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Motivation

» Dark matter accounts for approximately 27% of the total
matter—energy content of the Universe.

» No conclusive non-gravitational evidence for dark matter
interactions has been observed so far.

» Portal scenarios provide minimal and experimentally

testable interactions between the visible and dark sectors.

> A self-consistent chiral U(1) extension naturally realizes

both scalar and vector portals within a unified framework.

> Future ete™ colliders provide sensitivity to feeble portal
interactions.
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Gauge Structure and Field Content
SU(2). x U(1)y x U(1)x
V(®1,d3) D A3|d1[?|®2]2 ==  Scalar Portal (Higgs mixing)
LD %BWX‘“’ =  Vector Portal (kinetic mixing)

L D i@ Pwi + iorPwr — yo, $owr + ... == Dark Sector (Dirac particles)

Simultaneous requirements of:

» gauge invariance, Field

Spin  U(1)x
» anomaly cancellation, o, 0 %@
> absence of Majorana masses, wi 1/2 qL
» Yukawa-generated fermion masses wr__1/2 ar

strongly constrain the structure of the dark sector.

After spontaneous symmetry breaking =—> residual Zy symmetry



Why an Even Number of Chiral Fermions?

Gauge invariance of Yukawa interactions:

+1, @i Powir, ()
giL — qir = Siq2, Si = -
—1, w;LdD;w,-R.
Cancellation of the gravitational anomaly:
ZqiL_ZQIRZO == qzzs,-:o = Ny=N_, N=2N,. (5)

Result
Anomaly cancellation with a charged scalar requires an even number of chiral fermion pairs.

Minimal dark sector contains two component of chiral dark matter.



Minimal Charge Assignment

Gauge invariance of Yukawa terms &1, ®owir, @2L¢£w2R with g = 2

(911, 91R), (g2, 92r) — (9.9—2), (x,x +2). (6)

Cubic anomaly cancellation:
C+x3—(g-2°%—(x+23=0 — two branches appear: x=—q, x=qg—-2. (7)
The first branch allows Majorana mass terms and is excluded.
The remaining anomaly-free solution:
(9,9 —2), (g—2,q) with minimal integer realization: (5,3), (3,5). (8)

Allowed interactions:
w1 Powsr, @L‘Dngm W1LW2R, Wo W1R- (9)

Forbidden interactions:

WiLWiR, ‘DlL(D(QT)WQR» CD2L¢(2T)W1R, wjy Cwit, wik Cwir, (10)



Dark Fermion Mixing

Yukawa and mixed mass terms:

- - t - -
LD —y1011Powir — Y22  Pywar — p12011WaR — H21W2LWIR-

M— <m1 ,u12) .
H21 M2

Ul MUg = diag(Mi, M2).

After spontaneous symmetry breaking:

Biunitary diagonalization:

Field transformations:

is 2 * *
wir) _ CL—iaL se X1L  tan20, = ; \m1,u221 + H12";72| -
war —sie a XL |m2|? + [p21]? — [p12]? — [m

(w1R) _ ( CR*’-LSR SRei‘sR) <X1R> . tan20p = 2|mi 1z + pspmo|
W2Rr —SRé€ CR X2R

Result

The mixed Dirac mass terms generate mixing between the original chiral states.

[m2|? + 2] — |p21 | — |ma >

(12)

(13)

(14)

(15)

(16)



Scalar Interactions in the Mass Basis
After the rotation to the mass basis
LD —¢axiU] YUrxr + h.c.
The scalar interaction matrix becomes non-diagonal:

1 _(Cu G2
ULYUR—<621 czz)’

1 (5 —
Cii=—— (CLCR)/1 + SLSRyzel(éL 5R)>

V2

1 i i 1 —i(8, —
Cor IE(SLCR}/le L — ¢spyze 5R), Coz = W(SLSR}/le 0=0r) 4 CLCRY2)-

1 . .
, C2= E(CLSR}/le"SR - sLCR}/ze"sL)7

Resulting interactions:

LD — ¢2x1(Re Ci1 + i Im Ciiys)x1, —p2x2(Re Coz + i Im Cooys ) x2
Cia+ G Cia—Chy Cn+Cr | Can—Chh }
Y5 | X1

— ¢2X1 [ 5 + 5 ’Ys} X2 — $2X2 |: 5 + 5

Physical consequence
Mixing induces off-diagonal scalar interactions: x2 <> x1 + ¢2.

(17)

(18)

(19)

(20)

(21)



Gauge Interactions in the Mass Basis

Gauge interactions before diagonalization:

"
gx XuoL,rY" QL RWL,R.

After the field rotations the charge matrices become non-diagonal:

Ul Quui, Ul QrUk.

£§mg::ngp[ilv“(gﬂ—fgﬁﬂs)X14—227“(&£—fg£75)x4,

L3 = gx X, [iw" (glvz - g:lAz’Ys)Xz + 27" ((gl‘é) - (gf‘z) 75)X1]7

v 2 2 A _ 2 2
811 =9 —S. —Cr, 811 =CrR—SL,

v 2 2 A 2 2
822 =q9—CL—Sr, 822 =SpR—CL-

L id R
g12 = 2cis1€'’t,  gi2 = —2crsre

SR

vV _ 5, i A i5; i

812 = CLSL€ — CRSRE 5 812 = CLSL€ ~+ crsre
v v)* A _ [ A

821 = \812) » 821 = (812) -

Physical consequence
Mixing generates transitions: x2 <> x1 + X.

*

iSR

[

(22)

(23)

(24)

(25)

(26)
(27)
(28)
(29)
(30)



Scalar and Vector Portals

Scalar portal

(1, 92) — (h1, h2) :

cosf —sinf
sinf  cosf )’
)\3V1V2
)\1V12 — )\2V22 ’

¢

tan20 =

hz)?f X Sg,

hiXx  sg.

Vector portal

(B Wi, X) = (A, Zu, Z) -

€ €
Ci —CeSW — S¢ —F7—— SeSw — Ce—F———
S R BV ey Y ey

Sw CeCw —SeCw
0 S¢ Ce
V1—¢2 V1—e2
tan2¢ 2ev/1 — e2swm§o
an2¢ = .
mZ, (1 —€2(1+s3)) — méé
2

Z,Fy"(gv — gays)f ox e,
Z,X7"(gv — gays)x x €.



Associated Production with Third-Generation Fermions

We consider dark matter production in electron—positron collisions:

e f
A)Z
ete” o i,  f=m b (39) e i 2/,
!

The relevant mediator decay channels are Z’ — x1X1,, h2 — Xx1X1-

Thus the target signatures are

ete” — T+, at STCF (\/s =7 GeV); ete” — bb+f at CEPC (v/s =90 GeV).
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Portal Interactions in the Small-Mixing Limits

e, s <1, py<mg, ¢cp=arg(mmapisiz) = ¢1+ ¢2 — d12 — ¢21 = 0.

Scalar interaction with SM fermions:

£ s Y SEmehoff.
1
f=L,q

Scalar interaction with dark matter:

8xq2
Z/
+ 8xq2
2mzl

LD —

(sogh1 + h2)(MiX1x1 + MaX2x2)

(soh1 + h2)X1 (a2 + p21 + (p12 — p21)7s] Xo-

(40)
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In the limit,
m%, < m%, € = —ecy,
one obtains ) )
_ ! S0 < D= ey, ()
LD —ceZ, éy'e+ 3zseZMuv u 35eZﬂdfy d.

The dominant dark-sector interaction is

LD gxZ,x17" (4 —vs)x1 + 8xZ, X2 (4 4 75)x2

_ H21 — p12 21+ p12
my + mo my — my

+ exZ, xav"
Heavy dark-sector component
If M2 > mpeq collider signatures are dominated by the lightest state x1.
My — My > Ty, Tr >~ M1/20,
such that the heavier component is Boltzmann suppressed:

— (M2 — M- T
nzoce(2 )/ T

If the decay rate satisfies Iy, > H(Ty), the state x2 efficiently decays into x1 before freeze-out.

Therefore, the present-day relic density is dominated by the lightest state x1.

V5| X2-

(44)
(45)

(46)

(47)

(48)

(49)



Sensitivity to Associated Dark Matter Production
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Conclusions

» A minimal anomaly-free chiral dark sector was constructed.

» Fermion masses are generated through Yukawa interactions after spontaneous symmetry
breaking.

» Residual Z, symmetry stabilizes the lightest dark-sector state.
» The model contains both scalar and vector portal interactions.
» The standard dark photon scenario is recovered in the light-mediator limit.

» Future ete™ colliders provide sensitivity to the phenomenologically relevant parameter
region.

Thank you for your attention
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