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B Dark matter

What is Dark Matter (DM)?

Invisible (=dark) unknown massive sources

1/4 of energy density in our universe
Electrically neutral

Massive

Stable / Long-lived

DM candidate?

Many possibilities for DM mass/interaction

Goal: ldentification of DM

— a window to probe new physics!

Weakly Interacting Massive Particle /
DM abundance from thermal history
Probed by various experiments

Cross section of DM with ordinary matter [pb] in log
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Plot in “Observational and theoretical motivation for particle dark matter”
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B Electroweakly interacting DM

Assumption: DM = SU(2)L. multiplet
DM coupling: Electroweak coupling

DM mass: (1) TeV to explain correct DM energy density
®» DM interaction theory is specified by determining DM spin!

Table (Partially modified) from [M. Farina, D. Pappadopulo, A. Strumia (2013)]

Quantum numbers __ M+ — MpM MDM : DM mass
SU(Q)L U(l)y Spm [MGV] M4 :mass of charged component
2 ¢ 3 350
Higgsino 2 341
3 166 Model studies are focused on
Wino 3 166 Spin-0, 1/2 DM scenarios

[ Motivation ]

Study general features of EW interacting spin-1 DM & possibility to probe in future experiment

— How to know DM spin from experimental results?

Today’s talk: indirect detection (monochromatic gamma-ray) — EW int. plays crucial roles



. M Od el [T. Abe, MF, J. Hisano, K. Matsushita (2020)]

Symmetry SU(B)C 02 SU(Q)O R SU(2)1 R SU(2)2 X U(l)Y Symmetry structure inspired from

\ / method of Deconstructing dimension

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

Matter Contents W& Wlau W;N

field spin |SU(3). SU(2)o SU(2): SU(2), U(1)y Each fermion corresponds to SM fermion
1 1 Scalar field to realize U(1)em in low energy
UR % 3 1 1 1 % ®; =105 + 775 { st. ;= —eq);fe (j=],2)J
1 1 1 figt — 72
e 3 3 L L L 3 H= V2 ( o —in? ) 4 real degrees of freedom for each
lr % 1 1 2 1 -%
en % 1 1 1 1 1 Symmetry transformation
®, 0 1 @ 9 1 0 « Gauge trans. (for scalars)  * Exchange trans.
% o 1 1 2 C) o @1 = Up®aUf By > By, WE, & WE,
2 By > Up®oU
H 0 1 1 2 1 3 Hw— U H % go = g2 (# 91)
U, = explibn(z)] (n=0,1,2)
Symmetry Breaking _
Vacuum expectation values
5 (@;) #0 (H) #0 1 [va O
SURP ©U1)y —pp SU2)@U1)y =P U(1l)em (@) = (@)= 2 | (ve > v)
ve 4 4
| (H) = ( 0 ) O1) TeV  O(100) GeV
SU(2). 2



. Specltru m Z,-parity from exchange symmetry

Energy Vector Scalar Z> parity Mass
4 i ~
7' W' h' even
r~UVp O(1) TeV
Vo v hp odd
Z W= h even ~ v 0O(100) GeV
y even massless

Z,-odd vectors ( VO V*) o “V-particle” ~ SU(2). triplet

VO
* Non-abelian vector couplings = EW int. dominates phenomenology }{ j}www Wt

* Mass spectrum 2 2 202 2 Al W- vt
- Tree-level:  Myo =My = = (= my)

- Loop-level:  dm = my+ — myo ~ 168 MeV (Almost the same value as SU(2). triplet, Y=0 spin-1/2 DM)

If we assume m,, < ny, , V¥ is the lightest Z2-odd particle (= EW interacting Spin-1 DM)

Z,-even BSM vectors ( Z', W) also exist



B Monochromatic y-ray search

Challenge to probe DM spin

Spin-dependent features decouple in non-relativistic processes due to
momentum/velocity suppression (cf. averaged velocity of DM in current universe: v/c =~ 10_3)

] R vy, Zy
Monochromatic y-ray (DM DM-yy, Zy) x
Line y-ray signatures @, ~ mp\ g
Sommerfeld enhancement by electroweak force - >
[J.Hisano, S. Matsumoto, M. M. Nojiri, O. Saito (2005)] Photon energy
Total spin J is conserved in annihilation (".” S-wave is dominant) By = Mo
B Selection rules remember DM spin!
spin-1/2 7y spin-1 v
DM DM
\ ,\N‘N\r
wiwid viwiod
/
DM DM
Vv Well-studied 222 7



B Spin-1/2 vs Spin-1

. . DM DM—-vyy,Zy
Comparison of DM Spin Sechind Lo SN
10-22 spin-1  New!
Resonance structure is almostsame % ¢ R | spin-1/2

("' determined by SU(2). triplet-like features )

Q
E
S,
_ -23
B 10
Spin-1 DM pair forms J = 2 states £
B 1072
38 & :'
. @ ;
X — (~4.22...) for spin-1 DM! — g
G 107%°¢
9 s
S ﬁ:
- - £ 1072}
Higher order correction £
. mpm mpm : =
We need EW Sudakov resummation In 7 == x In 5 1 2 5 10
_ _ , 7 DM mass [TeV]
NLO corrections of Potential shift resonance points , .
Study of the Wino DM N\
* For Wino DM, we already have dedicated studies Potential LO: - [3#ieere, . Matsuneto, . 1 ol 0. S 200)
) . . . . Sudakov |og: [T. Choen, M. Lisanti, A. Pierce, T. R. Slatyer (2013)]
« We also need evaluation including higher order for spin-1 DM 15, Ovenesyan, T. . Syes . W. St (2014

[G. Ovanesyan, N. L. Rodd, T. R. Slatyer, I. W. Stewart (2017)]
[M. Beneke, A. Broggio, C. Hasner, M. Vollmann (2018)]
[M. Beneke, A. Broggio, C. Hasner, K. Urban, M. Vollmann (2019)]

D M m a S S (tO o bta i n corre Ct a b un da n ce) \ Potential NLO: M. Beneke, R. Szafron, K. Urban (2020)]

7/

Pure Wino DM: 2.22 TeV M 2_88 TeV [M. Beneke, A. Bharucha, et. al (2016)]
EW Spin-1 DM: > 3 Tey emmered, 999 (Ongoing)
TADepends on Higgs sector n

Any other differences?



2

) h i t AE., ~ Mz
Bl Z’ search in y-ray spectrum **=in
A «—
Our spectrum also has Z’ (Z,-even neutral vector) x Zy |2
New annihilation channel Z'y may open <
5
Unitarity if gauge couplings Z'y mode is kinematically opened &
! ! ~ .
Ph
Interesting region: F11y, s s 5 2mV oton energy
2 e » Double peak y-ray spectrum
. AEfY myg
To separate peaks: ™~ 2 0.1 —We can reconstruct DM, Z’ mass
my 2mv y
mgs 2.0
Future Detectability =t

N
oo

[ Current bound from H.E.S.S experiment i+ Aodalan etal. (2018)

CTA experiment can probe double peak spectrum
(Cored profile w/ r, =~ 5 Kpc ) IL. Rinchiuso, et al (2021)

VL9 ul 109dso.id

Q. Is Z'y mode not unique to EW spin-1 model?

(Z' mass) / (DM mass)

NO. Z'y mode is predicted from DM model w/ Z’
But we have 3 enhancement effects in our model

-
N

(1) Enhancement of Z’ coupling (my, ~ m,) Cv-v+z =
(2) Sommerfeld effect due to EW int. my 1.0

10 20 30 40
DM mass [TeV]

(3) J = 2 contribution of spin-1 DM

50
Al



B Summary

0spin-1/2 spin-1
. . . % + 0 +
We studied monochromatic y-ray signatures X W v W
from EW interacting Spin-1 DM X~ VS V-
0 — 0 —
How to distinguish DM spin? X 4 v w
, : Different spin (spin-1/2) 7y v Zy
Comparison w/ other DM candidate . 4
{Same EW int. (SU@). triplet, Y=0) x | Mass reconstruction:
c
el
2
DMDM - Xy (X=y,72,7) x

Photon energy
Spin-1 DM has J = 2 partial wave contribution

20 Parameter region for spin-1 DM
— vy, Zy cross section of Spin-1 DM is enhanced by %( ~ 4.22...) . o
18 §
Spin-1 DM has new Z'y annihilation mode g §
— Separable double peak spectrum may probed in CTAexp. =16 §
We can reconstruct masses of DM, Z’ % v
g 14
Future work -
Specify DM mass range to explain correct DM abundance
Study Extra-dimensional setup w/ similar phenomenology 1.0

10 20 30 40 50 ﬂ

DM mass [TeV]



