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Dark Matter (DM) [Wikipedia. PDG]

Empirical Evidences

(several but only gravitational) DM Candidates (too many?!)
Galaxy rotation curves QCD axions Primordial black holes
Velocity dispersions Axion-like particles MACHOs
Galaxy clusters Fuzzy CDM Macros
Gravitational lensing .

Cosmic microwave background SM neutrinos Strangelet

Structure formation Sterlile neutrinos Superfluid vacuum theory

Bullet cluster Dynamical dark matter
Supersymmtry
Extra dimensions Modified Newtonian dynamics
Little Higgs

Tensor-vector-scalar gravity

Simplified models Entropic gravity

Effective field theories

Dark!

conceptually and practically
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[NSF]

Our desperate guess and blind betting

A single (elementary or not) Majorana particle

10%%eV  peV neV peV  meV Y keV  MeV TeV M,
lI ..... IIIIlIIlIIIlIllIlIIIIlllll",lll
T " pre-infl. QCD axion " " general thermal WIMP :
post-infl. sterile
fuzzy DM dcp axion neutrino A
“classical”
QCD axion non-thermal WIMP (FIMP)
< & ——
QCD axion standard
thermal WIMP

(e.g. SUSY neutralino)

[Bilard ea, 2021]
D

Standard Model
(completed with H discovery in 2012)

SU(3), x SU(2), >< = SU@B)c X U(l)gm

valid at least up to from zero to several TeV scales!
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I

GeV ~ a few TeV mass
Any spin (1/2, 1, 3/2, 2, ...")
Colorless and electrically neutral
Hypercharge U(1) gauge symmetry
Weak due to higher-dim EFT operators

J

Anapole
DM Particle

To be, or not to be?
Mass. Spin, couplings?
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Complementary DM Hunting Strategies

Indirect detection
INDIRECT DETECTION .
D (relic abundance)

M — SM TR,
‘H‘V.;Ianck
DIRECT ] ]
DETECTION Direct detection
XENONNT
(11 tyand20t-y) | DM + SM = DM + SM
M fe— SM JiE|

D Collider detection
COLLIDER DETECTION

LHC and HL-LHC
SM + SM = DM + DM (139 fb~1 and 3 ab™ 1)

D
D

Conceptual constraints
unitarity, perturbativity

[A lot of ingenious probes]
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History of Anapole DM Studies

EM anapole DM Hypercharge anapole DM
Scenario (Spin) 1/2 I 1/2 I 3/2 2
Relic abundance C.M. Ho and R. J. Scherrer, PLB (2013)... X ffi;l\(l["‘lj;l-]j;;)"L
LLHC search Y. Gao, C.M. Ho, and R. J. Scherrer (2014)... X J, This work v
Direct detection C.M. Ho and R. J. Scherrer, PLB (2013)..  Joap (oo, ok e

A generic analytic & numerical (phenomenological) analysis for
a hypercharge anapole DM particle of any spin (1/2, 1, 3/2, 2, ...)
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Hunting Target
A hypercharge anapole DM particle of any spin

Construct general 3-point yyB vertices by imposing U(1) hypercharge
symmetry and identical particle (Majorana) conditions for any spin

4

Evaluate the relic abundance, production cross sections at the (HL-)LHC
and direct detection rate at the XENONnNt for spin-1/2, 1, 3/2, 2, ...

I

Combining the experimental results with a naive perturbativity bound (NPD),
we draw a unified picture for hunting for the hypercharge anapole DM.

4

Grasp the implications for higher-spin anapole DM particles.



Constructing Anapole Vertices

Xa . .
Hypercharge U(1) gauge invariance
(B=v®2)
ZFQ,‘B;M VAVAVAVAVA B: o 6 ,uJ
Identical-particle (IP) relation
X5 CFE;]Q ,u( q)C~ ! = L}B M(p? q) for fermions
B F[g]a ,u( ,—q) = P([l’]ﬁm(p, q) for bosons

p=ki+ ko =01 Qn Wlthn{s for bosons
q=k1 — ko B=p10Bn S—% for fermions (C — 17270)
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General A|gOI’ith [T1 [SY Choi, JH Jeong, PRD (2022)]

S(())é)@ == ﬁaﬁ)@ [g] — galBl o gC\fTLBn
_ 1 (S = So g ST 4
A Gsar = Gpar = PP+ Gud Sxs = 5l91ap £ i(aBpg)] S
. - D iw = giw” i f = | BT = Sa Siﬂﬁﬂ
(j Q/ H H e Vaﬁ o pBS +paS [Vj:]n N + T
<QBPQ> - Eaﬁpo ppq A o alBl;#'l aan;)u'n
po = YLuVs [A] N AN
Vagip = PsY9Llap +Pallsu V) S Vg
Half-integer s = n + 1/2
2 n 2 T 2 T —1
S p p - n—r T n—rt
)= (55) Y (5) srtor i+ (S5 )y (B) ol isy
7=0 T=1
Integer s =n # 0 [Boudjema and Hamzaoui, PRD (1991)]
[] p? — (P T 017 —1
rl) = vp?(p) > (A—) el R ) I T i
7=1

2s terms = 1 (fermionic) vs 2 (bosonic) leading dim-6 terms
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Leading 1/A%-order Anapole Terms

Half-integer s =n + 1/2 p=ki+ks
2 q = kl — kg
1/2
F,[u/ J = A2 o A1/27Y L5 p
2 *
F[3/2] _ b VAVAVAVAVA B,u
o, B T A2 A2 @3/27LpY5 Jap
(B=7v&72)

Integer s =n # 0
o ip?
Lasin =3z lai{aBug) 1 — bi(Pagisu + P39 Lay)]

-2
2 _p
Exi ao,B1,B2;0 A2 [aQ <@1/81MQ>L - bQ(pOélg—Lﬁlu _|_p51gJ_Oé1,u)] Jas B2
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Self-annihilation

Relic Abundance Constraints

Spin 1/2 Spin 1 Spin 1
X SM 1072 g 102 102 -
Qyh* < —— :
(UUXX> = 104 — 104 4
710 10 10T
By = x CM speed = 10°° = 10 %10
Vs = CM energy s | ) E =
10° 100 102 10° 10° 10° 100 100 107 100 10° 10° 10° 100 102 10 10 10°
O.[XX_NSMSM} _ 1 |CL1/2| 6 ESM m, [GeV] my [GeV] my [GeV]
1/2 - X
/ 4 A4 Spin 3/2 Spin 2 Spin 2
1 d e 102 e 10°2 —
2 92 2 ?
G_[xx—)SMSM} . 1 |a‘1| IBX + |b1| ( S ) 3 ESM i
1 T 9 4 2 | Fx T 10 5107 510
[xx—SMSM] i |a3/2| 3 $SM ‘%_\ 10°¢: = 10 = 10
% 7 AT P 3 3 =
5 o ) 1078, 1078 1078
1 | Tlaz|® B2 4+ 15]b | AR e
U:EXXASMSM} — 2" 5, 2l 5 BXESM 100 100 102 10°  10*  10° 100 100 102 10° 10* 10° 100 100 102 10° 10° 10°
300 A4 4mi my, [GeV] my [GeV] my [GeV]
small g, Smaller factors = smaller cross sections
Z-pole enhancement = Stronger relic-abundance constraints
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(HL-)LHC Mono-jet Searches

Dominant mono-jet processes

9
\'Q—Q Q*Q,Q Q 0

invariant yy mass Q>

/\j* D VA X
q V\/\/\<
X
a[gq%qxx] |a1/2|
1/2 A4
glaa—aad |a1|2 6>2c + |b1|2 Q?
1 A2 4m?(
a[gq—>qxx] x 16|a3/2|2 Q2 ’
3/2 9A4 4m?
sloa—raxx] 8las|? 6>2c + 7|bo|? Q% \"
2 6A% 4m§<
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la,,.| /A [GeV 2

|| /A2 [G(:V 2}

Spin 1/2
1072
10—4,
10—6 L - -7
10-8 — LHC
-- HL-LHC
10 100 100 100 10t 10°
m, [GeV]
Spin 3/2
102 : ,
10~
106
108 — LIC ]
-- HL-LHC
10° 10! 10? 103 104 10°
my [GeV]

Spin 1

1072, : :
& 107
<
L 1078
P
=

1078

100 10! 102 108 10t 107
my [GeV]
Spin 2

1072g ; :
5107
2,
= 107
~
= :

108 / — LHC

-- HI-LHC
10° 10! 102 100 104 10°
my [GeV]

[Aad ea [ATLAS], PRD (2021)]

1b,|/A? [Gev 2

Spin 1

10°

w10 10t 10t 10°
my [GeV]
Spin 2
102 " :
1074
10-°
108 ' — LHC j
-~ HL-LHC
10° 10! 102 108 10 10°
my [GeV]

More longitudinal

(L) modes = Stronger (HL-)LHC constraints
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NR scattering
(negligible Z-exchange)

X X

——

Target nucleus T = Xe

Recoil energy E'r
(Er < my)

3.3keV < Er <60.5keV

[xT—xT]
d 1)52 X ~ 1 |a1/2|2
dER 2 A4
d (XT—xT] 1 . E p B
a1 x - ‘a1|2 1+N1T R i b1|2mT R
dER 3 2m? 2m3
[xT—xT]
dag)jz * « B |as/o]?
dER 18 A4
dO’éXT_}XT]

oci 15]ag|*( 1+
60 2

13m+ FE mprFE
12R +7|b2|2 1 zR
10m 5 2-mX

dER

Spin 1/2
1072 ? . :
% £
S, :
a —65
S
£
10_85 — XENONnT (1.1 t-y)
== XENONnT (20 t-y)
10 10! 102 100 100 10°
my [GeV]
Spin 3/2
1072 - -
5104
S
L —65
S
- 10_8? — XENONuT (L1 ty) |
== XENONnT (20 t-y)
100 100 10* 103 10*  10°

My [GeV]

1072 ———p——rrrr

Spin 1

— XENONuT (11 ty) |
== XENONuT (20 t-y) ]

102100 100 10°

my [GeV]

10!

Spin 2

— XENONnT (1.1 ty)
-- XENONnT (20 ty)

10°

102 10° 10 103

my [GeV]

10!

—
=1

|b,| /A2 [Gev -

1by] /A2 [Gev=?]

DM Direct Detection XENONNT  friseno, ibarra, nagai, scar 20y

Spin 1
—2
10—4 L
10—6 L
108 — XENONuT (1.1 ty)
== XENONnT (20 t-y)
10° 100 102 108 10* 108
my [GeV]
Spin 2
1072 AL
1074
10-%
10-8 — XENONnT (1.1 ty)
== XENONnT (20 t-y)
10 100 102 108 10t 107

my, [GeV]

X

extremely small mpEg/2m% < 4 x 1073 = very weak constraints on |b, ,|
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Combined Constraints @ Naive Perturbativity Bound

- - / [Bruning, Zerlauth, JACoW (2023), TUYG1]
38 <dr = " mi <7 with C = a3/ or \/‘0/1722 + |by 2|2 [Aalbersetal ea, J.Phys (2023)]
Spin 1/2
102 e 102
Relic
i‘ 10—4 ':E_| 10_4_ EFT pert.
U, : 3 LHC
2 —6 [ ~ -6 ,
E: 10 i 10 HL-LHC
3 =) XENONNT (1.1 t-y)
108} 108
B LA | XENONNT (20 t-y)
10 10" 10> 10° 10* 10° 100 100 102 10° 10° 10° 10° 10' 10* 10° 10* 10°
my [GeV] my [GeV] my, [GeV]
Stronger constraints for the spin-1 case than the spin-1/2 case
The spin-1 case with |a,| (middle) is already completely excluded
Promising XENONNt (20 t-y) and HL-LHC especially for the spin-1/2 case
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Spin 1/2

Combined constraints

Spin 1 Spin 1

1

10° 10" 102 10°
my [GeV]

2024-07-19

10° 10° 100 102 10 10* 10° 109 100 102 10 10* 10°
my [GeV] my [GeV]

Spin 3/2 Spin 2

102 10° 10°
my, |GeV] my [GeV] my [GeV]

Stronger constraints for the higher-spin 3/2 and 2 cases
Nearly full exclusion or discovery is expected in the near future!
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Conclusions

General 3-point anapole vertices for any spin were constructed

in a compact form for systematic analytic analyses and other projects

Detailed analytic and phenomenological analyses were performed
for the spin-1/2, 1, 3/2 and 2 hypercharge anapole DM particles

4

Nearly half of the allowed region for the spin-1/2 case is
excluded by the future XENONNT experiments in 5 years

Nearly half of the allowed region for the spin-1 case is
excluded by the full running of the HL-LHC

Constraints are stronger from relic abundance and (HL-)LHC

but weaker from XENONNT for the higher-spin cases,
leading to complete exclusion or discovery of the anapole DM?!!

4

Finding UV scenarios of the hypercharge anapole DM
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Back-up Slides
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(Leading-order) Effective Lagrangian

ai/2 _
Lijpp = A2 X1 vsxy 0, B
(Ll (87 (81 bl 1%
b= {WEO‘@MP [Xl (apX?) — (0”x3 )X?] + Wap(leXlu + Xlqup)} 0, B"
Lo — s/2 _ . op pv
3/2 —WXgﬂ 15 X3 0, B",
L, — | 22 [ao(apﬁ)_(@o a0)6]+b_239( o 4y, © )| 8, B
2 — 2A26055,up X2 Xza- X2 XQO’ 2A2 sz XZ,LLCT XQ,u, sza v
S . .
a; — H o —5  Jext (odd-parity dipole)
Non-relativistic limit , = 3 slgm o glgm _ 2siigig o )| olim ‘ . :
i o< 25(25 — 1) + — 397 (S + 1)V (even-parity quadrupole)
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Elliptically-correlated a, , & by, Constraints

Spin 1 Spin 2

m, = 1.25 TeV, A = 2 TeV m, = 1.25 TeV, A = 2 TeV

30

Seong Youl Choi @ ICHEP 2024

18



