01

UCAS-HENP JOURNAL CLUB

Millicharged Fermion Vacuum Polarization
and CMB Elliptic Polarization

Speaker: He-Xu Zhang
Damian Ejlli, Phys. Rev. D 96, 023540 (2017), arXiv:1704.01894

2026/9/3



Motivation

1. Millicharged particles are theoretically allowed
g = €e, e < 1.

They arise naturally in several extensions or deformations of the Standard Model.

2. Magnetic fields turn vacuum polarization into an optical probe

Re Il — birefringence,

ImII — dichroism.

This is already the basis of laboratory polarization searches for weakly charged particles.

3. The Universe provides a natural long-baseline version of the experiment

CMB photons + cosmic magnetic fields

provide the conditions for magnetized-vacuum polarization over cosmological distances.
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Motivation

4. Why MCP rather than ordinary electrons?
MCP birefringence can be strongly enhanced in the low-y regime:

4
AN (i) B2w

M,

5. MCPs can also open absorptive channels unavailable to ordinary CMB photons

v — 1perp. wm ImIT#A0Q == dichroism

6. Can this propagation physics convert the existing CMB linear polarization into circular/elliptical polarization?
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EFFECTIVE PROPAGATION

Wave equation for the photon field in the FRW metric

i0 U (k,t) = (M(k,Be,@) - ;zH I> U(k, 1),

Definitions:

U(k,t) = (Ay, A)T Ay LtoB, Ayl toB,

Tf o (k ~ M, —iMp

iMg B ]\/Ix) ., Mp — Faraday mixing

M, = —T122/(2w), M, = —T1''/(2w), iMp = —T1'2/(2w)

lgoring M,

' X
A, =(k— M)A, A, (t) x g tlk—M, )t >

Ag(t) = [ dt (M, — M.,). :
iA, = (k — MX)AX.- A (t) & o—i(k—=M. )t.—b (1) / t (M. )| k= (0,0, k), B, = (B,sin®, 0, B,cos®)
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A transverse cosmic field splits the photon eigenmodes

Qe = €€, me

Sﬁgp = —ilndet(iy“Deu - me), D¢y = 0, + i€eA,

> T

k = (0,0,k), B, = (B,sin®, 0, B,cos®)

BJ_ breaks transverse isotropy: []11 = []?2, hence n_ # ny.
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Evolution of the density matrix in (4,4, ) basis

a — —i[M,p] — {D,p},

Definitions: AN = Méﬂ B Méx) _ ReH”QLReH?? )
M = ("’ ;N]Z‘P k‘fﬁg)) pij = (A A%). AMy = M) — M), AMy = M 4 ™)
‘ Three distinct effects
(+)
D= §HI (Ml M(EX)) Rell » AM — birefringent phase
M = (k z_]\/_[]f+ k__dﬁx> ImIl - AMy, — differential absorption

M, = Méﬂ + iM1(+), M = Méx) 58 iMl(x) My — Faraday rotation



Stokes parameters (1,Q,U,V)

1
=y (Iog + Qo3 +Uoy + Voy)

U+iV I-Q

I=(E|" + |Ey["),
Q = (|E|” — |Ey["), —
U = 2Re(E:E,;) ~ cos 0,

V =2Im(E,E;) ~ sind.
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Total intensity

Horizontal vs vertical linear polarization

Linear polarization along +45° vs —45°

Circular polarization



Stokes evolution

I=—AMI— AM,Q — 3HI,
Q=—AMyl — AM,Q — 2MrU — 3HQ,
U=2MrQ— AMU + AMV — 3HU,
V=—AMU - AM,V — 3HYV,

I & (Q :dichroism
Unpolarized — linearly polarized

I= —AM,Q, Qini =0
Q= —AM,I. I, #0y = I #I, = Q#0

Differential absorption generates linear polarization
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Stokes evolution

‘ () & U : Faraday rotation Q = PpI cos 2y,

U = PrIsin 21,
Q = —2MFU,

Q . cos2y —sin2y)\ (Q
U = 2MzQ. U sin21)  cos 2% U’
‘ U < V :vacuum birefringence
Ui # O, ‘/'; — 0.
—  V(t) =[-AMU]J+£0
V = —AMU. V £0.

U=AMV,

AM, Mp AM
I+—Q+—U<+—V

ReIl!! — ReII?
2w

[&M:

A M, = dichroism, Mpr = Faraday rotation, AM = vacuum birefringence.
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One-loop birefringence is controlled by the parameter y

Em * a B 2
AM = — c (—) — | sin?® A7
(me) “\ar (BC) > G0

n Rell'! — Rell?? m2

2w

The real polarization tensor supplies a relative
refractive phase.
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=0y -1, Be=—

X increases with

* photon energy w
 transverse field B,sin®

« smaller m,



Small-y gives the Euler—-Heisenberg fourth-power scaling

AT(x) =

¥ < 1:the birefringence is a power law

with strong mE_4 dependence.

I~

— AM
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4—5 ¥y < 1,
r=2/3)
_ 2 g3l N2 a3
x> 1: AJ « y=4/3

The allowed effect is practically tiny.
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Dichroism is exponentially suppressed when x «'1

1 m
AM, =Ky — Ky = —€° <—e> aw sin® ATy (x),
2 me
1 m . eB,
AMl =Ky + Ky = 563 <m—z> CZ(UCSII’ICP Af]i()(), We = m, .

1 (3 3 |3
ATo(x) = —Z\E e /X, AT () =Z£ e” X (y<«1)

birefringence dichroism

o exp(—4/x)

power law in X
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CLEAN LIMIT

For k 1L B , Faraday rotation vanishes and sectors decouple

T
Cbzz = Mp Xcos® =0

(1,Q) (U,V)

dichroism sector birefringence sector

= —(AM; + 3H)U + AMV,

U
V =—-AMU — (AM; + 3H)V.

‘ [B(T;), B(T,)] = 0 = the solution is an exact matrix exponential.
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EXACT SOLUTION

The perpendicular case is an exact U-V rotation

v
cordmon damping changes the radius:
bipefringence rotates the direction
2 ~ .
U\ _ r 5=61(T) cosg~ smg~ (Ul-)
V(T) T, —sinG cosG ) \Vi
>—> [/
-G Si=(U;,0)
S(T)
3 Ti AM(T") Ti AM (T
= dT’ T) = dT’ =0,1
6 = | Gamm dTs G = | Gomm 4T @=01)

2
V(T) = —U;sin[G(T)] (;) e~61(T) (V; = 0)
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LINE-OF-SIGHT ACCUMULATION

Cosmological redshifting weights the phase toward decoupling

3/2

T T\ T
w(T) = wo= T, B.(T) = Be <T_> ) H(T) ~ Hom (T_o)

0

& dT
Gy =Cc | dT'T">/2A3[x(T"] 0p=—HT 07,  dt=-_——
T
~ AM .
AM < wBZ x T?, - « T5/?, G Ti7/2 _T7/2

G = % C (T7/2 T7/2) (x < 1)
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OBSERVABLE AMPLITUDE

The low-y signal inherits a fourth-power MCP lever arm

Pc(Ty) ~

U
—Sin[Q(To)]T‘ Vi =0, |Gol < 1)

Pc(Ty) =~

4 2
sin 2.7 x 10-3 (£ (VO) Beo
' m, Hz/\ G

Vo: photon frequency at present

U;
I;

4 2
_L [EM Vo\ [ Beo
P-(T)) ~2.7% 1073 € ( )

4
€ ~
P, x <_> BeZOVO (X K1, |g| K 1) Assumptions: V; = 0 ; negligible dichroism.
me
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PHENOMENOLOGY

The quoted reach is optimistic and parameter-dependent
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Paper Fig. 4(a): present field 1 nG, |r| = 0.1, and 7 =10 6
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10~19-107°

optimistic future-detection range
quoted by the paper

increases with charge-to-mass ratio
and observing frequency



Parameter constraints used in 2017
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How to read this slide

gray region: allowed by the joint
conditions

colored regions: PVLAS, BFRT,
and orthopositronium exclusions
used in 2017

white does not mean excluded; the
paper’s joint conditions are simply
not valid there

do not treat these contours as
current limits



TAKEAWAY

Summary

» MCP vacuum polarization in an external field produces birefringence.
» One Stokes system unifies dichroism, Faraday rotation, and birefringence.

> Existing linear CMB polarization can acquire a circular component.

dichroism AM, Faraday 2 p birefringence AN
[— s Qe— Se— 5}
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