Freeze-in Millicharged Vector Dark Matter

T.C. Yuan (IOP, Academia Sinica, Taiwan)

Presented at The 7th International Joint Workshop on the Standard Model and Beyond

% L AR EAE A R 3 PR IR ST
%?W&k%(%%&%)?l%?

29 Oct — 1 Nov 2026
Works based on collaboration with V. Q. Tran, hep-ph/2512.08622.



https://indico.ihep.ac.cn/event/29150/
https://doi.org/10.48550/arXiv.2512.08622

Outline

e The Model — SM+Dark Sector (B 5 X o Constraints (AN, ellipticity of
2 A) NGC720, QDMhz, LLEP precision data,

direct detection, etc. )

SMQ SUQ2), + 2

e Two-Temperature Universe

with kinetic mixing. Both sectors are - Evolution ot (T') = T)(T)/T

weakly coupled to each other. - Coupled Boltzmann equations of relics

- Synchronized evolution
e Sub-GeV Millicharged Vector Dark - Freeze-in production of dark matter

Matter

e Numerical Results
W' = WP

e Summary & Outlook



The Model (1/2)

SM is enlarged with a dark gauge sector SU(2),, broken by a real dark triplet Higgs T = (!, 22,39,

| 1[0+ Vs \/521’
2 = 52”0” — 5 0
\/52’" -2 — Vs
|
>0 = 33 mixes with SM Higgs hom @)’(ZZ via an angle /; 2P = —(21 122)

NG

Dimension 5 operator induces Dimension 4 kinetic mixing term [Chen, Cline, and Frey 2009;

Csg g/ . _ () 1 Zhang, Li, Cao, and Li 2010:;
@5 — 25D Tr I>WHY| B , —> €W3/WB 5 Ko, Nomura, and Okada 2021;
Ce212'y A R B 2 DR e 2024
with € = 2000 % eferred as Abelian-NonAbelian kinetic mixing. Ardu, Rahat, Valori, and Vives 2024;
A Tran and Yuan 2025; etc]

The kinetic energy of the electroweak gauge sector in the extended model is

P = lB BHY _ lWa WaﬂV_lWCl Wy _ l W3,uvB
kin = 4 Y 4 H A Duv'"’'p 26



The Model (2/2)

e Diagonalization of the kinetic terms
L0
3 , 3
WD,u R V1-—¢? cosa -—Ssino WD//t
B, € 1 siIna@ Cosa B, ’

e Covariant derivative is modified as

with

B S . 1l .
D,=9,—igWT" —igp <WD/,¢TD + Wp, 1, )
—iW},(8"Y + gpc,C.T}) —iB, (8 — gps,C.T})

where
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8 Both g’ and §” depend on a!!
with oth ¢’ and epend on ¢!

c,=cosa,s, =smna, C, = 9, = €eC,.




Gauge Sector (W, W™ photon y, massless dark photon Z’, and massive Z boson)

No Stueckelberg mass!
Feldman, Liu and Nath (2007);
Cheung & Yuan (2007), etc.

2.2 2 2
V 1%
e =S g (o,
where W/l;’m - (Wll)u T le)ﬂ) is a dark matter candidate with mass My = Zgsz :

V2

1
and Wj = —— <Wl1 F Wi) is the SM charged boson W* with mass myy = gvl2 with v = 246 GeV .

V2

In the basis of V = (B, W, Wg)T we have the mass mixing matrix for the neutral | gauge bosons

’ ~ )~/ s _
L& -ge s m, =0, my = 0,m; = /g 22
2 ~ ~ /]
Mi=—1-8s & -g8'|= ’
gz —gg' g7 ) |with g =g2+g?=—
_ 1 — e’ _

M12 can be diagonalized by 01 - M; 2.0 = MIz)lag

( Independent of a! )

= Diag(0,mz,0) and V=0 -V with V,; = (A,Z,Z)".

O involves just 2 mixing angles, #; and 6,. 0, can be identified as the weak angle. 8, provides further mixing between

W3 and Wg



Millicharged Vector Dark Matter

— yWPW™ coupling ("Making Dark Matter Out Of Light")

e Diagonalization of the kinetic and mass mixing terms induces coupling between the dark matter

WPW™ pair with the physical photon
"minimal” coupling

' |
L oa~—1gp |:K‘1 (Wft’me” — W/J’Z”LWP/“‘> A" + —K;

2

(wowy — wwe ) pe }

"anomalous" magnetic moment

e Remarks:
<1> K1 = Ce (_Saﬁll Ca@BI)’ Ki — (Gca o Sa/C€> @11
Both depend on the arbitrary angle a explicitly!

(es

a

[Hagiwara, Peccei, Zeppenteld, and Hikasa,
NPB, 282, p253 — 307 (1987)]

ca/Ce) 05,

(2) However, Pan, He, He, and Li, “Scrutinizing a massless dark photon: basis independence”

(arXiv.1807.11363 ) demonstrated that such dependencies are not physicall Holds in non-abelian

models too!

(3) SU(2) VDM: C. X. Yuan, Z. Zhang, C. Cai, Y. L. Tang and H. H. Zhang, arXiv:2405.16165 [hep-
ph];J. H. Liang, Y. Liao, X. D. Ma and H. L.. Wang, arXiv:2501.13501 [hep-ph];:«-------


https://arxiv.org/abs/1807.11363

Millicharged Basis: s,=¢, ¢, =V1-¢?

— _
(" , )
: g/ — g/ — g 2 ’ g// — O
L Vi-e J
_, ci—s0 \
. g - g Lo Dark photon
51 = — €1 = — O=]s ¢ O |
== \/g2+g2 \/g2+g2 — 00 1 —> doesn't couple to
_ _ SM termions!
$=0 2= 80, =gs; =e _
g - €C, , (p.m) . I .
}/WPW . K| = — \/1 = k=0 —> WY carries millicharged!
— €
ZWp Wm : — Ky = + €31 Ké — 0 All k;, k! are independent of al
V1 — €2
m . —_ f




Galaxy NGC720

o Ellipticity profile of the galaxy sets stringent

bound on dark sector self-interactions (SIDM).
Too strong interactions would destroy observed
anisotropy.

e Following closely the evolution of the velocity
anisotropy due to energy transfer, Agrawal,

Cyr-Racine, Randall, and Scholtz (JCAP
1705(05), 022 (2017)) sets a limit for NGC720 of

about

Figure 2. The seagull diagram for SIDM in the model.

2/3
0.01 z
Mo ( ) > 300 GeV , ap = i_D " e
ap p. .

E h'i

Wm WM m

Figure 3. The t channel Feynman diagrams for SIDM in the model.

o SIDM helps to solve WIMP small scale
problems (core-cusp, too big to fail, missing
satellites) [S. Tulin and H. B. Yu, Phys. Rept.
730, 1-57 (2018); --- ; Tran, Nguyen, and TCY,
JCAP 05 (2024) 015; ---]




Two-Temperature Universe — Freeze In VDM

Plasmon ff - wrwm

decay B 7 - WPW™ h_—>M:’W"‘ 5 _ Th(T)
. —

Dvorkin, Lin, Schutz, > Y* - WFW™ ff ’ T

PRD 99, 115009 (2019);

Braaten & Segal, (1993).
sM (T) " Hidden (T},)
e, sin wrwm - 7'7"
f) y: Z; h Ll 1 prm \and hDhD
v,

-

hu—’ff

Strong dark sector self interactions

a

would deplete DM abundance; also

disfavored from galaxy ellipticity.

Refs: Aboubrahim et al, PRD 103, 075014 (2021); JHEP 09 (2022) 084; JHEP 12 (2021) 148; JHEP 06 (2021) 086; Feng, Lii & Nath, PRD 110, 015020 (2024);
Li & Nath, PRD 111 (2025) 12, 123007; LHEP 2024 (2024) 502; etc.

Figure 1. A schematic plot to illustrate the interactions between the SM and hidden sectors.



Two-Temperature Universe — Freeze In VDM

Consistently Synchronized Evolution of Two Temperature Universe

)

1

4 %P

- §

drl’

- BH(IO\/ +pv) + Jvh

e Temperature Evolution E = Th/ T
ﬁ — l _g | dTh
dl T - dT
n-.
o V. = —  (comoving number density)
S
i€ {Wem 7' hy)
S aYi
dl’

e Relic density is

computed according to

aPn
d1y,

—1

Jvh is the source term for

the hidden sector accounts
for energy exchange
between SM and hidden

SE€Ctofrs.

- Collision terms.

Depends on both

temperatures.



Thermal History BM1 my =0.01GeV,m;, =my /3,8, = 1077,e =3.8x 1077, sinf = 0, Ty = 1 TeV, &, = 0.01

e Dominated by
milli-charged
annthilation

process

7L wewm

e /Z and plasmon
decays sub-
dominated
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suppressed by tiny
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Direct Detection of Millli-charged sub-GeV VDM via searches of electron recoils

Varying g, and my,, other parameters same as BM1

e Based on electron recoils from the processW +e¢~ - W + e~ 102
for sub-GeV DM. Dominated by photon exchange, while Z and
scalar mediated contributions being sub-leading. SIDM

103
e Regions with smaller value of Ty are excluded regions from

current DMDD data from SENSI, DAMIC, EDELWEISS,
SuperCDMS, CDEX, DarkSide50, XENONNT, and PandaX-II

NGC720

e Purple regions excluded by galaxy ellipticity (NGC720)
e Relic density is sensitive to Ty (Dark, Blue, Red lines)

e Dotted lines: Boundary where dark sector selt-interaction rates
are comparable to Hubble rate. Thermal vs. non-thermal !

e SIDM and DMDD can set lower limit on Ty
Tay = 0.1 GeV

e Projected sensitivities from OSCURA and AL.SC (Aluminum Try =10 GeV
based superconducting detectors) Trn=1TeV

-8
10 10~

10° 107 10~ 10°
My [GEV]
(1) B. A. Cervantes-Vergara et al. (Oscura), JINST 18, P08016 (2023), arXiv:2304.04401

(2) Y. Hochberg et al. PRI 127, 151802 (2021), arXiv:2101.08263


https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08016/pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151802

Summary & Outlook

o A simple yet realistic VDM model of two-temperature universe based on SM @ SU(2),, + 2, is studied

Coupled Boltzmann equations with two temperatures are solved numerically to obtain

density of freeze-in dark matter which is the millicharged vectorial particle/antipartic

the correct relic

le pair. Dominated

process is ff—y> WPW™. Making VDM out of light! Plasmon decays into VDN is studiec
showed to be subdominant.

All constraints from cosmology (relic density, AN, from BBN & CMB), astrophysics (
of observed halos), collider physics (LEP EW precision data, LHC Higgs signal strengt

detection experiments are satisfied.

Direct detection of the vectorial dark matter at the sub-GeV mass scale (via electron r

OSCURA and ALSC detectors are discussed.

Interesting topics to study
(1) Making freeze-in millicharged DM with other spins out of light

(2) Strongly first order phase transition in the early universe and possible GW signals i
temperature setup

' in detail and

galactic ellipticity
h) and direct

ecoils) at future

n this two-
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UV Completion

Introduce a vector-like Dirac lepton W(1, 2, y)

Ly =i D—My)¥ — (ygWZ¥ + H.c.) with D = y*(0,, — igpW5, Ty, — ig'yB,)'W.

Integrating out the heavy lepton W running inside a triangular loop with external lines

C /
of Wy, B and X gives rise to the dimension 5 operator O5 = S(i)g Ir lZWg’/] B/w with
C R
a coefficient — ~ yRelyy! .
AN 127T2M\P
. . € . ¢s
With (X) # 0, Os induces & .. = — EWII;UBMV with € = — Xng Vs-.

Takey = — 1, yy ~ 5, My ~ O(1)TeV, one obtains € ~ 10~ for my, ~ 0.01GeV .

Caveat: If vs > A/cs, fine-tuning is unavoidable in the parameter space to keep the

physical mass of the heavy lepton not driving far away from its bare mass My .



Higgs Sector (P, f)

. Scalar Potential
VD, ) = — g | O " + 4 | @|* + AV(D, A) -
1

> > 1 > > 1 > >
AV(D,Y) = —Emgz 5> +Z/12(2 : 2)2+5,1¢2|cp|22 5>

. Perturbative unitarity, bounded from below
4
O < ﬁq), /12 S T

) Scalar Mass Matrix
)
2 (2/1(13\}2 - %/1@2\}% _/Iq)zsz
Mé =
S
\ _/1(13212\/2 2/12\}% - %j«q)zvz

)

M;, = % <v2 (4,14) — Aﬁ) + Vg (4%: - ,1¢2)>

1
iz\/v4 (4_/1('15 + /lgbZ) 2 _ 2\/21/22: <4/1¢Z (/12 + /1(15) + 1612/145 — 7/1£Z> + Vg (4/12 + /14)2) 2

Higgs Mass Mixing

h\ (cosfp —sinp 1)
hp) \sinf cosp J \ 30
h is identified as SM 125 GeV Higgs

boson;
hy, is an extra Higgs from hidden
triplet

Higgs signal strength requires

sinf| <02  [ATLAS 2022



Benchmark Points

gp € sinf | mz | mw | mp, || To =Tru | {0 = (Tho/To)rH

(GeV) [(GeV) [(GeV) | (TeV)

BM1([10-7|3.8 x 107 0 0 | 0.01(0.003 1 0.01

BM2/10711.2x10°% [107°] 0 | 0.1 | 04 1 0.01

Table II. Values of model parameters of benchmark points BM1 and BM2.
e W' is sub-GeV DM.

e BMTI: hy » WW/(kinematic), ff(sin f = 0); BM2: h;, —» WW/, ff, --- .
Loop processes hy, — yy,yZ',Z'Z" are ignored.

Remarks: L . . . . . .
o Kinetic mixing € (gauge portal), Higgs mixing sin f# (or quartic coupling Agy) (Higgs portal)

but no Stueckelberg mass portal (m, = 0).

e Recheating temperature Ty, Whence freeze-in DM is expected to be first produced, is not exactly known.
Theoretically Tggn (~ 4 MeV) < Tpy < A GUT/Inflation ( ~ 10'°GeV)



Cosmology constraints on AN,

e Massless dark photon contributes to effective number of relativistic species.

Sensitively depends on the evolution ot E(T).

e Current BBN and CMB analyses demand

AN, = NSP — Njy' < 0.18 at 95 % CL

1;,(T)

4 11 4/3
ANw(T.)| == (T) HEMTYETY| . E(T) =
BBN BBN

Refs: Jinzheng Li and Pran Nath, Phys.Rev.D 108 (2023) 11, 115008 2304.08454 [hep-ph]; etc


https://arxiv.org/abs/2304.08454

Other constraints:

o [ifetime of light datk Higgs Tp

In order to avoid disrupting light-element abundance, dark Higgs must
decay betfore BBN. This requires,

ThD S ()1 sec for 2mﬂ 5 th ,S mh/2
Typically, we find T), 18 ~ 1077 sec in the model.

e Limits from direct detection experiments (SENSI, DAMIC, EDELWEISS,

SuperCDMS, CDEX, Darkside-50, XENONNT, PandaX—II, ---) for sub-
GeV DM

In the model, we use the reference elastic cross section We™ — W'e™

(electron recoil) which is dominated by the photon exchange

2.2 2 /
48pKi ApmMive b - My,
Ge — Wlt //tW/ e

(apMe)* myy + m,




Relic Density vs. AN, and vs. Reheating Temperature Ty

4/3
4 (11
_ (2 h 4 _ _ _ _
ANi(T, ©) =7 ( 1 ) 8erii(1y) &(T) where ¢&(T) = T)(T)/T 50 = (Th()/TO)RH9 TO = TRH =1 TeV
BBN BBN 1 .
O one
e Massless dark photon atfects effective number of 100 : : .,-“
relativistic species N ¢ AN, < 0.18 at 95 % CL (BBN and CMB analysis)§ i B
e Varying &,, other parameters same as BM1 107" 3 o1t _
e Reheating temperature is NOT exactly known. We 10-2L A §
. . &= : £ . 0.112
set Ty = Try = 1 TeV in this plot > g : e
q OO —
1073 § : e
o Larger £ enhances AN while suppressed Qph? ;96’ 0.110 =
A / s
e £, 2 0.5is excluded by BBN and CMB 107" J ; 0108
e Cosmology tightly constrains hidden sector initial 1072 : 1o
conditions while leaving ample parameter space ; 2 __ : |
itions w | | i Qpyh? = 0.120 + 0.001
consistent with freeze-in mechanism 106 A e Ll R S
103 1072 10+ .10

§o 50 =05



Thermal History BM2 my =0.1GeV,m;, =0.4GeV,g, = 1077, e =12x107%sinf = 1077, Tpy; = 1 TeV, ¢y = 0.01

0050 e Relic h s
. 107 - 2
e Richer structure Couh” =9.12 P
Tog 0.045 7 ™ significantly
n evolution 2 107%
(1) 0.040 - 5 enhanced as
Q
as compared 0035 L compatred with
. L0
= = .
with BM1 > 0030- €10l BM1. Yet W'is
b, o . .
0.025 S Lo still the dominant
> )
0.020 - 5 freeze-in relic
10—22
0.015 - \ component among
0.010 +rrr p———rrrrry —— ———r—rrrr] S 10-2% 4rrr y——r—rrrrry ——r—rrrrry S— S| the three dark
10°! 10° 10! 10° 103 10! 10° 10’ 10° 10° .
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N 107° 1 ___ N{ (OV) fawewm - 1016 -
. /’, .................. b
W 10-14 4 ny'(r)y~_,wr‘w'" ”,r”-_‘ V) I I R s | 3
contributions === 2N lzowewr ] _, === o Other new but
— v 1020 - e nho(r)hn-'" 8 10-32 - ":::,—
Q Ll :
hy < ff are B N+ NHOV)fian, 0 PP ENUPTL, 5 S5 W, W, g much smaller
= 1026 - l B A BPPPTLL LA - 107771 .- - 3\ : .
needed to S ROy R A f contributions are
. . E 10_32 T .° 2 - ——vpessserrrrr E | o: e - e - n2 '<0V)WL'W"-°Z'Z' m
consider since g ' B A R T B i WPW™ & h,
= - 1 — b 2 - w' "WT=hphp |
. 1038 - ! : z / . .
Slnﬁ # O . 'I, 107%% ¢ .: II’ - nfn(Ov)huhu-’w"w'r' Wthh IS.
1074 { oo ! | 10772 45 ”W'(‘l‘_’)"’w”w"‘*”” kinematically
- . Npp A1 Mhp—wew™
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Coupled Boltzmann Equations (1/3)

e Temperature Evolution

¢ 1 dT,\ 1 dp, (don\
dT_T( A dT)_T S+ AT (dTh>
4 — 3H(p, + p,) — J,, /
BH(IO\/ +pv) T Jvh
o Y. = i (comoving number density)
S

1 € W(p,m), ' h -1

{ ' D} —S d}/l [3H (pt +P1) + ]vh] dpv — Rzm
dT’ | dT ’
YO8
e Relic density Qrvh? = (meW O) h?

Two Temperature Universe £ =T, /T

Jvh is the source term for

the hidden sector accounts

for energy exchange
between SM and hidden

SE€Ctofrs.

Collision terms.

Depends on both

temperatures.



Coupled Boltzmann Equations (2/3)

Interaction Rates & W’,Z’,hD(T’ T,) (number of interactions per unit volume per unit time that produce W', y’, h;))

RW’ (T7 Th) —

o

feSM *+

Plasmon decay /

Rz(T,Th) = nyy (ov)wewm 22/ (Th) , -

n3ov) 17y (T)| + ndyr | (00 wowm shphp (Th) hidden sector

2

w2(00) s swowe (T) | + 12 (D) zwown (T) + nu(T) s oo (T)

+ 'nuy* <F>7* —WprWm (T) + ’thD (F)hD_)WPWm (Th)

N,y (O hphpswewn (Th) — niy:

(cv)wrwm _shp,(Th)

+ (ov)wrwm— 22/ (Th) + (o) wrwm—hphp (Th) \Depletion of

DM within the

—

+ (ov)ywewm—np (Th) | — nh, (0V)hphp—wewm (Th)

— Npp -<F>hD—>Wme (Th) + <P>hp—>ff(Th)- '

feSM

N

—

-Depletion of
hy, within/to the
hidden/SM sector




Coupled Boltzmann Equations (3/3)

The source term J ;, (account for all possible processes that exchange energy between the SM and the hidden sector)

Jop = Z {”f 2J7wewm(T) + Jprosn, (T))]

+2nzJ7 swewm (T) + 2npJ L wrwm (T)

/ 271,7* J'Y*_’prm (T) — hp JhDﬁff(Th) } .
Plasmon decay

oI [
NaNbJab—scd = f;é;ll / ds 0ca—sab(8)s(s — s0)Ka(v/s/T) ,

T o0
n?Jff‘—mD = 304 / ds o5 n,(8)s(s — s0)K2(V/'s/T) ,

naJa—>bc — namara%bc 3

2% J7 *—>WprWm — n'y*ml<F>7Z—>WPWm T nvz‘mt<]-—‘>’yz‘—>WPWm )



V=0-E(1/2)
« V=BW, W) E=(A,Z,2)" ,Z = A

e Orthogonal transtformation @

cosf)y —siné, 0 1 cosf)y —sinf,cosfl, sinf;sinb,
O=|sinf; cosf; 0| |0 cos@, —sinbs sinf)y cos@,coslly —cosb;sinb, | .
0 0 1 0 sinfl, cosb, sin 0o cos 6,
— sing, = 9 — cosfy — I = Je2 452 =124 3"
S1 =sInvt; = , C] =C0sb; = , Sm = 8 T8, 8y=1\/8 t8§
M M o’ 9. no q dependencel
— a1 - g” — . ‘g_M ) . ~' ~""D . g 2 g ) gM p y
SQ_SIDHQ— — CQ—COSOQ— — . g-=g°"+g "=
gm gm 1 —¢?
e Neutral current interaction
f Ty
_ v; = (902 — 301, — §"'03;) =+ (601 +3"03:)Q ¢
—~ \'\\" f f m ’ 2
ENC — L L f’Y# (vi — V54; ) sz‘ ) ; y » TJ‘?
t a; = (902 — 301 — g 032-)7,



V=0-EQ2/2
= gsM = & > 8sm = &

%:%4’%- —> C0s 0, = SSM

€ g g \/8§M 83%\4

e One can take agy; = e’/4rn, G, my, at the Z-pole as inputs; and @, as weak mixing angle.

~/

1
e Z boson mass m% 4 P2 [gSM + g /(1 - 62)] Precision LEP data for Z mass implies ¢ < 6.4 x 107!

¢ measures the degree of violation of custodial symmetry.

e y,ZandZ ve

e 1) f
o = ol = 7105 = g51Q; | While v/ and aZfdo not jlfqave
-dependence O
o =al =0 a-dep , v, and v’ d
3 3 through 9 oIl H g
vl =of = 7 [Tf (sics + s3) Qf] :gM( 9 Qf) . I8 ~and 5 OW€.V€
Z7 2 ey | 2 b2 2 g7 ’ this g¢-dependence cancel in
T? T3 -
ol =af = (L)L =gyt physical processes!
C1Cy ) 2 2
~I 2 gS1 - 6
_ ~11 2 949 C1q- :
vl = vk = §'deQr = ——Q, Millicharged basis: .



Gauge Bosons Self-Interactions (3 points)

ng = ig(’)zi

+ ZgD

where

K

po—

ki (W2,W™ — WTWPe) EY + Qn; (WEWr — WI'WE) B |

:\/1—62

(WiWH W, W) E! + % (Wiw, —W, W, ) E*

1

1

( Saoli +Ca03i) 9

fﬁ; = (eca — V1= 623a) Oq; + (esa + 1 — e%a) Os; .

Millicharged basis: All k;, k! are independent of a!

yWPW"™ . Ky
ZWPW™ — K

ZWPW™ K3

€C 1
k=0 — WP carries millicharged!
2
\/ 1 € Caveat:
€S K # k; is due to Abelian—non-Abelian
| K’é — O kinetic mixing term where the non-Abelian
\/ 1 — 62 field strength Wg”” gives rise to additional

, contributions to k;! This might spoil the
K3 =1 renormalizability of the model. But we will
take the EFT view in this model.



Gauge Bosons Self-Interactions (4 points)

1
L=~ [(wg;*w-ﬂ)2 — WIWHHW, W

+2 050, (WWHE, EY — E,;,,,W*“Ej,,W“’)]
— 59D [(W”W""“)Q — WPWPHW W™

+ 2 RiK; (WZZWmMEwE; — Eme“Ej,,Wmu)] :

e Note that the ZZW™W™ and ZZWPW™ couplings are independent of ¢!



