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o 8=035+0.14° (2.40)
Introduction (Mlnam| and Komatsu 201111254)

e (3 =0.34°£0.09° (3.60)
(Eskilt and Komatsu 2205.13962)

@ Isotropic Figure: Credit: Yuto Minami
@ Frequency-blind
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Axion (ALP) Explanation

N e Consider Axion-photon coupling (Carroll and Field,1991)

birefringence

without a new
ISI%:Edf;erlj l\tjliyggg ﬁ — _EF[,LV F,uzz o 10(1‘) Fuu [:_/U/
Yu-Cheng QIU 4 4
st This modifies equation of motion of photon (Choosing A =0 and V - A= 0),

2 .
(67877 V2+9VX>A:0 —  Wi=k>TKl

In the limit |:j—2i| < 1, WKB approximation gives
+

i [ dnk , 0 L [m
Ay occe™ ) M exp :l://dn2 = f[= 2/ dnf = - [9(770) 0(nLss)]

4/20



Can we explain
cosmic
birefringence
without a new
light field beyond
Standard Model?

Yu-C g QIU

Introduction

Axion (ALP) Explanation
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Figure: Fujita et al. 2011.11894
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Figure: Artwork by Sandbox Studio, Chicago.
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Isotropic Cosmic Birefringence

o ICB is a propagating effect. Relevant operators are quadratic in E and B.
In the vacuum, only F,, F*" is relevant. Therefore, we need medium.

@ Observed isotropy = medium is homogeneous.

o Derivative on E and B shall lead to frequency-dependent 3, which do not
fit the observation.
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Isotropic Cosmic Birefringence

o ICB is a propagating effect. Relevant operators are quadratic in E and B.
In the vacuum, only F,, F*" is relevant. Therefore, we need medium.

@ Observed isotropy = medium is homogeneous.

o Derivative on E and B shall lead to frequency-dependent 3, which do not
fit the observation.

L~ cee(t)E - E + cgp(t)B - B + cen(t)E - B
o E - B-term violates parity, produces ICB.

Any operator that relevant to ICB should be reduced to CEB(t)E~ Bina
cosmological background.
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OFF?

o Of course, @FWI-:W — OFE-B. Is it the only one?
° jWagFW,Eaﬁ under the cosmological background,
J could be formed by g, and v, o< V,t, t is cosmic time.

@

1
jﬂl/aﬁ =3 (gua-luﬂ + g,uBJva - gzxa-/,uﬁ - guﬂ-]p,a) , Jp,u = f(g;w, Uu)

2

This reduce to

JapF"EP, — OF,, F"
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OFF?

5
o Of course, @FWI-:W — OFE-B. Is it the only one?
° jWagFW,Eaﬂ under the cosmological background,

J could be formed by g, and v, o< V,t, t is cosmic time.

1
jﬂllaﬁ = E (gua-luﬂ + g,uBJva - gzxa-/uﬁ - guﬂ-]ua) ) J;w = f(g,uzla Uu)

This reduce to

JogF"FP, — OF,F™, O=

o J, K", where K'* = 2A, Frv. )
It is not U(1) invariant unless V(,J,; = 0, which means that J, oc V,0.
This makes J, K* — @FWI-:W.

8/20



Can we explain
cosmic
birefringence

without a new
light field beyond
Standard Model?

Yu-Cheng QIU

Relevant Operators

OFF?

e J,, F"” may give rise to P-violating effect in the loop level.
Formally, 64, = Auyaﬁl—‘aﬁ — FWRWaBFaﬁ-
If Kivap D Ocuap/2, then FFY K asFoP — OcF, FP.

However, O, is non-local, produces frequency-dependent ICB angle.
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Relevant Operators

OFF?

e J,, F"” may give rise to P-violating effect in the loop level.
Formally, 64, = Awaﬁl—‘aﬁ — FWRWaBFaﬁ-
If Kivap D Ocuap/2, then FFY K asFoP — OcF, FP.

However, O, is non-local, produces frequency-dependent ICB angle.

@ Cosmic Magnetic field breaks parity.

However, it will produces Anisotropic Cosmic birefringence angle.
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OFF?

e J,, F"” may give rise to P-violating effect in the loop level.
Formally, 64, = Awaﬁl—‘aﬁ — FWRWaBFaﬁ-
If Kivap D Ocuap/2, then FFY K asFoP — OcF, FP.

However, O, is non-local, produces frequency-dependent ICB angle.

@ Cosmic Magnetic field breaks parity.

However, it will produces Anisotropic Cosmic birefringence angle.

To explain the observed frequency-independent I1CB,
only CS-type operator @FWI—:W should be considered.
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SMEFT and LEFT

Building Blocks:

H(dim 1),

D,(dim 1),

Fr o n=dim[O,]

Y(dim 3/2) ,

X, (dim 2)
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SMEFT and LEFT
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Building Blocks:
H(dim 1), D,(dim 1), (dim 3/2), X,,(dim 2)
o n=2: H'H

o n=3: (LEFT) CVé'P e/ + hc., (e— v,d,u).
One does not have hypercharge singlet in SM.
Therefore, one has to go down to SU(3)c x U(1)gem. (Low-energy EFT)
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(0%

1 v
- J0oFwE 65 =

The ICB effect is given by (same as the axion)

Cosmos bg.

OF,, F

1

=3 [d5(tLss) — ¢ (to)]
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n=2ICB

a H'H av?
—F FY = = —, =(H
8t Ay " ¢OQ 271'/\%_, v=(H)
avg V— v
5:27#{)26‘/’ ov = -
H 0

o CMB gives % < (4 £ 11) x 1073, this indicates 6v < 1073-1072,

o Collider gives Ay > 1 TeV.

B < (4 x107°)° < Bobs
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n=3ICB

Charged particle are suppressed by baryon-to-photon ratio 1 ~ 10710,
Thus, the only possible candidate here is Cosmic Neutrino Background(CrvB).
Assume Dirac neutrino.

« O 2 (CN;E‘FCNV)U
- _

8r A, . FuF Ov 2

o (V/y5) =0 and (/1)) = 60 F(t),

35 me ,
f(t):/(gnl)JsE,: [n'(p.8) + 7 (p, t)]

o 5T G i
D’uf+7(c” Cv) 7

in5
> Y

where m; is the i-th neutrino mass and n' is phase-space number density.

(7 is that for anti-neutrino.)
@ This indicates that
a tr[(C +C)F(1)]
A A3

9o, (t) =

Majorana case with an extra 1/2.
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n=3ICB

o Due to cosmic expansion, ¢ (to) < ¢ (tLss)-
@ At recombination T gs ~ 0.3eV,

T - (N ATy, m < Tiss

where N and N are number density for neutrino and anti-neutrino.

@ Possible ICB angle is

(G ey VIR

1
~ t ~ 0.008°
8 396, (ss) = 008" 137 Z Tiss A}
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n=3ICB

e CvB neutrino number density today is ~ 56 cm™3.
Tracing back to LSS gives N'/3 ~ O(10719) GeV.
o Collider gives A, ~ 1072-10° GeV.

o Taking ¢~ O(1), mj ~0.1eV and T ss ~ 0.3eV, one has

ﬂ < (10727)0 < Bobs
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n=4I|CB

o FogFoP + FgFe?
8 /\f‘E

Fru FH

Cosmic Background magnetic field. Let F — F(O) + F.
Then, quadratic terms are

° (F(g%)FO‘fB)(F,SS)lEW’) x EII : §|| = Anistropic CB

o (FWFm) o B

o CS-type term (FC(Y%)F(O)W)(FWI:_””) xE-B = ICB
They are of the same order!
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A New Light Field?

Possible New Light Field

YR .
8g?/:lw/:l“’ for a scalar ¢
T
804 >/<\>3<,_— =% for a fermion x
T

(dTd) and () should be time-dependent backgrounds:

@ Classical fields : similar to Axion

@ Pair condensates : effectively the same to Axion & Require exotic
cosmological scenario.

@ Particles :

like CvB.
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A New Light Field?

Possible New Light Field

For a single particle, E, > m. In the cosmological background

P _ P
ofepy < £ < P

At the LSS, one should have p < pcss ~ (3 x 10713 TeV)*. Therefore,

“1/2 ;A\ L
< —14 |5|
mS 107" eV (0.30 Tov (Scalar)

-1 -3
A
m < 107%0 eV <0’ﬁ3‘0> (Te\/) (Fermion)
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Takeaway
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@ From EFT point of view, only CS-type operator could give frequency-blind
ICB.

@ SM particle could not give observed ICB under standard cosmology.

Summary
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ICB from B

1
2/d4k1d4k2AM(k1)|_|“V(k1,kQ)Al,(kg)

@ Introduce helicity basis with respect to k, {€', €/}, ¢ }.
So eﬁiuu =0, kuely =0 # kel
e Including the background, one has ki’ + kj oc ut # 0.
Expand ki’ = wiu” + |k|e|' and k5 = wout — [klel'.
o With the background unit vector u, o V,t, one has B = u, F(O»
o One could expand B" = By ¢’ + Bye + Be".
° FWI-:W = " > e“”o‘ﬁ(kl)a(kg)g x e’“’o‘ﬁua(q_)g x ei“ei — et
(F) FO5)(F,, Fr) = [BI2FF term gives ICB if [B] is uniform.
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ACB from B

(FSYFO)FQ F#) = (BaugF?)(Byu, F)
o FOP 5 kX AP(ky) — kP A%(ky) and Frv — etvoB (ko) Ag(ky).

o BougFof — [(E- ki) ut — (u - kl)E“} A (k)
o (Byell + B_e")Au (ki) + - -+

o B,u,F" (Bi€ — B_e")A,(k2)
o (FOFBYFDF») > CBLB (¢! — e ) AuAy.

This gives ACB due to the dependence on components of B.
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Dipole operator
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Av F#VRMVOéﬂFaB — @eFuuﬁuy ) @E X Eﬂyaﬁkﬂyaﬂ

2 - i 1 .
R o (7) 00\ a0

@E x (Di)(bg)6uua50m,/\ij(i$ N mj)_laag)\jk(l/k)(bg)

= _4,'mj(,;i)(bg))\i175(az + mJZ)fl)\jk(yk)(bg)

Using e“””‘fBUW = —2i7y°c?P, ooy, =12 and oy %0, = 0.
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Dipole operator

(Oc) oc my

(D7°v) = 0 # (Dv), this implies that

<(pi)(bg)AU,yS(32 4 mjz)—l)\jk(,/k)(bg)>

(Oc) oc my(mY &' + of’fiml')/ dp, mi n'(p,) % 7 (p.)

(2m)3 E, (py + py)? — m?

Let p, = (E,,pv) and py = (w,wn), where |n| = 1.

LSS

(Pu+py)° — mj2 =2w(E, —n-p,)+m? —mf ~ 2w(E, —n-p,)

8

@€>‘LSS X

R

Frequency-dependent ICB
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0= [ Gk mz[f’s P By (p)e
- 2t o

with {ap, a5’} = {b, b5 } = (27)263)(p — )6,

Dirac equation gives
s _\/P‘ﬂfs> s _<v 77) P
U(P)—(mgs , vi(p)= Vo Br) §'¢=n'n=1,

where gH = (1,5), = (1,—5) and /3 are Pauli matrices.

Using @°u" = —vSv" = 2md* and a°~v°u" = #*7°v" = 0, one has
d®p m
- 5\ -\ _
o) =0, () = [ S5 o)+ (o)
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