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Dark Photon and Kinetic Mixing
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Dark Photon Dark Matter

Dark Matter Exists!

http://background.uchicago.edu/~whu/intermediate/driving2.html
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Dark matter consists 26.8% of the total mass-energy content.

Dark matter particle interact very weakly with the standard model
particles.


http://background.uchicago.edu/~whu/intermediate/driving2.html

Dark Photon Dark Matter

Kinetic mixing as portal to the dark sector
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A’ (massive)
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“Kinetic Mixing”

Holdom

Galison, Manohar

Simplest: dark sector consists of justa A’
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Late time constraints 7 << 1000

Dark Photon Dark Matter: Constant Kinetic Mixing

Stellar Energy Loss: y — A’

A’'Decay: A’ = 3y,A’ - e"e™

Redondo, Postma 2005
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Late time constraints 7 << 1000

Dark Photon Dark Matter: Constant Kinetic Mixing
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A'Decay: A" — 3y, A" > e ¢

Redondo, Postma 2005

| Simplest DPDM freeze-in through the |
| constant kinetic mixing is ruled out
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So... What if we promote € to a field-dependent variable®?
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Time-evolution of homogeneous single scalar field:
KG equation in the FRW metric
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Misalignment initial condition: 0. . =
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Time-evolution of homogeneous single scalar field

0.8

- ginit = (.27
A ~ const

0.6
0.4+
0.2F

0.0

OSC

/ --ﬂ--‘

SH = my

10~

-

OSC

(mst)

My,

3H>m¢

3H<m¢

M.,



o/ f

-0.2+

Time-evolution of homogeneous single scalar field
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Varying Kinetic Mixing: mgy < 10~V
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Constant Kinetic Mixing
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Constant Kinetic Mixing
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M’ : Constant mixing vanishes
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¢ Kinetic mixing is forbiddenby Z, : ¥ & W, A - A,A' > — A’



Field-dependent Kinetic Mixing
(M, M) —> (M + yp,M + y'9)
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Field dependent fine-structure constant

L%, quadratic

{The fine-structure constant becomes time-dependent]



Measurement of the time-varying fine-structure
constant

Atomic Clock ]f4 X d

¢, varies for different atoms and transition channels

0(falfp)
JallB

A. Arvanitaki, J Huang, and K. Van Tilburg, PRD, 2015
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Celestial Constraints on a(1)
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Equivalence Principle Test

Ultralight ¢ provides the 5th force Gm M.
and modifies the Newtonian V:éj (7’) p— v (1 — aije_r/k)
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Conclusion:

« DPDM and photon are connected by the kinetic mixing.

» () dependent kinetic mixing relieves eg; tension.

 The ultralight scalar to photon coupling modifies a,.,,.

e Signals and constraints from varies experiments/observations.
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Suppress UV Freeze-in
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1. Schrodinger Equation

We begin with the traditional time domain method which was first developed by Landau and Zener |75, 76], and
later used within the context of neutrino physics [77, 78| (see also the discussion in Ref. [18]). Working in the
ultrarelativistic and collisionless limit, the dispersion relation of Eq. (2) corresponds to (up to an arbitrary phase) the

following Schrodinger-type time-dependent equation

o (AT) (£ —n«s) (j:) ’ (B1)

where £ = (Mg — Ms)/4w and 1 = € M g/2w (we remind the reader that we have shortened our notation such that
only the real part is included in M?2; and M/2). Now, expanding At and A% in terms of the instantaneous basis of
the O(eo) Hamiltonian, we have

Ap =c (t) e e ) | AL — ¢4 (t) € T2 W EED) (B2)

To determine the time-dependent coefficients ¢y and cas, we substitute Eq. (B2) into Eq. (B1), which yields the
following differential equations,

idicy = nea o2 [Z oo dt'E(t) idhear = e o2 [l dt'é(t’) (B3)
Since Eq. (B3) is symmetric under ¢, <+ ¢4/, it follows that conversion probability satisfies P, _, o+ = P4s_,-. Assuming
an initially negligible dark photon density, v+ —+ A’ dominates over the inverse process, corresponding to the initial
condition ¢,(—o0) = 1, cqr(—o0) = 0. For e < 1, ¢,(f) ~ 1 and the y — A’ transition probability at £ = oo (to
leading order in €) is approximately

+m " "
Pyar = |ear(0o ‘ / gt =21 [ At et ) (B4)
This integral can be evaluated using the saddle point approximation, which gives
-1
p'y—)A’ o E 7I'7)2 d_t J (BS)
tres t"eﬂ



This integral can be evaluated using the saddle point approximation, which gives

~1
, (B5)

tres

dg
dt

Pfy_,Al ™~ 271’7)2

tres

where the sum includes all times ¢, at which £(f,es) = 0. Using the definitions of n and &, we find that Eq. (B5)
gives Py, A agrees with —Af,/f,, where Af,/f, is given by integrating Eq. (8) over time.

In order to calculate P,_, 4, to the all orders in €, we utilize the Dykhne-Davis-Pechukas (DDP) method [79-83].
This gives

Py ya = 1= [ e bmfic e amm (B6)

tl’CB

where

MG+ Mg 1 [(d(Mg— M) L
I, = —< > ( — | ) 2 + 462 M4, (B7)

res

and

d (M3 — M)
dt

t. = 2ie M (BS)

tres

Performing the time integral in Eq. (B6) from ¢ = 0 to £ = {., we find that the transition probability to all orders in



FIG. 6. The time evolution (in terms of the dimensionless time variable t) of the transverse field components Ar and A7, as
described by the two-level system of Eq. (B1). Numerical solutions of Eq. (B1) are shown as red and blue lines, for the SM-like

and dark-like photon states, respectively. Along the dashed gray lines, we show the late-time semi-analytic estimate, provided
by Eq. (B9). Resonant enhancement occurs at £ = 0, corresponding to Meg ~ M/ near the vertical gray line.

€ 18

de |1
Pyar ~1—exp (me d—f ) . (B9)
trca tres

The probability for v — « is given by P,_,, =1— P, _, 4.

In Fig. 6, we compare the numerical solution of Eq. (B1) (|ey|? in red and |cas|? in blue) to the semi-analytic
approximation of Eq. (B9) (dashed gray lines). In the figure, we have defined the dimensionless quantities { =
t|d€ (tres)/dt| "2 and 7j = ) |d€(tres)/dt| /2. The resonantly enhanced transitions occurs when M 2.~ M!2, denoted
as t ~ 0 near the vertical gray line. Before this time, |cy| ~ 1 and |cas| ~ 0. Near the resonance, photons convert to

the dark photons. After the resonance, ¢, and c4s oscillate around the asymptotic value given in Eq. (B9).



Scalar-Photon Coupling: Quadratic
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Protect Scalar Naturalness
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Suppress UV Freeze-1n




Suppress UV Freeze-in
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Dark photon dark matter freeze-in through the kinetic mixing
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Dark photon freeze-in from the early Universe
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Measurement of the time-varying fine-structure

constant
Atomic Clock
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Celestial Constraints on a(1)
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https://www.youtube.com/watch?v=6Bn7Ka0Tjjw

Frequency ratio measurements at18-digit

accuracy using anoptical clock network
Al*/YDb ratio
gf‘ 10 - al B
52 0
£ 2 T AL T -
5 g [] %E ﬁ H Vart/Vyp = 2.162887127516663703(13),
s ofE R TTIT L )
T ) Lo
L = 7° | | | | | d|_ | | | | | | | | | | | VA|+/VSr:2.611701431781463025(21),
S ST PPIIISELES
© A o o 0,0 D N D 0 D o Y
e~ | d | Vyp/ Vs, =1.2075070393433378482(82).
S = Al*/Sr ratio Yb/Sr ratio
=6 5.07=F
o5 25- | .l Tl 1s o
of oo p Rk p TReReS e
S & -2.5-L - il L -
*g 8_ -2.0 I | | I | | | I | | I | I I I I I
S PSSP ES FIEESESES
L N 9 0 o n DY O N0 0 o DY

Boulder Atomic Clock Optical Network (BACON) Collaboration*

564 | Nature | Vol 591 | 25 March 2021



Celestial Constraints on a(1)
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Celestial and Terrestrial Constraints

Cold-atom Interferometer
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k=0: Our universe
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