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I What do we know about DM?

Mass2
Spi2—

000000

DDDDDD

3
=1
-3
r T
T

WIMP-nucleon o [cm?|
i = . -
S 1S 1S 1S 1
he L I

H
b
L

Il 1 1
10t 102 103 104

WIMP mass [GeV/c?|

Interaction via Gravity

The invisible matter
Interacting very weakly

The energy density ~25%
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Vector DM

Scalar and fermionic DM models are extensively studied.

Vector DM models have been less studied.
VDM is well motivated by gauge principle like other gauge particles in SM.

VDM is quite interesting!

Abelian VDM

Extensively studied by many groups Lebedev, Lee, Mambrini 1111.4482
Baek, Ko, Park , Senaha 1212.2131 DiFranzo, Fox,Tait 1512.06853

Farzan, Akbarieh 1207.4272

Non-abelian VDM
Extensively studied by many groups
Fraser, Ma & Zakeri 1409.1162 Ko & Tang 1609.02307

Hambye 0811.0172 Diaz-Cruz & Ma 1007.2631

Most of them rely on Higgs-portal to connect to dark sector!
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Vector DM

Why fermionic portal instead of a Higgs-portal model?
Arcadi, Djouadi, Kado 2001.10750

Effective Vector Higgs Portal

The blue region excluded by 10
constraint from XENONI1T sets up
The upper limit on the coupling.

The red line corresponds to the points that
provide the correct relic density QA% = 0.12 >
which set the lower limit on the coupling. I 01

The allowed parameter space of Higgs portal 0.01
VDM model is very constrained by PLANCK, PLANCK
XENON and LHC searches.
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https://arxiv.org/pdf/2001.10750.pdf

The Fermionic Portal to Vector Dark Matter

\+
e New gauge group SU(2)p Oy = (‘D,O) 2 1/2 1 +
e New scalar &, charged under SU(2)p o
* New fermion doublet U charged under SU(2) p 02,1 _
e Discrete symmetry to stabilise DM e 1 0 2 |4
D—3
SU(Z)L < U(l)y > SU(Q)D Vectors SU(2), U(1l)y | SU((2)p || Zs
W, +
Fermions SU2). U(l)y | SU((2)p || Z2 W,=|Ww; 3 0 1 +
SM 'E"Dvl 1 1 WF}: -
co = gy 2 53 1 + B, |1 0 1 |+
ugt, M 1 20 1 + V3., _
dp" (5" 1 —1 -1 1 + PDG“ 1 0 3 +
L _
2y _ D—p
e 1 o) 2
v + 0 _ yy/0 __
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A case study: top-portal with no mixing between h
and H

In this talk, we give a simple case study where only one VL doublet is required.
We choose the VL doublet of the top quark.

() = ()

VL partners of the top quark

There is no mixing between scalars sinflg = 0

with mass hierarchy me < My, < mrp

There are 5 input parameters in this model gD, Myp, M, My, MH

We did full scan of 5 parameters to understand where the model can live.
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Results

Full 5D scan allows us to understand a big picture of parameter space
@ generic DM annihilation @ overabundant DM region The underabundant region

» H resonance region & excluded by CME DM ID Th - hl t d ;
@ o co-annihilation region @ excluded by DM DD e generic annihilation corresponds to
® underabundant DM region @ excluded by LH@ft + Efis the region where the relic denS|ty iIs +/-5%

SRR A i from the measured value.

LD o ::E:: ”W_‘_f
‘/D V! Vi V' Vp aanan t
The H resonance region also provides

good relic density because H
resonance enhances the cross section.

myp, — mH/Z “ ; v
Vb v’
my, (GeV)
The region can give good relic density, ~"——vss5~’ " ’
even though the coupling is small, Y i -
because of coannihilation processes.
fD—<—\.Q.SUUbg = g

my, — Mg
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Results

The

T

1 E— (ID) with m; < My i mr

VL fermion is composed of top partners

and there is|no mixing between scalars

sinfg =0

gp = 0.05,0.5 strong or weak cosmological constraints
Representative benchmarks: < mr = 1600 GeV :
mir — 1000 IGEV}heavy enough to evade LHC constraints

l[go=005 Mediator mass bounded from below and above
angy i o Light DM in non-perturbative region
“|My= = :
500. LHC constrains my, for my, — my, 2 m
- overabundant relic density (bounds almost independent on gp, mr and mgy)
; Very weak direct detection constraints
S 7 S (mostly for m;,, ~ m, or m;;, ~ mr and light DM)
8 100l / | Indirect detection constrains light DM
s I fiaEmis PR | Strong constrain from relic density
SO - 1 — the model “lives” on the red contours (2,,,,"")
Lot The direct detection excluded region is almost
' disappeared because of the scattering processes
10 L £: of DMs and partons happen at loop level.
Nal/  non-perturbative -indirect detection N
gl 1 I( A 'I f."’:. 1 .-'... .,’|, Bl B g S .1}-\. o E.: 17 V V V
¥ 200 400 600 800 1000 1200 1400 1600 . 4 Dw 2
my, (GeV) J X “ﬁ%ﬁmk
DM
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Results

[ == S i R}

The|VL fermion is composed of top partners and% %;f;%eev

ID ; - mi=1000 Gev
W = T with ny < myp, S }?’IT//

mr — 1600 GeV t
my = 1000 GeV

Meg
- Ligh
1 LHC
1 (bou E.
; non-perturbative E_g_
L 50i_d.|."'- B B W VSTl J|IJ._..E..I.IIJ..
S 200 400 600 800 1000 1200 1400 1600
8 / ] my, (GeV)
o : :' i MISS : i i i
g . +ED | direct detection ;. Strong consErlaln”from relic density g
[ ] : 1 — the model “lives” on the red contours (€2
L | | — overabundant region shrinks for larger gp
L ad e — and ID constraints vanish
10:5‘- ; L ; T 5:
Yo/ non-perturbative Indirect detection A
S:E i I\ -. .’-f‘i/.'.-i- ./il i ./I{ LA .\|\-~.. i E
200 400 600 800 1000 1200 1400 1600

m, (GeV)

Nakorn Thongyoi 9/44



Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

i

Wi (ID) with  m, < my, < mr sinfg =0

gp = 0.05,0.5  strong or weak cosmological constraints

Representative benchmarks: { mr = 1600 Gev}heavy T e

my = 1000 GeV
e T Mediator mass bounded from below and above
1000 mr=1600 Gev Light DM in non-perturbative region
500. LHC constrains my,, for my,, —my, 2 m;
- (bounds almost independent on gp, mr and my)
Very weak direct detection constraints
= / (mostly for m,,, ~ m; or m;;, ~ mr and light DM)
8 100/ Indirect detection constrains light DM
- Strong constrain from relic density
50+ — the model “lives” on the red contours (04"
overabundant region shrinks for larger gp
and ID constraints vanish
— e ive (co-)annihilation processes
10 S 3 Vo V,
Mot/ (- non-perturbative -indirect detection L
5@. i ..' /. 5 ‘I /.'":. P .-'.'. ./lj il i S Al .H}-u N R Hp
200 400 600 800 1000 1200 1400 1600 -
my, (GeV) ip g
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Results

(HET™

Zoom on the small mass gap region

Strong conistrain from rklic density

The|VL fermion is composed of top partners|and A6 —
t 0.500F fi SEUNNESES bundant
D : I o overabundan
W= (T) with - m; < Mip < mr | F e . relic density
gp=100505 g, e g |
Representative benchmarks: { mr = 1600 Gev}r% 100 S o IO
— 1000 ? B o S
s BB & 4,050 AR s
9p=0.05 e Mea r
1000 m;=1600 Gev : Ligh —
1 gp=u. 100
2008 | LHC 0.010.]|mr=1600Ge\ | o
F 1 (bou ) [ m1=1000 Gev E
r , 1 | e tlfp) (n S
| Ver{\ ,osflr——... . ... ... ... ... .[E
/ (mos 200 400 630 800 1000 1200 1400 1600
100_/ Indin my, (GEV]

my, (GeV)

direct detecﬂon._l. (yPlanck

— the modgl “lives” on thelred contours ()
— overabyndant region shkinks for larger gp
— andfID constraints vanish

— effectiye (co-)annihilatior) processes
10?&-‘ .{7:—_1‘ --a— '-. -3_: [ Mot é“:
P i '~ non-perturbative indirect detection Y tp g ' L%
5?. NAALALLAAA .-"., .-"|/ A A A |x1\|-"\-u i E._- Hp
200 400 600 800 1000 1200 1400 1600 - ——
my, (GeV) D & g -
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Results

—1 Zoom on the small mass gap region

The|VL fermion is composed of top partners|and

U = (ID) W|th me < My, S mr

0. 500 overabundant

T ContBEFEYt £, lifetime

¢ =0.05,05 §.
Representative benchmarks: { mr = 1600 Gev}r%
3
I

"oy
¢

mpy = 1000 GeV

"??rq.' .
Qf?)
P-l-m m

95=0.05 Meo
1000 | m;=1600 Gev Ligh
| mi=1000 Gev gp=0.05 S\ b
500- LHC 0.010 - my=1600 Ge i : o
r overabundant relic density| 7 (bOU § my=1000 GeV &
T D | B t(tp) (ns) El
Very 0_005? — i i, I
S (mosg 200 400 600 800 1000 1200 1400 1600
33. 100%/ 1 Indin my, (GeV)
& : 1’ 3 miss : i i i
g il = | _direct detection, ] Strong consz(aln,from relic density —
L5 | — the model “lives” on the red contours (2, )
: - | { — overabundant region shrinks for larger gp
L . — and ID constraints vanish
: — effective (co-)annihilation processes
10 —_— £ — on the Hp pole, exclusion from ID
;:_: / 'non'-'perturhéﬁvé indirect detection ’Eg; The mediator 15 can be long lived
Vo A a0 |E7
5|_.
200 400 600 800 1000 1200 1400 1600

my, (GeV)
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Results

The|VL fermion is composed of top partners|an Wt haiman analasal
/ . (%)
e with  m, < my, < mr
T = Vv’
£()
gp = 0.05,0.5 ¢
Representative benchmarks: ¢ mr = 1600 GeV :
my = 1000 GeV : gp =0.05, m;, = 1599 GeV, mr = 1600 GeV
"""" T LI L LE 10_? 3 10_8
1000 gp=0.05 Med 108 ¢ 1107
“|mr=1600 GeV i i
“| m=1000 Gev Ligh o 1 1107°
[ LHC ;5’ 10-1° 10-5 E
overabundant relic density (bou S 10711 s
‘(\frgtgz 1072 .' —— oneloop 1107
% i 10-12 |' — treelevel §,. >
Q_, ; ’_’J_D.d-l-f-?' seeuf . .'I | . | | _. totall o
28 El (e EMES . , ' Stro 200 400 600 800 1000 1200 1400 1600
3 50: :r T I__.__..chrect detection, . ] i my, (GeV)
_ ! : | — overabundant region shrinks for larger gp
L kil — and ID constraints vanish
: — effective (co-)annihilation processes
10 P - — on the Hp pole, exclusion from ID
::? "I non-perturbative indirectdetecon {1l The mediator 7p can be long lived, and V’ too
AR s A IE]
°"200 400 600 800 1000 1200 1400 1500

oy Two long-lived particles in a simple realisation!
my, e
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Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

T

U= (ID) with  m; < my, < mr sinfls =0

gp = 0.05,0.5 strong or weak cosmological constraints

Representative benchmarks: { mr = 1600 GeV

mi = 1000 GeV}heaw enough to evade LHC constraints

Tewos ] = _—==1 Mediator mass bounded from below and above
1800 A o wll - Light DM in non-perturbative region
- My= e . | i
500. / 1 LHC constrains my,, for m,, — my, 2 m
- overabundantrelicdensity| | (bounds almost independent on gp, mr and my)
Very weak direct detection constraints
% / (mO'S’[ly for my, m my OF my, m m;r'-aﬂd light DM)
O 100! . Indirect detection constrains light DM
3 o R isciemcion, 1 Strong constrain from relic density o
[ E | — the model “lives” on the red contours (€2
; - | 1+ — overabundant region shrinks for larger gp
L ey | — and ID constraints vanish
; — effective (co-)annihilation processes
10 —T £ — on the Hp pole, exclusion from |ID
e '/ non-perturbative _indirect detection : & The mediator 1p can be long lived, and V’ too
7200 400 600 800 1000 1200 1400 1600 | justa simple realization of the model template
my, (GeV) multiple features and signatures
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Summary & Outlook

> We propose a new class of model in which the Higgs-portal is not required.
> There are many possible implications in both collider and cosmological studies

> A case study on top-portal scenario provides multiple phenomenological

predictions
Outlook
—» Different realizations to study current anomalies (LFU, (g — 2)., mw...)
v
fi, Fi
W W "X
2, F2 Ve

—» Study of different theoretical embeddings
-» Further analysis of cosmological implications and scenarios for future colliders
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Particle contents

SU(Q)L X U(l)y X SU(Q)D

We assign Zg charge to component Vectors SU2), U(l)y |SU2)p || Z2
Of vector triplet according to SU(2)p
isospin W +
W,=| W, 3 0 1 +
These components carry Zs W, +
odd charge because they have
+1 and -1 isospin — B, 1 0 1 +
0
o (e :
\L< Vbou 1 0 3 +
il
They becomes stable DM candidates Vb4 —
Laaranaian 1 | From now on, we will call them
Irang Ly ==V, VO 0 _ 10
4 VD[] — V VD:I: — VD
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Particle contents

SU(Z)L X U(l)y X SU(Q)D

D-scalar doublet is charged under SU(2) p Scalars SU2)L U(l)y | SU(2)p || Z2

to give mass to DM. b
Pa =1 o0 2 1/2 1 +
@
The top component needs to have Z-odd

§]
: 4= ¥Ypal —
charge becase it represents the longitunidal, ®p = ( f+2) 1 0 2
(1'95_;

polarisation of DM.

The bottom component has Zs even charge and acquires VEV to give mass to DM.
Lagrangian

L,=|D,®p* - 120 @p + Ap (@), 0p)2 HAg 0, 0!, 0y 0 &)

Higgs-portal term
Nakorn Thongyoi 19744




Particle contents

SU(Q)L X U(l)y X SU(Q)D

The new fermion doublet which is charged
Under SU (2)p is introduced to construct
a portal to SM sector.

The fermion doublet is vector-like
Where the top component is Z» -odd

while the bottom component is Zs -even

Lagrangian

Fermions SU((2)p || Z2

SM
s __ | Juw 11
L — | ssm 2 6° 2 1 +
SM t-i: k
un Un 1 % 0 1 +
SM ,SM 1
dn . ln 1 —3.—1 1 —

- (“D) 1 Q 2 -
['%

_|_

Lp= Vi)V — (y My fRM +‘if"i’L‘I)Df%M‘+ h.c.) — My UV

Nakorn Thongyoi

This term connects D-fermion to SM-fermion
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Particle contents

SU(Z)L X U(l)y X SU(Q)D

Connecting VDM, SM-fermion and D-fermion

0 Fermions SU2). U(l)y |SU(2)p || Z2
VD:|: sM
=M e, b 1 1
L — | gsmMm 2 6° 2 ! +
d,¢
YD usM, M 1 2o | 1 |+
dp" IR’ 1 -5l 1 ||+
D _
f v — (*‘” ) 1 O 2
i (2 +
Lagrangian
Lp= Vi)V — (y Moy fRM +‘y"i'L‘I’Df§,M‘+ h.c.) — My UV
connecting D-fermion to SM-fermion
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Results

We did full scan of 5 parameter with the ranges:

1072 < gp < 4Ax
10 GeV < my, < my,,
my < my, <mp < 10* GeV
10 GeV < mpy < 10* GeV
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Results

Full 5D scan allows us to understand a big picture of parameter space

@ generic DM annihilation @® overabundant DM region . T -
 Hresonance region @ excluded by CMB DM ID The ge_nerlc annlhllathn Corr.eSp.OndS to
@ > co-annihilation region ® excluded by DM DD the region where the relic density is 5%

® underabundant DM region @ excluded by LHC tf +EP' from the measured value

101 4 PR
100 2 m?bM
Qh* x g%
S 10-1
Vn}r&iiw ) )
Vb
-]
10 Vo v Vp %
102 Vi M —— ¢
101 102 103 104 tp

my, (GeV) VD MAAMN——¢
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Results

Full 5D scan allows us to understand a big picture of parameter space

@ generic DM annihilation @ overabundant DM region
. Hresonance region & excluded by CMB DM ID
@ (o co-annihilation region ® excluded by DM DD
® underabundant DM region @ excluded by LHC tt + EP's* eff 2
101 4 s P... = Z fi <Jv>:i ( pm )
e e Al ann —
—~ Mpu  \Qffpe
10° 3
‘ —2g CIM -
Q 0 1 S GDV
o 10”7
Vb W Vb
Vp Vv’ Vb
103 Vb sMwvwWwnwe———1
10t 102 107 104 tp

my, (GeV) VD MAAMN——¢
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Results

Full 5D scan allows us to understand a big picture of parameter space

@ generic DM annihilation @ overabundant DM region : : :
#» Hresonance region &  excluded by CMB DM ID The r_eglon can glve the COI'I'eC?J[ I'e||_C
. tn co-annihilation reginn . excluded b}l" DM DD denSIty even though the Coupllngs IS

® underabundant DM region @ excluded by LHC tf + £ small because of H resonant processes

101 4 NPT
2
1
a (ov) o ( )
2 2
4mDM — mH
Q 1n-1
o> 10 .
as My — T
10
The relic density is suppressed!
10-3\+
1 102 103 104
mVD (Gev)
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Results

Full 5D scan allows us to understand a big picture of parameter space

generic DM annihilation @® overabundant DM region
H resonance region 0 excluded by CMB DM ID ] i t :
eneric DM annihilation overabundant DM region
tp co-annihilation region @ excluded by DM DD . 9 ; . 9
@ excluded by LHC tf + E'ss H resonance region & excluded by CMB DM ID

@® underabundant DM region

@ to co-annihilation region ® excluded by DM DD
@® underabundant DM region @ excluded by LHC tt+E7™*

16+ 102 103 104
my, (GeV)

my, (GeV)

(mVD , mH)
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Results

Full 5D scan allows us to understand a big picture of parameter space

generic DM annihilation @ overabundant DM region . :
H resonance region o excluded by CMB DM ID Even thOUgh the COUpllng 1S 2 Ord_er Of
tn co-annihilation reginn .- excluded by DM D|:_.'| . magnItUde Sma”er than the generlc
® underabundant DM region ~ @ excluded by LHC ¢ + E"* processes(green region), the relic density
| i | st bt e i it . .
10* Tiiaat TR P F Is still very suppressed due to the

co-annihilation processes with tp

()

The coannihilation will becomes more
relevant as my — my,

101 102 10* Vo %b,t

W,Z,h
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Results

Full 5D scan allows us to understand a big picture of parameter space

@ generic DM annihilation @® overabundant DM region
H resonance region i excluded by CMB DM ID
@ o co-annihilation region @® excluded by DM DD

@® underabundant DM region @ excluded by LHC tf + £

10" 4
@ generic DM annihilation @ overabundant DM region
10° H resonance region & excluded by CMB DM ID
& @ (o co-annihilation region @® excluded by DM DD
e i i
S 10 @ underabundant DM region @ excluded by LHC tt + Ef*

1073
10!

my, (GeV)

The coannihilation region appears as
a strip where my — my,,

103

me, (GeV)
Nakorn Thongyoi

L

56

28 /44

ety ¥
4 5

b
b
&
k.
s
I.ﬁ

'-‘&
.
4

3

104



Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

U = (2?) with  m; < my, < mr sinfg =0

gp = 0.05,0.5 strong or weak cosmological constraints
Representative benchmarks: < mr = 1600 GeV

my — 1000 Gev}heavy enough to evade LHC constraints

LI L L A A SN AL N NS S R B B AN R B B B B S S R T _I__"__I__{.—"‘_
gp=0.05 _r __.-:-:—:‘:'_"_': ="
1000 | m,=1600 GeV -

El my=1000 GeV u -7

-

500" ~ .-
e

£ P
| ,(Q.\ dqﬂ:‘?"
L @\g’,’

S /. _ 1
& 100/ [ Kinematic limit
S ]
€ 50
\ Small mediator-DM mass gap
10 |

7200 400 600 800 1000 1200 1400 1600
m, (GeV)
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Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

sinfg = 0

0.05,0.5  strong or weak cosmological constraints

mr =| 1600 GeV .
my =\ 1000 Gev}heavy enough to evade LHC constraints

| T AT S P [T A FommL i) (R P s
gp=0.05

1000 | m,=1600 Gev
[ my=1000 GeV

—t-—T Mediator mass bounded from below and above

my, (GeV)

&.. .

100 3
A A7
= &

5E E

200 400 600 800 1000 1200 1400 1600
my, (GeV)
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Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

I

= (ID) with  m, < my, < mr sinfs = 0

gp = 0.05,0.5 strong or weak cosmological constraints

1SProBenIalvo DORGHMATKS: g mar = 100 Ge } heavy enough to evade LHC constraints

my = 1000 GeV
[go005 | _____,___::.:.:-;;—;-::'::“' Mediator mass bounded from below and above
1000%m,=1600 Gev - Light DM in non-perturbative region
|my=1000Gev | _—_-- ]
i = 1
500 - il
f.\ b‘s\,wt
AR
; _.r'j JJ!
[4b] Fi '
@ 100f | !
< B Vp, V' Vp, V/
€ 50 | ]
;. | mpcle_mv
; Y __— > 50%
i my
Ay non-perturbative / A
|__E‘-' | vy F oA A4 EI__

5 L A A A A 0 A e ) B S O I S
200 400 600 800 1000 1200 1400 16
my, (GeV)

o

0
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Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

U = (f]f:“) with  m, < my, < mr

sinfg =0

gp = 0.05,0.5 strong or weak cosmological constraints

Representative benchmarks: ¢ mr = 1600 Gev}heavy Srolnhio suRde LHE consiraints

mpy = 1000 GeV

95=0.05 - | Mediator mass bounded from below and above
1000} =600 Gat¥ e - Light DM in non-perturbative region
-lmy= e - - | g
500 - 5" LHC constrains my,, for m,, — my, = m;
r Rl (bounds almost independent on gp, mr and my)
(‘\}Qj 6\'\‘10
A L 4
/e
— / p f
= / I 2 8 Ip Vr s
@ / D Elmss
O 100t —_— % VD} .
o i fi+E" 4’/—— 1 8 Ip t
S :
." Recast
." A. M. Sirunyan et al. [CMS], Search for top squarks and dark matter
i particles in opposite-charge dilepton final states at /s = 13 TeV,
: Phys. Rev. D 97 (2018) no.3, 0320089, arXiv:1711.00752 [hep-ex]
10 g} T ]
f‘fgi_.' non=perturbative g
S:EI. M S B B B B P A T R T R W W b T EI:
200 400 600 800 1000 1200 1400 1600

my, (GeV)
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Results

The|VL fermion is composed of top partners|and there is|no mixing between scalars

T sinfsg =0

W = (ID) with m; < myp, S mr

gp = 0.05,0.5 strong or weak cosmological constraints
Representative benchmarks: ¢ mr = 1600 GeV .
ma — 1000 Gev}heavy enough to evade LHC constraints

90=0.05 | - Mediator mass bounded from below and above
1000fmr=t600 Gev [N - - Light DM in non-perturbative region
F H= _—__-‘" ‘,’ .
500~ s . 1 LHC constrains my;, for my, — my, 2 m
- éff‘,/’;&* 9 (bounds almost independent on gp, mr and my)
O .\1‘(’),' F : .
> Very weak direct detection constraints
< A &, (mostly for m;;, ~ m; or m;;, ~ mr and light DM)
@ ¥
O 100f | ¢ l Vp Vb Vp
=] L i e
g 50: ‘r, t+E7 direct detection . 1 MFHHJN x ._Q,D.M._
. a Ql”]unuk
.' DM
8% 8
| g 8
10 T [ ~. E. Aprile et al. [XENON],
f't; T 7 E - Dark Matter Search Results from a One Ton-Year Exposure of XENONA1T,
S s non-perturbative & Phys. Rev. Lett. 121 (2018) no.11, 111302, arXiv:1805.12562 [astro-ph.CO]
5L " 1

200 400 600 800 1000 1200 1400 16

my, (GeV)

0

o
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Results

The|VL fermion is composed of top partners

U = ("D

T) with m; < My, < mr

and there is|no mixing between scalars

sinfg =0

gp = 0.05,0.5 strong or weak cosmological constraints
Representative benchmarks: < mr = 1600 GeV heavy enough to evade LHC constraints
mp = 1000 GeV
Toos ] == Mediator mass bounded from below and above
1O oo cer. T i . Light DM in non-perturbative region
= H= = - "
sool > .. 1 LHC constrains my,, for my, — my, = m;
I gff": DR (bounds almost independent on gp, mr and my)
O w9 : . .
4 \;-‘f‘ﬁ Very weak direct detection constraints
< § &;' (mostly for m;, ~ m; or m,, ~ mr and light DM)
8 100_/ . Indirect detection constrains light DM
=) [ ! o ’
g 50 - : tt+ET | .direct detection 1 Vo :3{ ¥ Vp wweo—1t  ip M‘g
L] - : InA
.s wT iy vewdet g
." " . 5
- o _ g
ol non-perturbative indirect detection :;l L DM
& Ny vttt |E] N Aghanim et al. [Planck],
g 200 400 600 800 1000 1200 1400 1600 Plan%kagawaer:suits?ﬁ.]Cnsmotngicai parameters,

my, (GeV)

Nakorn Thongyoi

Astron. Astrophys. 641 (2020), A6, arXiv:1807.06209 [astro-ph.CQ]
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High energy physics tools

DM observables LHC processes
LanHEP 0805.0555 FeynRules 1310.1921
CalcHEP 1207.6082 MG5_aMC 1405.0301

micrOMEGAs 1402.0787

LanHEP and FeynRules implementations have been
cross-validated within CalcHEP.

Package-X was used to cross-check the results from
FeynCalc.

Nakorn Thongyoi

One-loop correction

LanHEP 0805.0555

\

FeynArts 0012260

\

FeynCalc 2001.04407

\

FeynHelpers 1611.06793

+

Package-X 1612.00009
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https://arxiv.org/abs/0805.0555
https://arxiv.org/abs/1207.6082
https://arxiv.org/abs/1402.0787
https://arxiv.org/abs/1310.1921
https://arxiv.org/abs/1405.0301
https://arxiv.org/abs/0805.0555
https://arxiv.org/abs/hep-ph/0012260
https://arxiv.org/abs/2001.04407
https://arxiv.org/abs/1611.06793
https://arxiv.org/abs/1612.00009

The origin of Z, symmetry: A dark EW
sector

This model can be embeded into a model with bigger gauge group like

SU(Q)L X U(l)y X SU(Z)D X U(l)YD — U(I)EM X U(l)D

After SSB, the conserved charge in dark EW
QP = T3D LyD

All SM patrticles carry no charge under the dark EW group.

In this dark EW sector, the discrete symmetry is not invoked to stabilise the dark matter.
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Gauge boson mass

o 0
by = iﬂ — (Pgy) = % ., ) (scalar doublet breaking SU(2)r x U(1)y) ,
#jf] 0
op = ;?Hﬁ — (®p) = % (scalar doublet breaking SU(2)p) .
YD-1/2 UD

Mass of weak gauge bosons

sz% Mzzg g%+ g

Mass of new gauge bosons

gDpvD
my: = my, = 5 New gauge bosons have degenrate mass at tree
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Gauge boson mass

o 0

by = iﬂ — (Pgy) = % ., ) (scalar doublet breaking SU(2)r x U(1)y) ,

‘fc’%urlfz 0

. L : waki
op = 99?3_1;2 ) — (®p) = v ) (scalar doublet breaking SU(2)p) .
New scalar does not affect
Mass of weak gauge bosons the mass of SM gauge bosons
gu v
MW:’j MZ:§V92+9’2

Mass of new gauge bosons

BUT at one loop the mass splitting occur resulting
from VL fermion

The mass splitting plays a role in
This is NOT the case * relic density calculation
at loop level * |ID constraint
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Fermion mass and mixing

Fermion mass term

~Ln = (2™ %)MF({&R) — L= (L P M (f;i)

d _ v/t _(vn
2
CDEQfL EiHQfL CDSQfR EiﬂQfR
— Vip — _
VfL (—Eiﬂﬁf}; CDSQfL TR —EIDQfR CDE—‘.QfR

1
mip = 1 [y v? 4y} +2ME F \/(y v2 + y2v% + 2M2 )2 By%gﬂﬁ,]
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Scalar mass and mixing

Scalar doublets in unitary gauge

Scalar mass term

Adb A
Av? PHZD g hq
—ﬁiz(hl %01) (J@HJ\@D ; o ( )
2

Scalar mass

miy g = M® + Apvp F \/()'\vt;r2 = Apvp)2 + A%, 0, V0

Scalar mixing matrix
cosf sin
Ve = . S S
—8infs cosflg

Nakorn Thongyoi
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Mass of new gauge at one loop

The mass of new gauge bosons are degenerate at tree level
But they are splitted at one loop level because of the VL-fermion

In the limit that

2 .2 2 2
L myp =y, - my - My,
€ = 5 y €2 = —5, €3= 5
ma mi ma

the mass difference is reduced to

; 1

Am}, = 61077y egmme [(20 + 3es — 15€2 + 20e2e3) 4+ 10(2e2 — €3 — 2e2¢3) loges] + o(e, €2, €3) .
2,2 2.2 2 2
Amll, = gp™My __ _9p™My MF T Myp
32m2my,, 32m2my,, m2.
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I Mass of hew gauge at one loop

The relevant one loop diagrams

V! W\I\@\/\’V\Vf
Vb VL-;
V! Vf
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I Decay width of V’

M (GeV)

gop =0.05, my, = 1500 GeV, mr=1600 GeV

103 k

10-*

-

lu—lD

lu—lz

—

5 10-11
; 101

107

T (ns)

110-®

—— one loop 107
—— tree level 3
— total
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i
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00
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W
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107°
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Nakorn Thongyoi

gp =0.05, my, =1599 GeV, mr=1600 GeV

' 1 i

—— one loop
—— tree level
—— total

200 400 o0
my, (GeV)

0 800 1000 1200 1400 1600

V' is a long-lived particle if its mass is small
And the mass difference of two VL quarks is small

The decay of V'’ does not spoil BBN because of one-loop
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I Mass of new gauge at one Ioop

g[_}—[] 1, mT—‘IG(}U GEV

The value of mass difference in(m;,,, mv,) - im%‘Z{ﬁfw mm.cmup
i 1000 | Am}, (Ge
plane for a specific of gp, mr | —am, Gev)

The red line corresponds to exact formula
The blue and the ones correspond
to the approximated formulae

The mass splitting is small if the mass
Difference of VL quarks is small and
Tree-level mass of Vp, is large.

my, (GeV)

The correction to the mass of Vp, V'
becomes bigger than 50%

0 L Lk TH1 N B
ZDD 400 EUU BDU 1000 120[] 1400 1600
m;, (GeV)
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