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Overview

@ Dark matter from U(1) hidden sectors
o General discussions
e Difficulties in the calculation
e Evolution of the hidden sector temperature

© Kinetic mixing and the millicharge

o Kinetic mixing between two U(1)’s

e Kinetic mixing: U(1) with the hypercharge

e Millicharge generated from Stueckelberg mass mixing
© Benchmark model analysis

o Case 1: illustration for the dark freeze-out

e Case 2: importance of dark interactions
o Case 4,5: dark photon dark matter from a single U(1)

@ Conclusion
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Dark matter from U(1) hidden sectors

e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.
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e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.

o The dark fermion carrying the extra U(1) charge is a natural
dark matter candidate. Light dark photon can also be a dark
matter candidate.
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Dark matter from U(1) hidden sectors

e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.

o The dark fermion carrying the extra U(1) charge is a natural
dark matter candidate. Light dark photon can also be a dark
matter candidate.

o U(1) extension of the Standard Model: U(1),, U(1), (kinetic

and/or mass mixing).
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e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.

o The dark fermion carrying the extra U(1) charge is a natural
dark matter candidate. Light dark photon can also be a dark
matter candidate.

o U(1) extension of the Standard Model: U(1),, U(1), (kinetic

and/or mass mixing).

o Freeze-out scenarios — various problems: direct/indirect detection
constraints, collider constraints...
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e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.

o The dark fermion carrying the extra U(1) charge is a natural
dark matter candidate. Light dark photon can also be a dark
matter candidate.

o U(1) extension of the Standard Model: U(1),, U(1), (kinetic

and/or mass mixing).

o Freeze-out scenarios — various problems: direct/indirect detection
constraints, collider constraints...

@ Turn to freeze-in — one major problem: why there exists such
feeble coupling?
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matter from U(1) hidden sectors

e Minimal setup: Z’ (or dark photon 4’ for small mass), one or
more dark fermion(s), with or without a dark Higgs.

o The dark fermion carrying the extra U(1) charge is a natural
dark matter candidate. Light dark photon can also be a dark
matter candidate.

o U(1) extension of the Standard Model: U(1),, U(1), (kinetic
and/or mass mixing).

o Freeze-out scenarios — various problems: direct/indirect detection
constraints, collider constraints...

@ Turn to freeze-in — one major problem: why there exists such
feeble coupling? A kinetic mixing just provides such smallness of
the coupling constant.
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Visible Sector Hidden Sector

A graphic illustration of the simplest U(1)x model from freeze-in
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Dark matter from U(1) hidden sectors

General discuss
Diffic i
Evol

Visible Sector Hidden Sector

Because of the self-interaction inside the hidden sector, this simplest
setup is difficult to calculate.
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Dark matter from U(1) hidden sectors
in the calculation
Evolution of the hidden sector temperature

Why difficult?

@ The thermal averaged cross-section of hidden sector interactions
depend on the hidden sector temperature. We have no clue what
the hidden sector temperature is.

o How to define the hidden sector temperature.

o How to setup a connection between the hidden sector
temperature and the visible sector (SM) temperature.
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Difficulties in the calculation
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Solution

In [Aboubrahim, WZF, Nath, Wang, 2008.005299], a general
formalism was established to compute the complete evolution of the
hidden sector (produced from freeze-in) particle number densities as
well as the hidden sector temperature.

For a general hidden sector feebly coupled to the visible sector, its
temperature T}, is linked to the visible sector temperature (the
temperature of the observed Universe) T by a function n(T}) = T/T},.

The continuity equation derived from Friedmann equations is now
modified to be

dpn

430 =

1t + (Pn +pn) = Jn
d .
Cﬁv +3H (pv +p'u) = —Jh>»

where j, is the source term arising from the freeze-in.
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Dark matter from U (1) hidden sectors
e calculatic
e hidden sector temperature

Temperature dependence

One can further deduce

dpn _ (Cn ~— gn \ dp
P T aEC ) any,

Ch = %(1 + pn/pr) and (;, = 1 for radiation dominated hidden sector.

Using the fact p = p, + pr, and the total entropy of Universe is
conserved and the Hubble parameter is given by

87TGN
3

H? =

[pv(T) + ph(Th)] )
one can finally obtain

dp Ay Cpu+pn(C—Cn) +n/(4H) dpn

a7, = B, By[Chpn — jn/(4H)]  dT}’

with A, B, functions of T}, and geg-.
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General disc

ussions
Difficulties in the calculation
Evolution of the hidden sector temperature

The complete coupled Boltzmann equations for U(1) x

v,

a7,

vy _
ar,

S dph/dTh 1 T
Y(q R Y I Nl’” _

+6(M71—2mx)[ Vi ov)ih 4+ Y O]

XX
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Dark matter from U(1) hidden sectors 2 q
General discussions

Difficulties in the calculation
Evolution of the hidden sector temperature

Turn back to the U(1)x beyond the SM

@ We focus on a U(1)x beyond the SM, where all SM particles are
not charged under the U(1)x.
@ To setup the connection, kinetic mixing and/or mass mixing will

be evoked.
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Kinetic mixing and the millicharge T

1ass mixing

History of kinetic mixing and millicharge dark matter

o Holdom 1986: The kinetic mixing between two massless U(1)’s
can generate a millicharge.

o Goldberg and Hall 1986: millicharge dark matter.
o Feldman, Liu and Nath 2007: a kinetic mixing cannot generate a

millicharge considering the extra U(1) mixed with the full
electroweak theory. Mass mixing can be the only source.
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from Stueckell ss mixing

A deeper look at two U(1) mixing

Kinetic mixing between two massless U(1)

1 1 o
Ekin = _ZF/J,VFMV - ZFX p,VF_)léV - §FHVF)%V ’

Lint = 614“ng + QXCMJff .

The kinetic terms can be diagonalized by a non-unitary
transformation (to keep the gauge kinetic term in the canonical form)

()5 1) (%)

In the physical eigenbasis, the interactions can be rewritten as

€
[/int = 3 AvJem +9x

V1—4

A’Y +Ax> Ja -

(5

Wan-Zhe FENG Nanjing Normal Univ & Purple Mountain Observatory



e ler o Kinetic
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s mixing

A deeper look at two U(1) mixing

For the case of kinetic mixing between a massless U(1) and a massive
U(1), the Lagrangian reads

d

s 1
- S Pk~ 5M2C2,

1 , 1 v
ﬁeﬁ” = _ZFAU'VFH - iFXl“’F)lé
Lint = €AMng + chHJéL .

Now the only possible way of eliminating the kinetic mixing term is
given by the following transformation

(5)=( 22 ) (%),

which gives rise to the interaction in the physical eigenbasis as

o
\/%AXJd +e (mz‘lx + A“/) Jom -

In this case, the dark particle carries exactly zero electric charge.

‘Cint =
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Kinetic mixing and the millicharge 5 (2
N > with the hyper:

from Stueckell ss mixing

A deeper look at two U(1) mixing

For the case of kinetic mixing between two massive U(1)’s (may
produce a massless in the final mass eigenbasis), the Lagrangian reads

1 L1 ) ,
Lkin:*ZFp‘l/FH *ZFXW/F)A; *gF}LVF)lé )

1 1
Lmass = *§M22A2 - §M1202 — MlMQAC,
£int = eA,uJéLm +gXCMJ5 .

To obtain the physical eigenbasis, one needs to diagonalize the kinetic
mixing matrix and mass mixing matrix simultaneously for the gauge

eigenbasis VT = (C, A),

_ ]. (s 2 M12 MlMQ _ 2 ]. €
IC_((S 1)7 MSt_(MlMQ M22 _Ml € 62 ’

where we define the mass mixing parameter € = My /M;.
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Kinetic mixing and the millicharge T
1ass mixing

Kinetic and mass mixing between two massive U(1)’s

The interaction terms are
1 1
V1 — 2¢d + €2 \/1_52
1
F—— A (eJem —€g9xJq).
V1 —2€ed + €2 o 9xJa)

Ling = Ax[(1 —€d)gxJa + eJem(e — 8)]

String origin of the millicharge (small fractional charge and the
fraction is proportional to the D-brane wrapping numbers on the
cycles of the 6D internal manifold) [WZF, Shiu, Soler, Ye, 1401.5880,
1401.5890].
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Kinetic mixing and the millicharge

The extra U(1) mixed with the full electroweak theory

[,
Now Fhr — Fy7:

The Lagrangian are written as: (1) Kinetic mixing

)

kin v
»C = _iF}LVF)Ié 5

mix —

(2) Mass mixing: Stueckelberg mass mixing [Cheng and Yuan 2007,
Feldman, Liu and Nath 2007]

1
Ly = *§(M10u + MyB, + 6#‘7)2 )
or extra Higgs mixing [Zhang, WZF, 2204.08067|

D, H = (au — g T A? — ngB gyyC )

Du¢ = (a,u - iQXO;L) ¢,
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Kinetic mixing and the millicharge

1ass mixing

Mass mixing: Extra Higgs case

In the gauge eigenbasis of the U(1),¢, hypercharge and the neutral
SU(2) gauge field VT = (C, B, A3), the mixing matrices can be

written as
16 0 g% u? + Ly g3 02 4y9 v —ygagyv?
K=|6 10|, M= %ngUQ %gyvz — 1929y v?
0 0 1 ygzgY”U gzgYU %93’02
C x 0 x A’
B = X X X A7
As X X X Z

The photon may couple to a dark fermion originally carry a small
amount of hypercharge y, although this coupling is not generated by
the mixing effect.
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Kinetic mixing and the millicharge

1ass mixing

In the gauge eigenbasis of the U(1)x, hypercharge and the neutral
SU(2) gauge field VT = (C, B, A3), the mixing matrices can be

written as
1 6 0 M12 M1M2 0
K=|(¢6 1 0|, M= MM, M2+ 0295 —%U2gggy
00 1 0 — 102929y 1v%95
C x —% x A’
g5+9g
B = C X ; v X Aﬂy
As X X X Z

L~ egxQy cos X" xA), = QX" XA},

where € = My /M is the mass mixing parameter.
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Kinetic mixing between two U(1)’s
U(1) with the hypercharge

Milliche nerated from Stueckelberg mass mixing

Kinetic mixing and the milliche

Summary of the couplings from the mixing

A summary of the order of the couplings induced by the kinetic
mixing and the mass mixing:

AVii~eQi,  AVXX ~ egx
Z’L'EN927 ZXXN(SQX,
Alii ~ |5 — €|gy , A'xx ~ gx .
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Millicharge generated from Stueckelberg mass mixing

How millicharge can be generated:

Millicharges can be generated in three ways:
@ The dark particle carries a tiny amount of hypercharge as a prior.

@ A kinetic mixing between a massless U(1) and the hypercharge
gauge field, and the generated millicharge is proportional to the
kinetic mixing parameter.

@ The mass mixing between a massive U (1) with the hypercharge
gauge field (massive in the initial gauge eigenbasis) [Cheng and
Yuan 2007, Feldman, Liu and Nath 2007]. In this case the kinetic
mixing does not play any role in generating the millicharge, and
the millicharge generated is proportional to the mass mixing
parameter.

Wan-Zhe FENG Nanjing Normal Univ & Purple Mountain Observatory



Kinetic mixi and tl illiche Kinetic r between two U (
Hinetic mbang and the miluchs Kinetic r U(1) with the hypercharge

Millicharge generated from Stueckelberg mass mixing

So a millicharge can be generated, what next?

Focus on sub-GeV mass region of dark matter, we consider six
different cases:

(Case Model | My | my Ix ) € 3 Qxhz Q«‘rh2 Ty
0 s i s m 20 100 0.0054 1x10’1:‘ Ix1070 T157x 1072 0120 0 0.616
o ¢ 1801250 | 0015 [Ix1072] ITx107 [436x 1070 0120 0 6.82x 107
2| amy > My >my > m, 100 [ 60 159107 [Ix107H ] 5x 107 [229x 1077 ] 0.120 0 0.491
3 My >2m > 2m, 10010 001 [Ix107®]56x107" [162x107F] 0120 0 2481077

0.09] 1 020 1x107™ 127x 1072 7.34x 1075 [ 742 x 107 [ 443 x 10° 2,67 x 107

b
¢
d
4 2me >my > My 4
£ 0.09]006| 001 ITx107™ 127x 1072 367 x 107™ ] 5.94x 1073 [ 258 x 107 2,67 x 107
g
h

=

Zm. > 2y > My > my 009]006] L5x 1074 1x107% 127x1072 | 550% 1070 | 185x 107 | 303 % 10 267 x 10°

[ 1 ]005] 0000 J4x10®] 1x10™ [29x107 | 0120 0 [60x10"

6  2m>My>0m, ‘

The benchmark models we consider in this work for six different types
of models. The lifetimes (in the unit of seconds) of the dark photon
for each model are listed in the last column. M, and m, are in MeVs.

Recall our Boltzmann equations:
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Kinetic mixing and the millicharge

The complete coupled Boltzmann equations for U(1) x

W _ 2 Il S Ly o) T, Ly (T
dTh H 4ph _]h/H S \()(%u Y XX
+ (M, — 2my) [ = Y (ov)2h |+ Y o ]

v X Xx—' v —=xX
2 Th 2 Th
~ Vo) + Y3 <av>7:7,ﬁxi} ,
dYW/ o S dph/dTh 2 Th 2 Th
dTy, ~—  H4pn —jn/H Z ERCLIN VR CTA L) NI

1€SM

+O(My — 2my) [Y2 (o)™, — %yy o]

XX~ v —=xX

+ 0(M., — 2m;) [Y,-z<0"l,‘>£h e ész )Tk

ii—y’ ’y’—)ﬁ]

+YZ< >Th77 +2Y qu<0L>T/m }7

dn Ay + Cpv "‘Ph(C—Ch) +jn/(4H) dpn
dTh B, By[Chpn — jn/(4H)) T,
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Kinetic mixing and the millicharge

( he harge
ted from Stueckelberg mass mixing

Decay channels of the dark photon for M, < 2m.: to neutrinos, to
three photons

Figure: A display of dark photon decay channels for M,, < 2me, including
the decay to pair of neutrino and anti-neutrino, and to three photons.
Considering various constraints, the decay of the dark photon to neutrinos
due to the mixing effect is always suppressed compared to the three-photon
decay channel.

Although the dark photon’s lifetime is extended beyond the age of the
Universe, it can still undergo decay, even in minuscule amounts. This
decay contributes to the isotropic diffuse photon background (IDPB),
and thus the model may suffer stringent constraints.
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Kinetic mixing and the milliche > = q q
Kinetic mi

Millicharge generated from Stueckelberg mass mixing

' SUN-T J )
7« (b)

e

\\ =

x(d)

RG

el

e

10¢
M,[GeV]

Figure: A display of current constraints (colored regions) on the absolute
value of the kinetic mixing parameter minus the mass mixing parameter
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e 1: illustration for the dark freeze-out
importance of dark interactions
Benchmark model ana o
ase 4,5: dark photon dark matter from a single U (1)

Case 1, model a: M 1, = 100MeV

10710

1018 -

10°

10-15

10—25

10-35 6 3 0
10° 10 10 10
Ty, [GeV]

Figure: One can see apparent dark freeze-out and the hidden sector
interactions reach equilibrium (inside the hidden sector).
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1: illustration for the «
e 2: impor
e 4,5: dark photon dark matter from a single U (1)

Benchmark model ana

Case 2, model c: M, = 100MeV, M, = 60MeV

10710

1018
107

B ; : : ——3
N — -7
100 T (00 i - 1
— D)y 7
_ -
105 F - 4
10735 L L L L ]
10°® 10° 10° 10°
T, [GeV]

Figure: In this case we choose a rather small gx ~ 107°, thus hidden sector
interactions never reach equilibrium inside the hidden sector. However,
these ultraweak interactions still play significant role.
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illustration for the d freeze-out
i ance of dark i

Benchmark model anal,

k photon dark m:

sions
- from a single U (1)

Case 2, model c: M, = 100MeV, M, = 60MeV

Comparison of different calculations Q, h?
All freeze-in processes included 0.1195
Plasmon decay process excluded 0.1195

Four-point 4" freeze-in processes excluded | 0.0643
Pure freeze-in for x 1079

Table: A comparison of different calculations of the dark matter relic

density for the benchmark model c.
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1: illustration for the d: freeze-out
e 2: importance of dark int ctions

-nchmark model anal 1,5: dark photon dark matter from a single U (1)

Dark photon freeze-in

i Z "z

i bl i L4
2 i) vz i)
i(i) 7 i(i) v

Figure: Four-point freeze-in processes for the dark photon ~/'.
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1: illustration for the dark freeze-out
2: importance of dark int ons
4,5

Benchmark model anal : dark photon dark matter from a single U (1)

Case 2, model ¢, Conclusion

@ Four-point freeze-in processes are always important.

@ As long as the self-interactions inside hidden sector are present,
one cannot calculate the freeze-in of the hidden sector particles
independently. Namely, there is no such limit called “pure
freeze-in”.

@ Plamon effect is not significant.
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1: illustration for the da

€ importance of dark interactions
Benchmark model ana c -

,5: dark photon dark matter from a single U(1)

and 5, model e: M., = 0.09MeV, M, = 0.06MeV

5| 1
10 ]
1 (V) s B -
15 oy TV g T i
10771 T - |
) =T ~
1021 L= ]
P
- |
-35 | . ‘ ‘
10
w0 107 10° 10°

T, [GeV]

Figure: In this case the parameters are chosen to obtain a maximum value
for the dark photon dark matter occupation (~ 5%).
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tion for the
ng and licharge portance of dark
Benchmark model analysis 3 ,5: dark photon dark matter from a single U (1)

Case 4 and 5, Plasmon effect

Benchmark models Plasmon decay 111(:111(19(1 Plasmon contribution excluded
Q. h? Qb2 O h2 Q. h*

Model e 7.4193 x 10712 | 4.4344 x 1073 | 7.4191 x 10~ "% | 4.4327 x 103

Model f 5.9415 x 107 | 2.5842 x 107 | 5.9397 x 10~% | 2.5807 x 10~°

The results of dark matter relic densities including or excluding the
plasmon decay contribution for benchmark models e and f. In these
two benchmark models, both the dark fermion y and the dark photon
~" are dark matter candidates.
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illustration for the dark freeze-out

importance of dark interactions
4,5: dark photon dark matter from a single U (1)

Benchmark model anal,

Full occupation of the dark photon dark mat

freeze-in

freeze-in

freeze-in

Visible Sector

Figure: Model involving two U(1) hidden sectors, discussed in
[Aboubrahim, WZF, Nath, Wang, 2103.15769].
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Conclusion

Conclusion page 1

© The effective term £ ~ —JFemFR” is difficult to generated from

a renormalized model in UV. Thus considering £ ~ —3F] oY
is not appropriate, especially from the theoretical perspective.
@ Even one consider such mixing term, the millicharge cannot be

generated if the extra U(1) is massive.
@ The millicharge can be only generated in three ways:

@ The dark particle carries a tiny amount of hypercharge as a prior.

© A kinetic mixing between a massless U(1) and the hypercharge
gauge field, and the generated millicharge is proportional to the
kinetic mixing parameter.

® The mass mixing between a massive U(1) with the hypercharge
gauge field, and the generated millicharge is proportional to the
mass mixing parameter.
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Conclusion

Conclusion page 2

Key findings which may apply to general freeze-in scenarios:

@ Four-point freeze-in processes must be kept at all times, even the
three-point freeze-in production channels are present for the same
freeze-in particle.

@ The hidden sector interactions never reach equilibrium, does not
indicate such interactions don’t occur. On the contrary, these
interactions inside the hidden sector play significant role in
determining the dark particle number densities.

@ Thus, the hidden sector interactions (even ultraweak) must be
taken into account at all times.
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Conclusion

Thank You!
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