart of the proton mass decomposition, in terms of the quark mass, quark energy, glue field
energy and trace anomaly.




