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Introduction

Practical

Empirical evidence
(several but only gravitationl)

Galaxy rotation curves
Velocity dispersions

Galaxy clusters

Gravitational lensing

Cosmic microwave background
Structure formation

Bullet cluster

Dark Matter (DM)

QCD axions
Axion-like particles
Fuzzy CDM

SM neutrinos
Sterlile neutrinos

Supersymmtry

Extra dimensions
Little Higgs
Simplified models
Effective field theories

Conceptual

DM candidate
(explaining the evidence fully or parttially)

Primordial black holes
MACHOs

Macros

Strangelet
Superfluid vacuum theory
Dynamical dark matter

Modified Newtonian dynamics
Tensor-vector-scalar gravity
Entropic gravity

[Wikipedia, PDG]
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Introduction

DM search crucial to
the search for new physics

Dark Matter 26.8%

g/

DEVRT A 68.3%

[NSF]
Only gravitational effect of DM

v

Electrically neutral and colorless

Our desperate conditions on the DM particle

A single (elementary or not) Majorana particle
S
Standard Model (completed in 2012)

(U() x SU(2 ><U>¢ SU3) s % U(1) s

valid at least up to several TeV scale

v

Only allowed scenario

U(1)y anapole DM particle

Intrinsic higher-dim EFT operators — Weak interaction rate

Mass : GeV ~ a few TeV
Spin : 1/2, 1, 3/2,




Introduction
Complementary DM Hunting Strategies

Indirect detection
(relic abundance)

DM + DM = SM + SM

INDIRECT DETECTION
D

M e SM
DIRECT
DETECTION
M o SM

D

Direct detection

DM + SM = DM + SM

COLLIDER DETECTION
[R. J. Wilkinson (2016)]

Collider detection
SM + SM = DM + DM

D

s>

A lot of ingenious probes

LHC

Conceptual constraints

Unitarity and perturbativity




Introduction

Studies including anapole DM

Spin-1/2 EM anapole

Spin-1 EM anapole

Spin-1/2 hypercharge anapole

Relic abundance

[C. M. Ho and R. J. Scherrer, PLB (2013)]

Direc detection

[M. Pospelov and T. ter Veldhuis, PLB (2000) ]

[J. Hisano, A. Ibarra and R. Nagai, JCAP (2020)]

Collider

[Y. Gao, C. M. Ho and R. J. Scherrer,
PRD (2014)] - --

EM — Hypercharge

[C. Arina, A. Cheek, K. Mimasu
and L. Pagani, EPJC (2021)]

Indirect detection

[C. M. Ho and R. J. Scherrer, PRD (2013)]

UV completion

[L. G. Cabral-Rosetti, M. Mondragén
and E. Reyes-Pérez, NPB (2016)] - --

Generic analytic and numerical analysis
of the hypercharge anapole DM particle of spin 1/2 and 1




Outline _
Hunting target

Hypercharge anapole DM particle of any spin

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

Evaluate the relic abundance, production cross sections at the (HL-)LHC and direct
detection rate at the XENONnNT numerically for spin-1/2 and 1 Majorana particles

Combining the experimental results with a conceptual naive perturbativity bound (NPD),
we draw a unified picture for hunting for spin-1/2 and 1 hypercharge anapole DM.

Based on the picture, we make a simple educated guess for higher-spin anapole DM particles.



Constructing anapole vertices

U(1) gauge invariance

— purs}ﬁ;ﬂ =0

Identical-particle (IP) relation

CI‘E}Q;H(}), —q)C~1 = FE’]B;M(]?, q) for fermions

FE,]Q;“(pv —q) = FE’]B;M(p, q) for bosons

General anapole vertices for arbitrary spins

[F. Boudjema and C. Hamzaoui, PRD (1991)]

X p=ki+ ks
\ki q=~Fk — ko
_r
iDL ANANANN B
eNCHY H
7
Xp
O 20 =1 Qp
=X
(=) 8= B
(S
for bosons
n = <
s—1/2
| for fermions



Constructing anapole vertices

- I' constructed by Xo " p=kitks
[S- Y. Choi and J. H. Jeong, PRD (2022)]  — collecting basic operators \1. q=k1— ko
Integer s = n # 0 ['g] = [M] p
2\ 2 iFEf}m VAVAVAVAVAN: )y
5 = Vi (V)3 (bl T b v ST s

7=1 /
ko

Half-integer s =n + 1/2 I'r =[1]

Xs
2(n+1) n
8 p2 n T — -7 n—r
e = (N5) a1 S (18T g 1) 18
=1
Number of independent terms : 2s
Basic operators Operator forms
Conventions o
Normalized momenta N 535 = PaPp Se. 5 Se. 3, - [S"
R 5 91lpuv — Guv — PuPv + qu.qv i n n
p = p/\/p_ — v SC:EIZB - [gJ_ocﬂ + Z<Od,8f)(j> } /2 Sa1,51 o San Bn — [S ]”
. / —_QQ AN gl1uv? . N N .
1= (aBDPq) = cappo Dq° Vagn = ﬁﬂsci "’ﬁaS@]ﬁu Var B " Vo faspn V=]
Ay =715 Ay —  [A]



Property of anapole vertices

) gauge invariance X Complete decomposition Y]
pt FLS) =0 Annihilation ® Production
L B
A “f\/\/\f\fv —Guv + p,u,pu/ p > ' (o ®
— Z E*u pa ) p
X @ IP relation X Y,
M(,0) = Xy, 3,V 0a DNt ny.01 -0 (0,6,0) Identical particle relation !
with [\ — Ao, |01 — 02| <1 Aaixe = =X, ; Yi(o1)
. /\1 - )\2 7é 0 :
Annihilation Production
_ 1 - _}
Z|M’2 — §Z|X)\})\_1|2|:ET+EL—|—(ZT—EL)COS29:| x(A2) z
A

1— —
Y1 = = |: o,0— 2"" o— 02i|: X = (70'2
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Constructing anapole vertices

X p=~FK+ ko
k1
ot @ 0= k1 — ks
= e N\
W e i 1p° irs NN B
| 74
X
_1/2 B

L d, B*
1/2 =53 X7 sX

a b1 5
L4 zlﬁeaﬁup X (0°x") = (0°x*)X°] + Wap(XpXu + x,ux,o)] 9, B"

In the non-relativistic limit

arp & a; — M« _2 jext  (Dipole [Odd-parity])
by - H x ; S'S™ 4 §'s™ — 2(5”8(8 +1)|Vim (Quadrupole [Even-parity])
! 25(25 — 1) 3 ext

U(1) gauge boson — Hypercharge gauge boson B* = cy A* — sy Z*
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Hypercharge vs EM

X' Hypercharge (Solid) SM X EM (Dashed) SM
X SM X SM
Spin 1/2
ayp =1 1
107 It
— vy
ﬁ 10—4 L
S w-w+
6|
10 7H
my = 10 GeV
1078¢ A=10Tev Total
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Hypercharge vs EM

X Hypercharge (Solid)

B & W3
B = CwA— Swz
W3 = sSwA+cewZ

W=+

Spin 1/2
CL1/2 =1
10—2 L
2, 1074
)
10—6_
my = 10 GeV
10-81 A =10 TeV

B ¢ W3

restored U(1)y symmetry

YBZ

Improved unitarity
properties

Total
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Constraints from the relic abundance P. Gondolo and G. Gelmini, NPB (1991)]

Annihilation processes

2
ex—sMsm] 1 [a1yz| g psM .
1/2 — 4 4 Mx n the c.m.
/ 4 A X SM
p wave By : x speed
2 92 2 : ihilati *q Z*
oosusuy _ L [l 5L+ 0] (s oy [V Aunibilation energy ez
1 9 A4 4mz X
d wave p wave
X SM
i — % = stronger constraints on the spin-1 case
Bi = much stronger constraints on |a;|
Spin 1/2 Spin 1 Spin 1
1072 1072 1072
R & 107 =107
= 106 1076 "L 1070}
—= — ~
& =) =
108 108 107
10 100 102 10 10 10° 10 10! 102 100 10 10° 10° 10! 102 100 10* 10°
m, [GeV] my, [GeV] my, [GeV]
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Constraints from the mono-jet searches at the LHC' 16 Aad et al [ATLAS], PRD (2021)

Monojet processes

2
l9a—axx] a1 2]

1/2 AL
@Q? : Invariant mass of v* and Z*
gloa—raxx] jas[* B3 + [b1? ( Q° )
! A4 4m3

longitudinal = stronger (HL-)LHC constraints on the spin-1 case

By ~ 1 = similar constraints on the spin-1 couplings |a;| and |b; |

Spin 1/2 Spin 1 Spin 1

1025 1072 e T —————
T A 1
% s =
4 5] [ab]
O, S <)
=~
= P ~
= = =
< : =) <

: — LHC
=)
10 -- HL-LHC

IUOI 10l 102 103 104 105 10° 10° 10" 102 10° 10* 10°
my, |GeV, my |GeV| m, [GeV]



Constraints from the DM direct detection XENQONnRT' 1 Hisano. A Ibarra and R. Nagai, JOAP (2020)]

Scattering processes

XT—XT] X
dglﬁz_}x _ ay /o]?

1
dEn 2 Al

IXT—xT] Er : Recoil energy negligible N
_> -
do T ~ 1 , ’a1|2 1+ mT—ER 4+ |b1|2 mrER (Er << my) Z-exchange

T
T: Target nucleus (Xe)

extremely small mpFEr/ (Qmi) = very weak constraint on |b; |

Spin 1/2 Spin 1
5107 5107
L 106 ) L1070
= =
5 = :
10-8 — X[-:.\:O?\in'r (_1_1 t-y) 10_8; — }?E‘,N('}NnT (1.1 ty) 10| — XE,\jO.\jnT (1.1 t-y)
-~ XENONT (20 ty) g ~= XENONNT (20 t-y) E : -~ XENONnT (20 t-y)
10 10" 102 100 10* 10° 10° 100 102 100 10* 10° 10 100 102 100 10" 10°

my [GeV] m, |GeV| m,, [GeV]
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Combined constraints with the naive EFT perterbativity bound

‘al/z | /A2 [Ge\/_2]

Spin 1/2
10725 R Rt
104!
10-6,
10—8_
10° 100 102 10° 10* 10°
m,, [GeV]

Naive EFT perterbativity bound

C
—4mi < 47

—s<4r — e

AQ

(€= larjal or VVar P+ ou]? )

la,|/A\? [Ge\/_Q]

10725 1072

1074, 104
3

6! o 1n6

10 w10

~
=

1078} 1078}

100 100
m, |GeV] my [GeV]
Features

v’ Stronger constraints for the spin-1 case than the spin-1/2 case

v The spin-1 case with |a;| (middle) is already completely excluded

Relic

EFT pert.

LHC

HL-LHC
XENONNT (1.1 t-y)

XENONDT (20 t-y)

v Promising XENONnT (20 t- y) and HL-LHC especially for the spin-1/2 case

[O. Briining and M. Zerlauth, JACoW (2023), TUYG1]

[J.Aalbersetal et al., J.Phys (2023)]
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Correlated a1 and by constraints

Spin 1

my, [GeV]

Spin 1

— Relic

—  EFT pert.

— LHC

-~ HL-LHC

— XENONT (1.1 t-y)

- - XENONnT (20 t-y)

my, [GeV]

O'1OC[

|a1]? B3 + |b1]?

A4

S .
( 4m2) —  Ellipses

X

m, = 1TeV, A =2 TeV
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Conclusion

. General 3-point anapole vertices were constructed in a compact form
for systematic analytic analyses and other projects for any spin

. Detailed analytic and numerical analyses were performed for the spin-
1/2 and 1 hypercharge anapole DM particles

. Nearly half of the allowed region for the spin-1/2 case excluded by the
future XENONNT experiments in 5 years at a faster pace than the
HL-LHC

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

. Stronger constraints on the spin-1 case than the spin-1/2 case

. Complete exclusion of the higher-spin anapole DM

(stronger relic-abundance @& LHC constraints)

. Finding UV scenarios of the hypercharge anapole DM

Spin 1/2
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