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B Two-body effective action
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B Annihilation Cross Section
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NLO correction for
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B NLO correction for potential

[M. Beneke, R. Szafron, K. Urban (2020)]
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Our Model (more details)
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BSM Lagrangian
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Mass matrix: gauge sector
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Mass matrix: scalar sector
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Bounded from Below(BFB) conditions

BFB conditions in our model
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h® — R — Mp), )\12 = 5 .
2\/§vvq> 8vg



Unitarity bound for scalar quartic couplings

Perturbative unitarity bounds

Al < 4,
[ Ane| < 4,
Ae| <,
|A12| < 2,

13X — A12] <,

|3)\ +4(3 s + A\12) £ \/(3)\ —4(3Xp + )\12))2 + 32)\’2@

< 8.

Al =

2
my

cos? ¢y, + m%, sin? ¢y,

202

4
< §7r in the limit of A > Ana, Ao, 12

For m, > v, we need small ¢, to realize 1 ~ 6(1)

— Perturbative unitarity bounds give a viable constraint on ¢,



M Z; parity from Exchange symme.

Exchange trans. (after SSB)

vq>+a'j+i7r? .
0-1 0-27 Ol,l/ H 2/1; (I)j - ( \/5 v<1>+<\7/j]_—i7r?> (j=1,2) L <_U+a3_i7’g> ]
J 2

eg. Trans. of neutral scalar: {0y, 6,, 03}
Physical states

( =
o1 — 09 o1 — 09 No mixing 01 — 09
— — Z2-odd ) /L —
V2 V2 P V2
{ 01+ 02 o _|_‘71 T 02 Z2-even mixed by @n h (125 GeV Higgs)
V2 V2
Z h'
o3~ +os 2-even

States are classified by Z2 Parity!

Exchange symmetry SU(2), <+ SU(2),, = Z, Parity for physical states




DM Phenomenology




Parameters [ om e

Jdo, (1, g’, v, Vo, (scalar quartic couplings) x 4
| | | |

| | |
€, GF7 mz, my, MMz, Mp, Mp, TNhH, gbh

Free parameters »\/

{ mV7 mZ’? mh’) mhp) ¢h }

Characterize vector sector Characterize scalar sector

@p, : mixing angle of
Zo>-even scalars




Scattering Process: DM direct detection

Direct detection
DM-nucleus scattering is searched, but no significant excess now
— Severe constraint on DM-Z coupling & DM-Higgs coupling

Z-exchange process

0
V Neutral boson triple coupling is forbidden
7 (- non-Abelian extension)
— No Z-exchange in scattering process!
VO

Higgs-exchange process

10 174l Mixing angle ®h tunes the scattering process

/R o e 2¢h — direct detection bounds give upper bound on Pn

N For sufficiently small Cbh,
SM S O scat IS dominated by 1-loop EW processes



Thermal relic region ot g

¢r-contours (mp, = 1.2 my,mp = 1.4 my)

White region:
QOh2~0.12 is achieved by adjusting ®h 201

' Higgs coupling
h -SMs

Annihilation Channel

* Higgs channels

1744 SM
h/h
----- o sin 2¢p,
Vo SM
« EW channels EW channel only
VO w VO W
V:t

/ Perturbative unitarity boundongo §
O "T.‘:“..
Vo W 14 4 S my, < 1.02m,

(+ many other channels...)

5 10 15 20
my[TeV]

% We need to include Sommerfeld effect in evaluation of QA2 [Future work is ongoing]



my,, = 1.2my, my, = 1.4my

Constraints T s

h -SMs

¢n-contours (mp, = 1.2 my,mp = 1.4 my)

!

15+

mz[TeV]

5 10 15 20
my[TeV]

- Perturbative unitarity bounds
(2scalar—2scalar scattering)

S ¢n <01

- Direct detection(XENON1T/nT)

— probe Higgs contribution

my; <1.02my

5.5 . to DM annihilation process
4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
my[TeV] - W’ search by LHC/HL-LHC
— probe thermal relic scenario
B LHC13Tev139fbt  [ATLAS Collabolation(2019)] (% No bound for w > 7 TeV ) even if #n =~ 0

=== HL-LHC14TeV 3000 fb-1 [ATL-PHYS-PUB-2018-044(2018)]



Vector DM from
Extra-dimension




B Model of EW interacting DM

Supersymmetric DM model

Model w/ Extra-dimension

* SM particles + SUSY partners
* R-parity guarantees DM stability

e Many DM candidates
D Wino DM

e SM particles + Kaluza-Klein (KK) towers
e KK-parity guarantees DM stability

e Bulk action + Boundary Localized action
— 1st KK Wg can be Lightest KK Particle

[T. Flacke, A. Menon, D. J. Phalen (2009)]
[T. Flacke, D. W. Kang, Kyoungchul Kong, Gopolang Mohlabeng, Seong Chan Park (2017)]

SU(2). triplet spin-1/2
~0

SU(2). triplet spin-1
Vo W

VS V-

Next pages: Review on Spin-1 DM from Extra-dim.




B Spin-1 DM form extra-dimension

Universal Extra Dimension (UED) model
SM particles = 5 dimensional fields propagating in a flat extra dimension

Orbifold compactification: S;/Z, (y = —y)

- Chiral fermion
- Switch off massless scalar (associated w/ 5th component of gauge fields)
- Kaluza-Klein (KK) parity — Lightest KK-odd particle can be stable DM candidate!

How to study UED model?

Minimal UED approach
Boundary Localized Terms (BLTs) are induced through renormalization group evolution

Effective Field Theory approach
Extra-dimensional theory is Non-renormalizable
— Introduce BLTs that respect all the symmetries (coefficients = free parameters)

What is the physical effects of Boundary Localized Terms?




M BLTs and mass spectrum..............

Scalar theory
e - BL kinetic term [mass]- -
g_ % /d5x (0M @0y ® — m*®?), | m?2 : BL mass square [mass] Soundary conditions
1 (95 — el — m§)®|, _, =0
+3 /d% (re0"®9,® — my®) [6(y) + d(y — wR)], {(35 +rell+mp)®|, ., =0

\ 4

BLTs affects Boundary Condition @y = 0, zR L _tan (% m2 — m2)
rem, —m
— Modify Quantization condition of KK spectrum: m, ~——— m;’ -

n

cot (’T2—R m2 — m2)

1/R=1TeV, m=0.5TeV, m,=0 _ o
e ,  BLTs =rich possibilities of KK mass spectrum

[ 3 : :
2.0}, BL kinetic term 1 1st KK W, can be Lightest KK Particle
TN — Change Am, 1 = SU(2). triplet spin-1 DM
S 1Sp|Y S ]
= 2nd K "I i Reveal nature of SU(2). triplet spin-1 DM
s 1.0 .
S 1w/ general mass spectrum!
0-5:’wkih----""“‘--—---—----___': 50 Spin-1/2WJr 1o spin-1 W

[ 0-mode ]
ooL——uo v v 0 ] L 3
0 1 2 3 4 5 X VS Ej(




M Deconstructing dimension ...

Yy = () (Fixed point)
5 dim. SU(2) gauge theory

w/ Orbifold compactification
S1/Z2 (y = —y)




M Deconstructing dimension ...

Yy = () (Fixed point)

5 dim. SU(2) gauge theory
w/ Orbifold compactification

S1/Z2 (y = —y) 4d theory at each

/ discretized point

Exchange of gauge group

Lo

4 dim. picture:

Many direct products of SU(2)s
w/ exchange symmetry of gauge groups!



Abelian Extension
with
Exchange Symmetry

CAUTION!

DM W+ -

Stable neutral vector CANNOT have
Non-Abelian EW couplings

DM W=



Abelian Extension with Exchange Symmetry(1/2)

spin-1 DM model with exchange symmetry

DM W+ -

Stable neutral vector CANNOT have
Non-Abelian EW couplings

Exchange Symmetry

We can also construct the Abelian extension SU(2), ® U(1), ® U(1), ® U(1),

DM W=
Model ) o :
1, 4 O\ 1, I\ 1., .. X We have kinetic mixing terms(2nd line)
LD _Z(B );w(B ) - Z(B );w(B ) - Z(B )W(B ) in this Abelian extension model
1 1
+ 560 1 [((BY)™ + (B?)*] (B + 5602(30)/“/(32)/“/ field spin | SUB)e SU(2). U(l)y U(1): U(1),
1 1
+ (Du®1)! (D" ®1) + (Du®2)' (D" @) + (D, H) (D" H) T B
— (Scalar Potential) ZR 2 5 X . 3 X
R 2 "3
Spectrum mass b, % 1 2 0 - 0
| 2 /
— 1
X0 _ B, — B, 0 H 0 1 2 0 L 0
— \/5 o 0 1 1 woou 0
7 W* ® 0 1 1 0y
(Z2-odd neutral vector) a 0 1 5
v ws BY B! B?



Abelian Extension with Exchange Symmetry(2/2)

NOTE: Exchange symmetry forbids X° to have EW interactions

- X0 do not appear in the SU(2)L neutral vector state
3 /
W, =#A,+#Z,+#Z, +<—NoXostates
- X0 do not mix with the other neutral vectors(Z2-even) even through

the kinetic mixing terms

€02 .
Liinetic = IX XY + (mixing btw Zs-even vectors)
X = 0uX,) — 0, X,

SM DM relies on the Higgs mixing

& In the annihilation process
_, H< (j=1,2) — Strict bound from direct detection
That is why we choose

XV SM <

the non-Abelian extension approach! >




Fin
Thank you!
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