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Overview

We propose a model of
electroweakly interacting spin-1 dark matter (DM)

DM W+

DM W=

Feature: Rich annihilation channels for DM

_} Correct DM energy density is explained
while evading the current experimental bound

Overview



Introduction: WIMP scenario Dark Matter

Dark Matter (DM) energy density

Qh? = 0.120 -

- 0.001

[Planck Collaboration arXiv:1807.06209]

WIMP _scenario

DM Is assumed to have interactions

w/ Standard Model (SM) particles
DM SM

.

DM SM
annihilation

—_

To obtain Qh2=0.12, we need sufficient
DM annihilation rate: (Gamiv) ~3 x 107%° ecm?®/s 1

26.8%

DES A 68.3%

https://sci.esa.int/web/planck/-/51557-planck-new-cosmic-recipe

(DM number density)/(coming volume)

[ljan IHcl)olplelrl férXiv:b9d] 4090]]
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Introduction: WIMP scenario vs Direct Detection

] & DM SM
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_ o | DM SM

o WIMP masslf)(z}eV/cz] 103 a n n i h i I ati O n
Small oscat to explain .
direct detection null signal /\

[Dan Hooper arXiv:0901.4090]

"Thermal relic

(DM number density)/(coming volume)

— We consider mechanism
In spin-1 DM model

time

Sufficient <<7 anniv> for WIMP scenario




Existing Models (review)

“Isolated” non-Abelian extension [T. Hambye (2009)]

SU(3), ® SU(2), ® SU2)y ® U(1),

1 a
Lo _ZX:ZJVXGJMV 4 (DMCI))T(D“CI)) —V(®, H) X, SU(2) yx gauge boson
A : 2
V(®, H) > ZH (o) (HH) P : SU(2) doublet scalar
o5 A X SM DM Annihilation relies on Higgs exchange
-
'a—_) e A P ISR oW Y
= L. B s §
5 b H ; 3
? % X~ annihilation g\ Bt s rommmea s et A o o ot s
ﬁ
4 )
Trial: How can we realize
- variation in DM annihilation channels?
SU(3) . ®SU(2), ® SU(2), ® U(1
(3). (2) 2); Ly . stable spin-1 DM?
77 - realistic SM spectrum?




Our Model

Symmetry

SU(3), ® SU(2), ® SU(2), ® SU(2), ® U(1),,

Matter Contents

\/

Exchange Symmetry D, > Dy, WE o W
; p

field spin

O -] O = = N N N

SU(3). SU
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3
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U

>k gauge coupling: go = g2

Fermion sector

Each field corresponds to
SM fermion

Scalar sector

®4, Oy : Bi-fundamental fields



Z2>-Parity from Exchange Symmetry

Scalar field definition

. ve+0o;+im? .
27'(';_ ] J it .
H= b; = V2 g (1 =1,2)
- 0 ’ ] _|_ -0 . .] )
V+03—1T3 P Vp+0j—1UT;
V2 J V2

Exchange symmetry after SSB: | 01 <2 02, Wg’u < WSM

/2-odd states

01 — 09 -U(1)em charge eigenstates
hp = \/5 .Z2-odd states under exchange symmetry
-Mass eigenstates
VO W(ib — WSM ( - No off-diagonal elements in mass matrix )
V2
Exchange symmetry SU(2), <> SU(2),
VT = Op 20

V2 @ Z2>-Parity for physical states

“V-particles”




Spectrum after SSB

Energy
! Vector Scalar
7" W'= h'
VY JE
Z W h
~y

/2-Parity

even

odd

even

even

~ UV O(1) TeV

~ U 0O(100) GeV

massless

% SM limit: ve — o0 (All the BSM particles are decoupled from the SM sector)

*We need NO BSM fermions to realize the SM spectrum
LD~y qrHur —yiqr Hdr — yelrHer + h.c.

7’ N
H=eH”
0 1
6:
N

(1 0/




Annihilation through Non-Abelian couplings

Feature: V-particles have Non-Abelian vector couplings
V0 w/w’ v
W:I:/w/:l:

174 w/w’' y=

Z

}W

W:I:

annihilation (+ many other channels)

—_—




Annihilation VS Scattering Dangerous scattering channels

DM DM DM DM

Z h
N

/-exchange process SM SM SM SM

0
V Neutral vector triple coupling is forbidden

VA IN hon-Abelian extension

— No Z-exchange In scattering process!
VO

Higgs-exchange process

VO VO VO
h/h
/\ Ve SM |74 W=
SM SM

— We do not need Higgs exchange process
to obtain Qh2~0.12

We can break correlation between Annihilation and Scattering process!

3



(Qh2 contours

20

Qh?(¢,=0.001, mp, = 1.2 my, mp = 1.4 my)

0h2=0.12 = my 2 3 TeV

Annihilation channels

mz [TeV]

W’ search @|.HC [ATLAS Collabolation(2019)]

q 0~

A Z
VO oyE (ve > v)
+
2 W No bound £ o 7 TV ®p, : mixing angle of Zz-even scalars
Y o bound for mw- e

Qh2 contours are degenerated for ¢» S 0.001 9



Summary

-~

<
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-Non-Abelian extension of EW symmetry

\-Imposing exchange symmetry of SU(2)

.Z2-odd vectors: ‘/'O7 |V

-Non-Abelian EW couplings

% W VO 1%

™

VO W VO %%

(+ many other channels)

— We can keep WIMP scenario while
evading direct detection bounds!

Test of TeV scale WIMP scenario

— W’ search @LHC is viable!

mz [TeV]

SU(2), ® SU(2), ® SU(2),

\/

Exchange Symmetry

Qh?(¢,=0.001, mp, = 1.2 my, mp = 1.4 my)




Back Up



Future Work

Result in this work

Qh2 = 0.12 is obtained for my > O(100) GeV

DM pair form the bound states in annihilation processes
(Sommerfeld enhancement) [J. Hisano, S. Matsumoto, M. M. Nojiri, O. Saito (2005)]

*Schematically picture

Qh2-contours may be affected by this bound states formation (future work)




Our Model

[T. Abe, MF, J. Hisano, K. Matsushita [arXiv:2005.00884]]

For mwore detalls




[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

Introduction: (De)construction technique

Discretized 5d coordinate y = 0 (Fixed point)

*Schematically picture

5d gauge theory
(7. gauge group

cf. Orbifold compactification

S1/%Z

The spectrum of 5d theory is reproduced
in 4d theory with many direct products of gauge group




[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

Introduction: (De)construction technique

Discretized 5d coordinate y = 0 (Fixed point)

*Schematically picture

5d gauge theory

4d theory at each
(; . gauge group

 discretized point

cf. Orbifold compactification

S1/%Z

The spectrum of 5d theory is reproduced
in 4d theory with many direct products of gauge grou




[N. Arkani-Hamed, A. G. Cohen, H. Georgi (2001)]

Introduction: (De)construction technique

| Exchange of gauge group I

Our Work

-Non-Abelian extension of electroweak symmetry

-Imposing Exchange Symmetry of gauge group

— Z2-odd spin-1 particles can be obtained
while realizing SM spectrum!



Abelian Extension with Exchange Symmetry(1/2)

spin-1 DM model with exchange symmetry

DM Wt -

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, ovuy 1,4 N I o ) We have kinetic mixing terms(2nd line)
LD _Z<B )uv (B7)H — Z(B )uv (BH)* — Z(B ) v (B)F in this Abelian extension model
1 1
+ e [(BY)* + (B*)"] (Bl>’uy—|—§€02(BO)lW(BQ)'[W field spin | SUB)c SU@2), U(l)y U@): U(1),
1 1
+ (D ®1) (D" ®1) + (D), ®2) (D" ®2) + (D, H)' (D" H) T ? o8
— (Scalar Potential) tR ’ ! ! E !
drp 3 3 1 0 -3 0
Spectrum mass b, % 1 2 0 -4 0
Z er 3 1 1 0 -1 0
0 _ p2 1
50 _ B, — B, 50 H 0 1 2 0O : 0
= \/5 ® 0 1 1 Y Yi 0
7 W= Dy 0 1 1 0yt g
(Z2-odd neutral vector) a 0 1 5
v ws B B. B2



Abelian Extension with Exchange Symmetry(2/2)

NOTE: Exchange symmetry forbids X0 to have EW interactions

- X0 do not appear in the SU(2)L neutral vector state

Wi = #A, +#Z, + #Z;L < No X0 states

- X0 do not mix with the other neutral vectors(Z2-even) even through
the kinetic mixing terms

€
Liinetic = %X XM 4 (mixing btw Zs-even vectors)

X =0,X,) — 0, X,

DM relies on the Higgs mixing
In the annihilation process

— Strict bound from direct detection

That is why we choose
the non-Abelian extension approach!




FAQ: Why we need three SU(2) groups?

Answer: 10 obtain realistic SM fermion spectrum easily.

In two SU(2) case, we need fermion partners
to realize exchange symmetry
SU(2), ® SU(2),

— [t Is hard to obtain \/
realistic SM fermion spectrum

Exchange Symmetry

Yukawa sector in our model Matter Contents

field spin|SU(3). SU(2)y SU

LD —yuqrHur — yaqr Hdg

—y Ll Her + h.c. A

1 | |
=] = e wie @Y O

Fermion + H

2 0
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Higgs mechanism and Symmetry breaking

Gauge transformation

Uy = exp [igofo ()]

Oy — Ugd Uf, By — Up®pU] et

Uy = exp |igofa(x)

Scalar field definition

-~

- ve+o;tim) ,
Z7T;_ ] J it .
i — H. — V2 J (j=1,2)
v+og—imd P Vp+0;—IT;
V2 J V2

(@), (P2) remain unchanged under

.gauge trans. with Up = U1 = U2 ~» SU(2)L gauge symmetry

-exchange @, <> o5 — Exchange symmetry still alive!

*We reduce degrees of freedom in <I>j * 0 1
. N b, = —edPe, = .
by assuming the real conditions J 7




Mass Difference and Coannihilation

| oop induced mass difference

9oV
2 2 N
@tree-level My =My = = (= mi,)

@loop-level 5mv = My+ — Myo = 168 MeV << mV

The same property with the Wino system in MSSM

Coannihilation [Kim Griest, David Seckel (1990)]

Thanks to the small 9mv, all the V-particles exist in the thermal bath
near the Freeze out temperature

~

— All the V-particles contribute to the DM annihilation

Number density in thermal equivilium
3 M : mass
e — g m_T 2 exp (_T) T : temperature
k 4 27 ik g : degrees of freedom

7~



Long-lived particle(LLP) search @LHC

{VO, Vi} has the similar features as the Wino system in MSSM:

pp to V+ V- cross section [fb]

-
o
o
o

100

-
- O

0.100
0.010
0.001

g -Decay rate of V* M Same

.Mass difference Om., MSame

_ -Production rate from pp collision — less production rate than Wino case

due to the interference btw W(Z) and W’'(Z)

IIIIIII

IIIIIIIIIIII

mass

- Wino
=== VE (my w = 1.5my)
----- £ (mgw = 1.3my)
........... <
0 500 1000 1500 2000

of DM [GeV]

q v+
Z/Z’

q Vo

Wino case: 115, 2 460 GeV

[M. Aaboud, et al [ATLAS Collabolation] (2018)]

LLP search is not relevant
for TeV scale V-particles




Lagrangian
BSM Lagrangian

1 P
£ ZBWBW - YS‘ J,LW M
71=0 a= 1

1 1
+D,H'D'H + §tI‘DM(I)J{DMCI>1 + §trDM<I>£DM<I>2

— Vécalar ?

Scalar potential

Vacatar =m*HH + mtr (@]01) + mitr (010,)

FAHTH)? + Ao (tr (@{@1))2 + e (tr (@5%))2

+ o H Hox (@]@1) + Ao HY Hir (0]5) + Aot (0]@1 ) tr (@],) .



Bounded from Below(BFB) conditions

BFB conditions in our model

A > 0,
Ao > 0,
A

Ao 212>O,
A
§+\/M¢ > 0,

)\hCI)ZOa

or

Mo <0 and A (Ag + 212) — 22 >

* We find all the BFB conditions are automatically satisfied
by using the the expressions of scalar quartic couplings

2 i 2 2 2
. m+ sin m4, cos m
\ 2 cos? ¢y, + m?, sin? ¢, o = ¢p + h/2 On +my, |
sin ¢y, cos @ m? sin? ¢, + m?, cos® ¢, — m?
Andp = — h h (mQ B m2) h h B h ho
h® h' h/s )\12 = .
2\/§vvq> 8’0(%



Results

[T. Abe, MF, J. Hisano, K. Matsushita [arXiv:2005.00884]]

For mwore detalls




¢h . mixing angle of
Z2-even scalars

Parameters in BSM sector

go, J9i1, gla v, Vo, )\7 >\hCI>7 >\CI>7 >\12

\{ \{

| | | |
€, GF7 mz, 1my, Tz, TNk, TRy Mhy, ¢h

Free parameters »\ /

{ my, mzg, mp, Mmp,, On }

\ ~ / = — %

Characterize vector sector Characterize scalar sector




Qh2 contour: mz 2 my

DM pair can annihilate into
the final states with W*, Z’

— (0h2=0.12 is achieved
INn heavier mv region

Annihilation Channel

& W
ﬁii
& 44

Vo |14

mz [TeV]

Vo %%
New channels
Ve w Vo W
V= :}'{i
veo X W Vo / W’
\ /
1
- Enhancement factor
2201 in mz/my ~1

% : benchmark point
(mv=5 TeV, mz=6.5 TeV)

% Qh2-contours are degenerated for ¢» < 0.001



Resonance region in Qh2 contour

Contours of Qh?

m\/=4 TeV, ¢h=0001 , th=1 .2m\/, mh-=1 .4m\/
0200—mMm8m ™ ————m—m——————————————

0.15}
- Qh2=0.12

N ________________________________

Y [
G 0.10¢

0.05}

4 5 6 7 8 9 10

resonance region of Z'/W’ channel

174Y SM VvVt SM

+

1% SM V- SM

20

Qh?(¢p,=0.001, my, = 1.2 my, mpy = 1.4 my)

l/




Viable Region: W’ physics

W’-fermion coupling

IW' fr fL \/77222, 1
™~ 2

9w fr fr

oo

O

Coupling ratio
AN

N

cf. Vector Spectrum

(ve > v)

— TeV scale W' search may
constrain the parameter region



Why so large W’-f-f coupling?

Fermions have SU(2)1 charge only (V‘ﬁ) ) (1 o s ) (%5 (1) Oﬁ) (%2;)
0

g]_ _ — W= — sin ¢4 ? COS P % % (W2)i
o ﬁ (Wl )MK/YUJPLV mixing btw Z2-even charged vectors
gicosoy . - gisings -
= Wly" Pry W (y* Py

V2 V2

— IVt vy pyr Py + PYILIL 7 i pp

V2 V2

mz/mv | g1 9wt /9w sl .
1.02 | 0.661 0.207 gw' fr fr. g1 Sl ¢:: \/
1.05 0.680 0.321 o \/
V2 0.916 1 ngL fL gl COS ¢"
4.63 3 4.52 T
5.45 3.53 5.36
‘o L 53 6.00 fixed as SM value

(large g1) X (large sin¢g+ ) = (large 9w’ fr fr)




édn contours: (1/3)

m; =1 2my,m;, =1.4my
We need ‘gbh‘ > 03 Q_ H ' I ] T T D' 1 T T T T T T T
to obtain Qh2~0.12 — Higgs coupling .

— h -SMs

4

White region:
(Oh2~0.12 is achieved
by adjusting Gh

annihilation

' 5 10 15 20

my[TeV]

— Constraints on this plane? (Next page)



én contours: (2/3) R

Higgs coupling
h -SMs

my =1 2my,my, =1.4my
™ 20 ¢ T T

mz[TeV]

my[TeV]

Relatively large o
— Constrained from
- XENONITT result

- Perturbative unitarity
for scalar coupling

Very small o
— Proved by

m; < my

40 45 50 55 60 65 7.0 7.5 - Future direct detection
my[TeV] (I¢n| < 0.001)

- W’ search by HL-LHC



én contours: (3/3)

my =1.2my,my, =1.4my

mz[TeV]

1 X
' m
-
1 O
, Z
)
P,
'N
19
=

-Large Ph region is already
constrained from

T

-perturbative unitarity
-XENONITT result

-Future direct detection

can cover large region
én| 2 0.001
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Thank youl!

2020.06.02 Motoko FUJIWARA



