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DM electromagnetic form factors
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Anapole moment

A_ y
ﬁanapole — EX'YM’}/E)Xa F;u/

* Only electromagnetic form factor allowed for Majorana y.

* No coupling to on-shell photons, only the EM current.

* P-violating, CP-conserving.

* Much less detectable than electric and magnetic dipole moments.
 Dimension-6 operator: A is dimensionful, ~ g/A*.

* Leads to p-wave annihilation to charged SM fermions.
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Anapole DM freeze-out and constraints

) _ . 90% C.L. Exclusion Limit on the Anapole Moment
* Anapole-mediated annihilation 10" p

to SM fermions allows for
thermal freeze-out. (Ho & Scherrer, 2012)

L —

e Below ~1 GeV, LEP searches for
ete™ - yyyx rule out the

freeze-out line.
(Chu, Pradler & Semmelrock, 2019)

 Up to 100 GeV, nuclear recoil

direct detection covers it as well. ] swosza
(Ibarra, Reichard & Tomar, 2024) 3
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(Ibarra, Reichard and Tomar, 2024)

Jared Barron | LDW2026 4



Anapole DM freeze-out and constraints

* Anapole-mediated annihilation
to SM fermions allows for
thermal freeze-out. (Ho

* Below ~1 GeV, LEP s¢ The End?

ete”™ - yyyx ruleoutt

freeze-out line.
(Chu, Pradler & Semmelrock, 2019)

 Up to 100 GeV, nuclear recoil

direct detection covers it as we
(Ibarra, Reichard & Tomar, 2024)
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“From the top”: UV Completions

* What renormalizable models give rise to an anapole
moment?

* Do they have the same production mechanism/thermal
history?

* Can constraints on the UV model surpass constraints on
the anapole moment?
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Generating anapole moment at loop level

Lag = )_([CLPL -+ CRPR]S*f + h.c.
* Yukawa coupling of y to charged* scalar S and fermion f.

X
* Forheavy M = mg ~ mg,

o eQrs o
A Togzap eel” = leal’)

*or milli-charged
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A (not exhaustive) list

* f isa SM particle (e.g. u or 7). y neutralino-like, S sfermion-like.
* Constraints from collider searches.

* Freeze-out controlled by Yukawa-mediated yy — ff annihilation, not anapole
moment.

* f and S both new heavy, EM-charged states.

* Anapole controls freeze-out.

 f and S charged under U(1)p that kinetically mixes with photon, yields
milli-charge under U(1)gp.

* Constraints from MCPs and ANg¢.
* Alternative production mechanism: IR freeze-in of dark sector (seriin, chang & Trickie 2025).

* f and S milli-charged, no dark photon. “Pure milli-charge”.
e Constraints from MCPs.
* Anapole controls freeze-out.
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A (not exhaustive) list

e f is a SM particle (e.g. u or 7). y neutralino-like, S sfermion-Llike.
* Constraints from collider searches.

* Freeze-out controlled by Yukawa-mediated yy — ff annihilation, not anapole
\ moment.

* f and S both new heavy, EM-charged states.

* Anapole controls freeze-out.

. f and S charged under U(1)p that kinetically mixes with photon, yields
milli-charge under U(1)gpy.-

* Constraints from MCPs and ANg¢.
\ * Alternative production mechanism: IR freeze-in of dark sector (seriin, chang & Trickie 2025).

* f and S milli-charged, no dark photon. “Pure milli-charge”.
e Constraints from MCPs.
* Anapole controls freeze-out.
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Leptophilic DM

AKA Bino DM
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Leptophilic freeze-out

10° 5
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Direct detection
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* Freeze-out band
lies below
anapole line and
direct detection
constraints™.

* Collider searches
partially cover
parameter space
outto ~100 GeV.

*Caveat: co-annihilations
when mg~ my. 11



Milli-charged particles
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Milli-charged particles: Conservative bounds

1072
0 LEP

* For each My, take the MCP T sN19g7A
mass and milli-charge that 1073 [Z5 MCP constraints

yield the largest anapole o=
moment, while consistent '>
with MCP constraints. &
=
<

e Current MCP constraints
beat anapole constraints

above ~ 0.1 GeV.. 107°

* Yukawa coupling set to . Preliminary
1 - I L | L L | L L L o
VAar. 105 100  107* 102 10! 100 101

m, [GeV]
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Slightly less conservative bounds

M < 4nm,
1072
B LEP
1073 " SN1987A
"1 MCP constraints
* No fine-tuning: 10+
2 N
. 3} | .
Require thatm, = =M. > 10
161 8
 Strengthens constraint from — 1
MeV to 100 MeV. = 107
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Milli-charged S and f.

Da rk SeCtOr freeze"” * Kinetically mixed dark photon.
See Berlin, Chang & Trickle 2025 for details w/ magnetic dipole moment * Yukawa allows anapo[e moment for X.
L= ESM[_ EELVF,PLV o %FﬁtvF’Hy}ﬁDLSP _ m%|8|2]

—I_[f_(%D! o mf)f]+ )?(?(2’ o mx)X _I_[X[CLPL + (‘RPR}S*f]—} h.c.

SM S, f T :WMA X—> > A
>wA,\/< I —— E S \Ei
S ;N\N\NW A f A—E—d— X % < ! < A’
SM S?f ES ES X - - - AAVAV VNV . L
[ A f——— X |
: , Y/ S
MCPs freeze in Dark sector thermalizes ;
through kinetic to temperature below A A
mixing portal. SM, MCPs freeze out. DM freezes out to dark

photons.
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Even less conservative bounds, and freeze-in region

CrR = 0.1, M/IT)X =3
* Range of theory targets

Hot relic line

-3
(SO rry, Go rdan!) 10 Cold relic theory targets
. . MCP constraints
* Hotrelic line: oS s |
_ MeVY / M\ ¥ SN1987A
Amr 2 3x107° GeV =2 |eg|? ( ,nf ) (m ) (I\l Anapole FO
X X > 10_7
)
. S,
* Largest allowed m, with —~
. 107°
perturbative dark gauge =<
coupling: .
10711 4
mo 4
m, < (50 GeV)cx, (ﬁ) \/g;"(mx/l[)) Lo Preliminary
1075 10~4 103 1072 1071 100

m, [GeV]
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Conclusions

* Going beyond EFT is worth it!

* Signatures of UV physics are often much more constraining than
anapole operator itself.

* Assuming EFT operator controls production mechanism is often
Incorrect.

* There are viable theory targets for sub-GeV DM with anapole
moment, not currently ruled out.
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