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Strong CP problem @ classical level

[A. Hook, TASI 2018]

. szg?

. Classical estimate with a size of neutron ~ m;l  |d,| = 10_13\/1 —cosfecm
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L ow energy QCD

6 vacua
[H. Forkel, hep-ph/0009136]
. . [S. Coleman, “Aspects of Symmetry”]
- The QCD Lagrangian around the confinement scale [
2
8s

1 . — auv £a —~
‘SfQCD - = ZGCZWG,LCZV — lqy'”Dﬂq — 37 HQCDG g G,uv — <QLMQQR +h.c. >

2
T .
drr = Prr (u, d, S) , M, = diag [mu, my, mS]
+ CP violation in the strong interactions

Anomalous symmetries
2 — [M. Peskin and D. V. Schroeder,
H - HQCD + arg Det Mq “An Introduction to Quantum Field Theory” Sec. 19]
[M. Srednicki, “Quantum Field Theory” Sec. 77]

- Global symmetries U (3), X U (3),

qr — Lqg;, qr = Rqp, M, — LMqRT, 0 — 0 + arg Det [LRT]
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—ffective Chiral Lagrangian

« Quark-antiquark condensation as the chiral breaking

Vor~ —7r0+ﬁ1} V2K° +_77/
VBK-  V2KY 2y V6

<Z]LqR> = A%CDZ where U = e'® with @ the meson-field matrix (octet+singlet)

( 70 + \%r} V2ort V2K ) 2

- Effective theory of mesons
M,— LM,R", 0 — 0+argDet [LRT|, > RXL'
- Meson potential at the leading order

2 2
mﬂfﬂ

2(m, + my)

—V = <A4eiéDetZ+h.c.>+ tr [Mq€i®]+h-0-

ul), =7

02.08.2023




[he vacuum In the meson space

_ oV
- Meson vacuum in the presence of 8 # 0, i.e., 50 =0
0
' 4 7 m;fs
(@) = diag [gbu, &4, qﬁs] = —V =A"cos < Z ¢, + 6’) + p—— 2 m, cos ¢,

+ Inthe limit of m,, ; < m; < Agep,

) O+ ) ¢, ~0, i) m,sing, =mysing, = m,sing,

, my sin 6 , m, sin 6 , m m, sin 6
sing,, ~ — =, Sing,; = — =, Sing, ~ — =
\/ mZ + m3 + 2m,m; cos 0 \/ mz + m3 + 2m,m; cos 0 ms\/ mZ + m3 + 2m,m; cos 0
ifld <1 Mq_l
= (D) =—

~1
tqu
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Strong CF problem @ quantum level

_ Chiral perturbation theory
- P & T violating pion-nucleon coupling for 8 < 1 @;mdnicki, “Quantum Field Theory” Sec.ss%

m,,m;

_C
Loy = —O——1°Nc’N, where y =
f]t m, + My

baryon mass spliting

& ¢, ~ 1.7

- Electric dipole moment of the neutron

ij §7
W;t»' ------------- "\ﬂ- :t ﬂ. :t ------------ \\ﬂ- Zt
X . -~ - . X

d F iiy"iy’n with d ~3%x1071°gecm

ne uv
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—Xperimental bound on d,

—

- Conceptual way to measure d, via a (Larrmor) precession in £ &

=)

v=2uB + 2dB v=2uB — 2dB
- Bound on electric dipole moment of the neutron
dn ~ 3% 10™ 16 é ecm < 10_266 cm = é < 10™ 10 : iéé{f,,‘é&‘a&éé?wéaéic%"sufériové‘i;:f_?fffz:};j“f?f;;*fi?:éli;.fiii;ifsifézf%lff \
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AXION

» Solution for the strong CP problem

« Global Peccei-Quinn symmetry anomalous to the SM - PQ fermions
g2
S

3272
- Spontaneous breaking of the PQ symmetry - PQ scalar field

V=2, (leP=£212) = o= (f/V2)e

« NG boson a, the so-called ‘axion’

PQ scalar potential

. 5 ~
Y o el 2y aG, G

7

gPQD_yqjgﬂ‘i’LlIIR‘FhC = é—)é‘ka/f;l
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AXion potentia

V_A4 é mz%fi Z
—V = A"cos Zq/)q+ + m, cos ¢,

m, + n
, my sin 6 , m, sin 6 , m m,sin 6
sin ¢, ~ — , SIng, ~ — , SIng, ~ — =
\/ m2 + m3 + 2m,my cos 0 \/ m2 + m3 + 2m,my cos 0 ms\/ m2 + m3 + 2m,my cos 0
S+ mg+2 0
o |My T+ my + Zm, m, COS
) |Vo=-fim :
\ (Wlu + md)

. With the minimum of V; at 6 =0 & 6 — 0 + alf,,

the strong CP problem is solved dynamically
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[J.E. Kim, 1979] [M.A. Shifman, A.l. Vainshtein and V.l. Zakharov, 1980]

KSV/ axion scenario

- Ingredients: heavy colored PQ fermion (¥) & PQ singlet scalar (¢ —>fae"“/fa/\/§)

—ve@¥; ¥, +h.cC.

- Triangle diagram with W-loop leads to
2 Y (\X\S\)
8y d =00 _
G, G
3272 f,

if 0 < 1 - - - =

Mq_l ) 1 Mq_l ) 1 Mq_l é
D) = — O welp L =exp|—i 0l & R=exp|i
(@) tr M1 P 2 TrM;! P 2 TrM;!

I 62 NT i 1 Mq_l é Qz_ F F//‘V 62 4md + m, éF Fﬂl/
s =——NTr : N
T 8m2 C |2 Tr M;! o I 4872 \ m, + my H
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[M. Dine, W. Fischler and M. Srednicki, 1980] [A.R. Zhitnitsky, 1980]

OFS/ axion scenario

. Ingredients: extension of Higgs sector & PQ singlet scalar (¢ — v¢eiafvw/\/§)

( \"
" | HTioH,+h.c. = —Be™*HTic®H,+h.c. 1
Kv(p/\/z) v YHu,dZiE

Lyakawa = — QrH g + O Hyyydp + LiHyy,ep +h.c.

—B

- Axionic rotation H;, > e > H. & wou — € "W

2 2 0.a PEN
a g5 ~ e ~ M _ n_ .
—— | 3n G¢ G™" + 8n F ] —— E Hf— E —H'iD"H.
v, ( 32 M 302 > v, - qffy f i > i i

\

(
2 2 0 a
a 85w Aaw . O € " U 1 - |
f (327:2 CuG+ 35 wt” ) T ) /7T ZEHZ' 1D,
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[M. Dine, W. Fischler and M. Srednicki, 1980] [A.R. Zhitnitsky, 1980]

OFS/ axion scenario

( )
2 2 0 a
a gS ~ 8 e ~ u 1 - 5 1 g
— G% G + — F " | +— — Yy’ f+ ) —H'iD"H,
fa (32;:2 e 33272 ) r f_Zd AL 26 .
\ =u.,d.e l
. DMHiO ) — igZZ,u <_YH1> |Hl| == a mixing of (dﬂa> Zﬂ y YHu,d=i%
|H, |
o= | Hy|
o Vol 1 _
. Can be erased by the axionic rotation ¥ — e PYIW with Cp = 3 (Coszﬂ — sin? ﬂ)
2 2 d.a 2 . 2 )
a & ~ 38 e - ud (cos*f_ o osin“f - o sintf_ o
— G G + — F_FY )+ uyty’u + ——dy'y’d + ——eyty’e
fa(327t2 HY 3 3202 M ) 3 < e e Y oy
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8a -
Current status on —-aF,.F*
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Experimental searches

* AXion-photon conversion in a magnetic background

02.08.2023

_ight-Shining-Through-Walls
Photon polarizations (Dichroism & Birefringence)

-Haloscope (Microwave cavity)




Light-Shining-Through-VValls

02.08.2023

MAGNET

MAGNET

axion production

8ay

Photon
detectors

MAGNET

MAGNET

[J. Redondo et al, 18]
Matched Fabry-

Perot cavities

photon regeneration

8ay




-“noton polarization

[PVRAS, arXiv:2005.12913]

X
X
d Dichroism by y — a ! Eout
'

QED +y — a )
X / n. +nt+ ik
P | I

Birefringent
medium

'
'
'
N

1. Initial linearly polarized light to the X-direction & propagating to the Z-direction

2. Passing through a magnetic field background

- Birefringence: ellipticity of the y-polarization (phase retardation by QED & 7 — a)
- Dichroism: rotation of the y-polarization (depletion by y — a)
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\Vicrowave cavity

Preamp
FFT
~— I
~ .
2
A ¥
3 . 7|5
g -4 s
1 | e
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Frequency
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[G. Raffelt and L. Stodolsky, PRD 37, 1237 (1988)]

AXION-PNoton osclllation

- Equation of motion in the presence of a background (transverse) magnetic field ?

1 1 1 8a -
_ 2.2 44
Logy =" ZF””FW +50ﬂad”a — M4~ ak, F* __aa
ay
(. ; . ™
9" = g, " 0,a _ 0,0'A=g,Bda
. 2 ~ . 2 —_— >
kdﬂa/"a = —mja— ZgayFquW J,0a = —mya—g,B - 6IA)
- Considering B is constant & propagation in z-direction with w = e "Iy (),
i W (TLJ_ — 1) 0 0 ] AJ_
w? + 03 + 2w 0 W (TLH — 1) ngB/Q AH =0
I 0 garB/2 —mZ/2w) | \ a
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AXION-PNoton osclllation

i W (nJ_ — 1) 0 0 ] AJ_

w? + az + 2w 0 W (nH — 1) gafyB/Q AH =0

I 0 gayB/2  —m2/2w) | \ a
“ .7 2 2 2

- Vacuum refractive indices leading to the QED birefringence by 9gm4 [(FWF””> +%<FMF/‘”) ]
PN
1_420432 | 200 B?  2a B2 o (B\?
T~ mt’ T m with TS 1.32 % 10 (T)

- For relativistic axions and photons (i.e., ® > m_) = W’ + 0% ~ 20 (a) -+ i@z)

o+ i + (w (n) =1)  gayB/2 ) <A> 4

GayB/2 —mi/Qw
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AXION-PNoton osclllation

- A Aay | (A
,a(f—l-zaz#—(Am Aa)_ (a =0

— — 2 —
My=o(m=1) A,=-mie, A, =g,B"

a

- Simple linear algebra!

A Ay _ [ cos 0oy  sin0gy A“;A“ + % 0 cosl,y —sinb,
Aoy A, —sinf,, cos 4, 0 Ajt+la % sinfl,,  cosfy,

2

27,
tan 29@7 — Aa o ZH and Aosc — \/(Aa — AH)Q + 4A?L’y
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AXION-PNoton osclllation

— — 2 —
My=o(m=1). A,=-mio, A, =g,B

20,
tan 29@7 — A — ZH and A g = \/(Aa - AH)Q T 4A?ﬂ

AN oo i [ A1 Bar) | (A
a ) C\Auy Ay ) T\ a 0

Aj+A
y ” a y AOSC
3 (] AN/ ) z 3
(A Ay [ cosly, sinfg,, e’ 2 FelTe 0 cosl,y —sinb,
P A A ~ \ —sinf cos 6 21t Agse sin ¢ cos 0
ay a ay ay 0 el 3 e 17302 ay ay
eiwz (cos (Agsc z) + 1 cos 20, sin (AESC z) —1sin (Agsc z) sin 204+ )
— Y a1 Aosc 3 Aosc y 3 Aosc
—isin (£g=2) sin 20, cos (2g:22) — i 0820, sin (S5 2)
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AXION-PNoton osclllation

= —m?/2w, A, = 84,BI2

a

2044 2
A AH and Agse = \/(Aa — A”) - 4A?W

tan 20,

: A T2a L Agee .
oxt | A Agy L [ cos 0oy  sinl, e B P A 0 cosb,y —sinb,
P Aoy Ag —sinf,y cosfqy 0 o 2112 Agse sinf,,  cos by

6 sin (2ge 2) smze) ))

2
—eiwz cos (22 2) +ic0820,. sin (25 2) Cz i
N (2= ZCOSQQWSln_( g3

Czsm (ATZ sin 26 ) COS

A
Py cq = Sin*20,,sin” ( 22)
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Condition in experimental setups

Gauss = 1.95 x 1072eV?2

w~1eV, B~10T=10"Gauss, Lz~ (1-100) m

B
A” — 47 X 10_15 m_l L —_—
leV 10T
2

2
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Linear & non-linear regime

A 2Aay

P, ., =sn"20, sin Lg
(e a 2 \/ 2 L AN2
A +4A

2 1
8a B
A,=—-25X 107%m™! M @ . A, =49X 107" m™! 4 _—
um leV ’ 10-7GeV-! 10T

- When A

oscLg <K 1, so-called ‘linear regime’,

, p 2 B 2 I 2
N _ 13 ay — ) (=
PA”M ~ (AWLB> =24%x10 < 10-7 Ge V-1 > < 10T> < 1m>

- When A Lp > 1, so-called ‘non-linear regime’, typically A, > A,

g 2 B 2 o 2 m —4
PM ~sin220, = 1.5%x 10713 - — !
“ ! 10-7 GeV-! 10T leV meV




Light-Shining-Through-VValls

axion production photon regeneration
ga;/ ga}/ dN*ce
Y
a dt
B B
dN™ v
At = Wy X PA”—>a X Pa—>A”

“linear” -1 4 4 4
ot (W) (e ) (L) ()
10 Watt leV 10-7GeV-1 10T 10m

Watt = 6.24 x 1018eV s!
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Light-Shining-Through-VValls

B \"/ L, 4<sten
10T 10m dt

dNI°® W o \ ! g, 4
L =3.6x1072s"! d d
dt 10 Watt leV 10-7GeV-!
1 0_6 - ﬂ
| Exclusion domain for

- . pseudoscalar and scalar ALPs
|
>
O
Q
~~ 10—7

<
S

pseudo-scalar :
scalar
, > ALPS
s <lisily>1  —— OSQAR
108 — — -
104 103
[OSQAR, arXiv:1506.08082] my/eVv

02.08.2023

Wy = 18.5Watt, w = 2.33¢eV

dN,.,
B=9T, Lgy=143m, ‘
dt

= mHz

< Bl >




Improvement on LSTW

« Exploiting cavities in both the production & regeneration regions,

MAGNET

I0

Laser ;o

Photon
detectors

MAGNET

- wm— e

axion production

- Cavity in production as a mirror

- Large reflectivity = Amplified y power
- wLp = nmw needed to a coherently enhancement

02.08.2023

MAGNET \

/ MAGNET

Matched Fabry-

Perot cavities

photon regeneration

- Cavity mode by boundary @, = nn/Lg
- Matching for resonance: w = w,,

< BN >



Improvement on LSTW

axion production

- Cavity in production as a mirror
- Large reflectivity = Amplified y power

- wLp = nxw needed to a coherently enhancement

I I g1t
AOQ BQ—’ CQ —
A G B . — C. <G

Z= 21 2= z;

02.08.2023

photon regeneration

- Cavity mode by boundary w, = nz/Lg
- Matching for resonance: w = w,,




Improvement on LSTW

axion production photon regeneration

- Cavity in production as a mirror
ynp N » - Cavity mode by boundary w, = nz/Lg
- Large reflectivity = Amplified y power _

- Matching for resonance: w = w,,

- wLp = nxw needed to a coherently enhancement

Bpewn\ _ (sy i)\ (Boetion B, = Do), —2w(z, — Ay
<A_e+iwzl) - ( W ) ) {4, emiws ] — s(Ds@e—20(z2—2)
So1 S22 +

only injection from left » maximized at wly=nn
(C+e—iwz2) B (S%) 8521) ,Q/_e—i—iwzg 5
B etiwz | = 3(2) 8(2) B+6—iw22 B, 1
12 11 — - (D[ = _ ()| =
ol with ‘slz‘—\/l r,|sll|—\/;

A, -~

r reflectivity

02.08.2023 (< BN >



Improvement on LSTW

axion production photon regeneration

- Cavity in production as a mirror
ynp N - - Cavity mode by boundary @, = nn/Lg
- Large reflectivity = Amplified y power _

- Matching for resonance: w = w,,
- wLp = nxw needed to a coherently enhancement

. Equation of motion for the EM field A with the axion source, a = &f sin (kaz — a)t)

6ﬂ0”1? = gayﬁata = — gayﬁa)szi COS (kaz — a)t)

. ~ . [ nx —
- Cavitymodeas A = A, (1) B sin <TZ> due to A = 0 at the boundary

d> wd 5 : nr
—+——+ w; An(z‘) X s | — =—g, Bwd cos (kaZ — a)t)
d2 O dt L ’
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Improvement on LSTW

axion production photon regeneration

- Cavity in production as a mirror
ynp N - - Cavity mode by boundary @, = nn/Lg
- Large reflectivity = Amplified y power _

- Matching for resonance: w = w,,

- wLp = nxw needed to a coherently enhancement

L 2
B d d
[ dz sin <n—Lﬂz> + ” +w? | A () X sin <n—Lﬂz> = — g, Bwd cos (kaz — a)t)

‘ Vik -0 <k +o, =20

d> od 5 2 1 . [ k,— o, , k,— w,
—+——+w; |A () = ——g,Bod sin Ly ) sin | wt — Ly
dr?  Qdt Ly~ k,—w, 2 2

02.08.2023




Improvement on LSTW

axion production photon regeneration

- Cavity in production as a mirror
ynp N - - Cavity mode by boundary @, = nn/Lg
- Large reflectivity = Amplified y power _

- Matching for resonance: w = w,,

- wLp = nxw needed to a coherently enhancement
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Improvement on LSTW

axion production photon regeneration

- Cavity in production as a mirror
ynp N - - Cavity mode by boundary @, = nn/Lg
- Large reflectivity = Amplified y power _

- Matching for resonance: w = w,,

- wLp = nxw needed to a coherently enhancement

Q) —
- Power emitted by the cavity P, = 5 <A 2> SLyw® vs P, = 555272602

2 2
P cav __ 2Q ga}’BLB 2

sin
Pa C()LB 2 (ka — a)n) LB < 2

preg =
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-“noton polarization

[PVRAS, arXiv:2005.12913]

X
X
d Dichroism by y — a ! Eout
'

QED +y — a )
X / n. +nt+ ik
P | I

Birefringent
medium

'
'
'
N

1. Initial linearly polarized light to the X-direction & propagating to the Z-direction

2. Passing through a magnetic field background

- Birefringence: ellipticity of the y-polarization (phase retardation by QED & 7 — a)
- Dichroism: rotation of the y-polarization (depletion by y — a)
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-“noton polarization

’,f-*@ Initial statem\ - @ Rotating to the frame in terms of B
A, 1 Al sinfg —cosfy O A,
A, =10 A = | cosfy sinfy O A,
. . 1 .
A a ). 0 /) \\ a ). 0 0 a ). y
-3 Propagation in B background
(” A (A 0 0 1 /A, A
AH — eXP 1 0 AH Aafy LB AH
\ a ) I 0 Ay A, ] a n
~@ Returnto X & y -
4 N
A, sinfg cosfy O A |
A, — | —cosfy sinfp O A
a 0 0 1 a

\_ out ouij
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-“noton polarization

§ - Birefringence: ellipticity (phase retardation by QED & 7 — a) L '

| AR
| Dichroi totion (depletion b ) [Re A7
| - ; — ;
ichroism: rotation (depletion by y — a SRR Ao ] |
s -® Propagation in B background ™~

Al Ay, 0 0 Al
AH — eXP 1 0 A” ACW LB AH

) @/ out - 0 ACL’Y Aq i a inj,

: J2l1t2a - Acse, :
(A Ay _ [ cosbyy  sinfg, e’ 2 FelT2 0 coslyy —sinb,
GXP 1T A A “I =\ —sino cos 6 2 tRe L Aose sin 6 cos 6
ay a ay ay 0 el— 3 e i3z ay a~y
A ;Aa . ficos (Agsc z) + 1 cos 20, sin (Agsc z) —1 sin (Agsc z) sin 20,
— ¢ o —17 SINn (%z) Sin 20 - COS (AOSC z) — 3cos 20, . sin (AOSC z)
2 ary 2 ay 2




~“noton polarization

| Im AOut |
| - Birefringence: ellipticity (phase retardation by QED & y — o) == [ Aout)
| Dichroi totion (depletion b ) [Re A7
b _ : — ;
ichroism: rotation (depletion by y — a e o] |

e ® Propagation in B background ~

out __
AL = <1 My tidy ||> L
) A, =— mg/Za)
ny = 262, sin? (A,z/2) b, = (n” - 1) oLy — 0, (AL — sin A L)

.

: J2l1t2a - Acse, :
(A Ay _ [ cosbyy  sinfg, e’ 2 FelT2 0 coslyy —sinb,
TP A, AL )7 T \sing o Ditte s in ¢ 0

— eiwz (GOS (% ) + 7 €08 20,44 sin (ASSC Z) —1 sin (%z) sin 260, )
2)

Aosc 1 ] Aosc
3 z) i cos 204~ sin ( S

need T

—1 81N (“OSC zZ) sin 29@7 COS (




~“noton polarization

| Im AO‘lt |
| - Birefringence: ellipticity (phase retardation by QED & y — o) == [ Aout)
| Dichroi totion (depletion b ) [Re A7
b _ : N ]
ichroism: rotation (depletion by y — « sy o |
e ® Propagation in B background ~
out __ . . n
AL = <1 L. +”/5L,||>A¢ ||
: A, =—m?2w
\ }/,” = 293’}/ Sln2 (Aaz/z) ¢|| = <n” — 1) G)LB — 93}, (AaLB — S1n AaLB)
[ Tm AJ™|  sin 26, 1, .
= ‘ -¢,| = An| =——0; (AaLB — sin AaLB)
a  wLp “

' | Agu| 2
| Re Agut| sin 20, ‘ A | 292 (A . /2>
= = = — sin
|A)(C)ut| M — My K a wlp a~B




~“noton polarization

a

- Birefringence: ellipticity (phase retardation by QED & 7 — a) SRR An

a

f' = Dichroism: rotation (depletion by y — a) mmemly AKX

- In the linear regime, A Ly < 1,

2
An| = —96%, (AaLB — sin AaLB) N — 4 ) —o0x 102 Y B » W
a  wlg 3 4 10-7GeV-1 1T I m meV leV

2
Ax| =—262sin? (A,Ly/2) ~ P2 5 4% 10-2 y B ®
@ wlg wLpg 4 10-7 GeV-! 1T 1m/ \1eVv
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~“noton polarization

2 2 2 2 -2
ga B L ma
An| ~2.0x107% / —) (£ z
a 10-7GeV-1 1T Im meV leV
2 2 —1
8a B L
Ax| ~2.4x1072 4 B @
a 10-7GeV-1 1 T leV

1x107° = | mE 1 -
[ |\ ! [PVRAS, arXiv:2005.12913]

; |”” |
o ||
1 | B=25T
3 I\ _
O 1x10° - ‘v w . Ly =164m
by o 3 w=12eV
g 5x1077 - i d q\}’s _
: S  |Aan=12x102
2 1x107 - . |Ak=1.0x10"2
B sx10th Rotation PVLAS ]

L LOSQAR 2015

1 % 10—8 | | | | | | | | |- |
1x107* 2x107* 5%107%  0.001 0.002 0.005 0.010

Axion mass m (eV)
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Current status on ' igge.aer’e

10—10
Solar v/

XENONI1T
10~ 1 (Solar axion

basin)

Ao

&St
&Y

XENONNT (Solar axions)

&
o
N
&
&
5
&
3
4

1012
S
50 Red giants (cwCen)

10—13 =
E XENONIT

1014 <
. &
] &
. Q

10-1° S
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