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. 1. Introduction



Axion (Axion-like particle)
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-explains the dark matter, the inﬂation and/or
strong CP, etC. st s, s terite, moienssns, w, 201215
-appears as a remnant of extra dlmenSIOn or as a
pseudo-Nambu-Goldstone boson.

-mass IS generated with some non-perturbative
effects and scales exponentially.



https://arxiv.org/abs/1702.03284
https://arxiv.org/abs/2308.12154
https://arxiv.org/abs/2301.10757

Search of light axions with axion-photon conversion

. Laboratory produced axion
To be discussed
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. Astrophysically produced axion . Cosmologically produced axion

Supernova axion + (extra)Galactic magnetic fields. DM axion + magnets/cavity
Solar axion + magnets by hand etc by hand, etc




Search of light axions with axion-photon conversion
- Laboratory produced axion

. Both production and detection are conducted In [aboratories.
. Usually weaker limit. c.f. ALPS-II

. Less systematics and thus more robust.

There is also a series of models that can only be probed in laboratories.
Masso and Redondo, 0504202; Jaeckel et al. 0610203; Brax, 0703243

. Only detection is conducted in laboratories.
. Usually stronger limit.

. More systematics usually exist.
. Astrophysically produced axion . Cosmologically produced axion
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There is also a series of models that can only be probed in laboratories.] Today’'s talk
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Light-Shining-Through-a-Wall (LSW) experiment

Sikivie,1983;Anselm,1985;VanBibber, 1987;
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Battesti et al Physics Reports 765-766(15)

. Light source . Magnets
. Magnets . Photon detector

See also experiments of vacuum birefringence, and laser collider experiments: DellaValle:2015xxa, SAPPHIRES:2022bqgg


https://www.researchgate.net/scientific-contributions/R-Battesti-12678010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0

Examples of LSW experiments, k = 0.

Optical Laser as light source Undulator as (X-ray) light source
Ehret et al, 1004.1313

The ALPS Collaboration @ DESY ICEPP, UT group @ SPring-8 BL19LXU
« Light axion search by optical laser « 9.5 keV X ray for relatively heavy axion
« 5Tesla * 4.3m * 2sections « 14.1Tesla * 20cm * 2coils * 2sections
« Net 2 days operation (28,000 excitations * 1msec)

Conversion coils Re-conversion coils

X-ray det.
(in next EH)
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Fig L Schematx wow of the ALFS LSW cxpeniment. Sor the tead for 2 descrption. (For svierpectatos of She sefierences o colour @ thes Spare, She reader & seferred 1o the
wed versoe of ™us Letier

From DESY’s homepage

Lead shield

Uparaded ALPSIl has 5.3Tesla* 120m * 2sections

ALPS Il will run by O(years).

It will obtain a very powerful bound.
Taken (and modified) from J. Yoshida-san’'s slide

From slide of T. Namba


https://arxiv.org/abs/1004.1313

Examples of LSW experiments, k = 0.

Optical Laser as light source Undulator as (X-ray) light source
10~ - S
107 : |

The ALP Py ABRA| , SPring-8 BL19LXU

.+ Light 1 10cm = S| relatively heavy axion

Solar v

« HTesl: 10~ W 2coils * 2sections

— 10~ 10 JENTRE \ @Rt omeeiiesl 1 (28,000 excitations * Imsec)
‘ Fermi-SNe — rk 42 e N v f | l\‘\'S'I HST — 3 ) . .
190 | 10—11 LAY o5 Fermi ;onversion coils

uoljdrIy
UOI}eSIUO]

Q A -
Nl 8 7 ‘\\‘.,\\\\\
- ok

o
<

% 1012 JSETERESS
O

1

Haloscopes

Laser Berg - (%
/) 1013 = i 1
R BYSEVE: *
—= g‘ 10 E E '/ MADMAX 2
SN 810154 FwsnST e
10— | WiISPLT- | DALI >
\ 3 P QUAX ‘o
\ "  ADMX ‘N ! X-
Rersona 1016 g% » -~ BabyIAXO-RADES ' s e
e, q \ ”' 1,”" FLASH (in next EH)
17 4
107 5 " Sp THESEUS
Fig. 1 m:.—x: e el ! - ‘R 749
wed vriss a 10—18 < \\I),\;, //,}b . . _ _ )_(Ml_\/I-Newton ‘
= ,6&' https://cajohare.github.io/AxionLimitsNusTAR—r g
10_19 B LBLALALLAL BN llu'm[LI'I'HTTII [ULLLLL ALLALLLLL LU BLSULIALL! ALRLL BUBURLLLLL UAUALRLLL BSULALLLL AALRLLL AL | lmhrl I‘IIII-I b
Uparaded 07407407 A0 407 407 407 407407 407 407 407 10 40T 407 407 40" 407 407 40

ALPS Il will run by O(yearsyn, [eV]

From slide of T. Namba

It will obtain a very powerful bound.
Taken (and modified) from J. Yoshida-san's slide


https://arxiv.org/abs/1004.1313

Examples of LSW experiments, k = 0.

Optical Laser as light source Undulator as (X-ray) light source
10~ - 7 A
107 : |

The ALP Py ABRA| f SPring-8 BL19LXU

.+ Light 1 10cm = S S| relatively heavy axion

Solar v : )
« HTesl: 10~ W 2coils * 2sections

— 1010 SR \ EL B R S it 1 (28,000 excitations * 1msec)

Mrk 421 N v JWS'T HST
/ {

onversion coils

\ | R T | ———
- ].O (A Fermi = S
- otV T — >

> Pulsars
L 10712
O

Haloscopes
uoljderj
UOI}eSIUO]

Laser Berg ] (lfé,
;o po=— 1078 F 1
/ — ‘
—J= g‘ 10 3 /. MADMAX 2
SN 801015 = pLC " oAt
10— Wiz - i DALI >
\ ,~~ ADMX .
Rersona 10716 o . -~ BabyIAXO-RADES X-ray det.
e, 9 ° ”' 1,”" FLASH (in next EH)
-17 _ \ yr
107 5 " Sp THESEUS
. L Schamare viow of @ = & 740
wed vriss a 10—18 < \\I),\;, //,}b . . _ _ )_(Ml_\/I-Newton ‘
= ,6&' https://cajohare.github.io/AxionLimitsNusTAR—r g
10_19 B LBLALALLAL BN llu'm[LI'I'HTTII [ULLLLL ALLALLLLL LU BLSULIALL! ALRLL BUBURLLLLL UAUALRLLL BSULALLLL AALRLLL AL | lmhrl I‘IIII-I b
Uparaded 07407407 A0 407 407 407 407407 407 407 407 10 40T 407 407 40" 407 407 40

ALPS Il will run by O(yearsyn, [eV]

It will obtain a very powerful bound.
Taken (and modified) from J. Yoshida-san's slide

From slide of T. Namba


https://arxiv.org/abs/1004.1313

Examples of LSW experiments, k = 0.

Optical Laser as light source Undulator as (X-ray) light source
Ehret et al, 1004.1313

The ALPS Collaboration @ DESY ICEPP, UT group @ SPring-8 BL19LXU
« Light axion search by optical laser « 9.5 keV X ray for relatively heavy axion
« 5Tesla * 4.3m * 2sections « 14.1Tesla * 20cm * 2coils * 2sections
« Net 2 days operation (28,000 excitations * 1msec)

Conversion coils Re-conversion coils

X-ray det.
(in next EH)

- : -
'

7. :

i" .

"~ '

Fig L Schematx wow of the ALFS LSW cxpeniment. Sor the tead for 2 descrption. (For svierpectatos of She sefierences o colour @ thes Spare, She reader & seferred 1o the
wed versoe of ™us Letier

From DESY’s homepage

Lead shield

Uparaded ALPSIl has 5.3Tesla* 120m * 2sections

ALPS Il will run by O(years).

It will obtain a very powerful bound.
Taken (and modified) from J. Yoshida-san’'s slide

From slide of T. Namba


https://arxiv.org/abs/1004.1313

Optical Laser as light source

The Al
« Lig
« HTe

Uparade

It

Taken (ana moairieq) Trom J. Yoshida-san's slioe

10™

I

Examples of LSW experiments, k = 0.

Undulator as (X-ray) light source
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What i1s undulator?
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-Intense and concentrated line-like photons.

-Controllable photon energy and polarization.

-Used in synchrotron radiation facilities (NanoTerasu, Spring-8, and KEK
photon factory (PF) etc.), free-electron laser, and in the design of ILC, etc
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-Intense and concentrated line-like photons.

-Controllable photon energy and polarization.

-Used in synchrotron radiation facilities (NanoTerasu, Spring-8, and KEK
photon factory (PF) etc.), free-electron laser, and in the design of ILC, etc




Modeling the undulator and electron motion
* L

) V2,

== Buw= Bofeos|kd], asinfkz + 91,0} 5,

With K < 1, 1t 1s called undulator. (K > 1 Is called Wigler.)
k=1, =0 Helical undulator

=0 Linear undulator(Fig)



Synchrotron radiation for particle
theorist: QFT Approach, c.f. textbooks

Lo = =AM, = —ev (DPE -, v = (1,5,)

. (1)Draw Feynman Diagram 7

: (Z)Calcul_ate the amplltu_de 5 (a) = I i
By expanding K/y and seeing the leading term, we get 0

ou <}/’ €, k ‘ O'>in K . ,
\/ 2w, : AL ie— (k (Ke_“bex + iey) €* <l<e_l¢k;f ik;) ﬁz> 5% (w},(l — [<cos[d]) — kﬁz> + O(K?).

T 2ky
[ | . k :
. (3)Estimate photon production N g
dk k2 3 L 2K2kp. 1 sin" 0+ O(
d—gz[ 2y22|<%€»ky|0j>|2“ Zel6 2€ 1 9Z2<1_}’2811n +H(Z}’2)>
2 2 f2 16722 (1 — cos 95%) (1 — cos 6f5) Agreeing with the conventional estimation!



dlfl}, L e“K°kp, 1
dC ,BZ 1672y% (1 — cos 8f%)?

Forward direction < 1/y

kZ
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(from delta-like function)

W HN 1/}/ (y =3)
100 :
50

10

020406081.09

A I T N e R >

r// | ||
////////




|s an undulator axion tactory?

Axion factory Wall Axion detector
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| Battesti et al Physics Reports 765-766(15)

. Light source
. Magnets


https://www.researchgate.net/scientific-contributions/R-Battesti-12678010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0
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. Light source An undulator In use
. Magnets satisties the more than

half of the condition of LSW


https://www.researchgate.net/scientific-contributions/R-Battesti-12678010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0
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An undulator In use

satisfies the more than
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https://www.researchgate.net/scientific-contributions/R-Battesti-12678010?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0

If an undulator is an axion factory,

Storage ring tunnel, etc
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WY, Junya Yoshida, arXiv:2408.17451

Experimental apparatus

using X-rays


https://arxiv.org/search/hep-ph?searchtype=author&query=Yoshida,+J
https://arxiv.org/abs/2408.17451

If an undulator is an axion factory,

WY, Junya Yoshida, arXiv:2408.17451

we have a super low cost strategy:
Install an "axion detector’ and wait!

Storage ring tunnel, etc
Axion detector

Experimental apparatus
using X-rays

Mo 10k pliays



https://arxiv.org/search/hep-ph?searchtype=author&query=Yoshida,+J
https://arxiv.org/abs/2408.17451

Case of NanoTerasu,

J. Yoshida, WY, preliminary

Photon
Undulator X2 v

- - .-y | g

Bending magnet Axion

BL14U beam line

.Photon beam spread A9 ~ 1/10*
.Distance to sweet spot O(10m)

.Detector with scale > 10m x 1/10000 ~ Imm
will cover the Interesting directions.



Case of NanoTerasu,

J. Yoshida, WY, preliminary
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From Yoshida-sar



2. Undulator Axions

Based on WY, J. Yoshida, 2408.17451



Let us take the QFT approach
Z int — — & ¢yy¢f ' §>ext —J /E) ackgroundA,u

From electron motion

. (1)Draw Feynman Diagram J Dext

. (2)Calculate the amplitude

(@, ks|0,5) = j‘;:} /d4xd4ye"(w¢t ko) Z B .(z) (BoAru(z,y) — O Aou(,y)) 5*(y).
¢ l=xu.2

Neglecting terms 6,(x) with x > 2x/X.

k|0, e(kZ + ikkY exp(—ig)) 2 :
(¢ ¢\BJB> - $ 7 ) O (We = B (R + K5))
9eryy Do 22wy (Y Pwi /B + kG, +KG,) 7

eK e 4@ fek‘”+zky 1P k e + ikk?
( )(2 > o) 0 (wy — B*(2k + k7)), +O(K*)
8vkr/ 2wy (—wj + (wy — kB?)?B72 + k3, +k3,) 7




(3) estimate axion production (with massive axion)

ny(per single electron) 1—-p7

100. "y~ K

1 0 O(K") contribution

-
-
- -




(3) estimate axion production (with massive axion)
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(3) estimate axion production (with massive axion)

2 2
k2<mi<_k + k75"
| ~ ~J Az )
ny(per single electron) 1 -7

| ] . K m 3":

' { ,.Ieso 2 212 2 o,

' . tng - ~gy.BylLe fol

1 0 'O(K”) contribution .' ¢ PYY 5127 k272
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1 | k(/J = Tﬁ cos ~ 1 2k° L 1+2'€2 Kz.

0.10

« Given the mass, energy and polar angle are fixed
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Heavy mass range with resonance can exceed
existing limits from the l[aboratory.

AXxion detector: Kger ~ 0 Kier = K, €.0. WY, J. Yoshida, 2408.17451
1 x 1 0—5E eg. bending; magnet undula}or magr?et
5. % 10_6; NanoTerasu-like
' - 1T -m
- 3 undulator assumed for
'? | axion factory
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3. Undulator dark photons

WY, Preliminary



Dark Photon Modael

See e.g. Jaeckel, Ringwald, 1002.0329

AL D — &FdarkF,uu - lF//w Fdark - m_Vz,AdarkA,u
N Uv 4 dark HV ) Iz dark

. One of the simplest extensions of Standard Model.

. Dark photon couples to electron via the mixing with ordinary
photon: ey, = ye.

. Photon-dark-photon oscillation occurs similar to neutrino.
. =>.SW without a magnet



we have an extremely low cost strategy:
Install an ‘photon detector’ and wait!

Storage ring tunnel, etc
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Undulator prospects (by using known formulas)

AkL AL, \ \ * > > 5
— 164 [ < L o 2 . — , — — — ~
P_, =16y (sm( > )sm( : )) N, sional = Py_ym, Ak =E \/ E; —m7 ~m,/2FE,
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Dark photon mass (eV)



Undulator prospects (by using known formulas)

AkL AL, \ \* > > 5
— 16, ( i L) 2 - , —F — —m2 ~
P_, =16y <Sm< > )sm( )) n, sional = Py, Ak =E, \/ E; —m7 ~m,/2FE,
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O .« Asymptotic mass
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107 . < considered for
i . : : 1l E 2L- 2L- AE
1072 AT N 1 AE gy n X7 oy
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suppressed.
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Undulator prospects (by using known formulas)

AkL AL, \ \ * > > 5
— 164 [ < L o 2 . — , — — — ~
P_, =16y (sm( > >sm< : )) n, sional = Py, Ak =E, \/ E; —m7 ~m,/2FE,

‘ Detail analysis is very important . Asymptotic mass
to understand this simple quantum eigenstates should be

considered for
m;L;  miL; AE,
" 2E, 2E, E,
- When
m, 2 ky — myz,/Ey > k
the production of
heavy mode is

suppressed.

0.0

0.001 0010 0100 1
Dark photon mass (eV)



To study In more detall let me assume
an ideal Setup. (For more realistic case, the right volume is not

vacuum, and " detector” may lose sensitivity for certain heavy m,.)

Vacuum Vacuum

|deal photon
detector




Calculation strategy, and some results (ror

more detail, ask mel!)
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~ (linear attenuation coefficient)



Calculation strategy, and some results (ror

more detail, ask mel!)

Oscillation
with wave packet
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Calculation strategy, and some results (ror

more detail, ask mel!)

Oscillation QFT analysis
with wave packet with undulator background

M
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Calculation strategy, and some results (ror

more detail, ask mel!)

Oscillation QFT analysis
with wave packet with undulator background

Suppressed prodéuction
of massive mode:from

undulator m,;
' 2E,
27 1 E wall r

3 : Hob L

1 L, AE, p %

) _ Lk 1 1 1

~ 3 27l 0.005m um 0.1nm
1
~ (linear attenuation coefficient)




Calculation strategy, and some results (ror

more detail, ask mel!)

Oscillation QFT analysis

: _ Kinetic equation
with wave packet with undulator background

Suppressed prodéuction
of massive mode:from

undulator m,;
' 2E,
27 1 E wall r

3 : Hob L

1 L, AE, p %

) _ Lk 1 1 1

~ 3 27l 0.005m um 0.1nm
1
~ (linear attenuation coefficient)




Calculation strategy, and some results (ror

more detail, ask mel!)

Oscillation QFT analysis

: _ Kinetic equation
with wave packet with undulator background

Suppressed prodéuction Absorption of both
of massive mode:from photon and dark

undulator photon m,;
' 2E,
2n 1 E wall r

L y H b L

1 L, AE, p %

) Lk 1 1 1

~ 27l 0.005m pum 0.1nm
1
~ (linear attenuation coefficient)




wall m

1074 = .
SPring-8, Inada et al, 2013
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Conclusions:
Undulators are axion/dark photon factories!

A sustainable and coexisting strategy:
Install an ‘BSM detector’ out of the experimental hatch
and wait!

. Less time/space restriction.
» More (would-be) photons since we do not filter them.

More theoretical/experimental studies are needed.
If you are interested in, feel free to join us!



Each relativistic electron passing through the undulator, we
have

Undulator photons Undulator light axions

Various textbooks , WY, J. Yoshida, 2408.1745]1
L € kK € ggbyy 0
~ L e— Y (a0 (2) 1),
I/l}, 61 ? 642k g( y)
. 9 - 0 direction is . 9 > 0 direction Is
dominant. suppressed.
. K? term dominates. ~ + kK term, i.e. Coulomb

contribution, dominates.



Symmetry of (helical) undulator system

Consider the transformation leaving vacuum’ with the background
flelds invariant.

B Rotate around z, L, Shift the z origin, P, Shift the t origin, H




Understanding from symmetry

Any particle produced from the helical undulator has
—w; + G,p;{ + k(s + 1) =0
Undulator Photon Undulator Axion

w1 = cos 0p°) = k(1 + [) wy(l —cos 05°) = k(0 + l(;)
-0 =0 allowed .0 #0
Nothing but the arguments -
ot the “dta functions. ->Measurement of spin!
gintz_]ﬂAﬂ gintz_ggby}/¢E - B —JﬂAﬂ
At K — 0, the electron moves straight, At K - 0, we do not have accidental symmetry

—

we have additional accidental symmetry. due to B, # 0.

) = — H + BP? .
P Accidental

which is never satisfied. symmetry

=> K" contribution is forbidden. No symmetry forbids Coulomb Contribution.




How undulator emits synchrotron radiation

(1)Maxwell equations . (2)Delayed vector potential
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(3) Electromagnetic field (4)Poynting vector, S= E x B
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Numerical check with background electric magnetic field

Helical undulator, g,,, = 1GeV~',Using E, B estimated from Maxwell egs as background.
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Fig. 7: The contour plot of Oy, 0c0s 60, in the log;wy(ky*) !, cos @ plane. We set 8<Z>nd>| f, XK sin((f;)(m Sin(d';) + 2 COS((%) sin(¢)) + COSQ(CE)

v =10, 27 /k = 0.5mm, By = 1Tesla, L = 5 x 27 /k and my = 0. m, and e are taken

to be the realistic values. This corresponds to K =~ 0.05.

=1 (with k = 1,¢ = 0)



Numerical check with background electric magnetic field

Helical undulator, g,,, = 1GeV~',Using E, B estimated from Maxwell egs as background.
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Numerical check m;,=k

k¢=k}/2/2
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Fig. 9: The contour plot of log;[Ow, Ocos §0:,10) in we(ky?) ™",  plane, with mg = k7.
We set v = 10, 27/k = bmm, By = 1Tesla, L = 6 x 27 /k, my = vk. m., e are taken

to be the realistic values. This corresponds to K =~ 0.5.

. for conventional LSW.



Axion-photon conversion with magnets

}/ ...... ¢ —_— —_—
% c>?in‘[ — = g¢yy¢E ) B
B .. = B,cos[zk] for O<z<L
L
Ky 17K D o 85, 8P, py)J dreh iz B,
0

X g¢yy5(3)(p¢ T py)éL(ky,Z o kgb,z T k)B()

o;(x): Delta-like function  “Momentum” from

with finite volume, 6,(0) ~ 6,(n/L) ~ L. Bulk magnetic field



Axion-photon conversion rate , = n;“t/n;n( — n;“t/njb“):
2
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Axion-photon conversion rate , = nout/nin( — n;’“t/ngbn):
2

n o« 67k, —ky . — k) = 52(% — k)
Y=o BT —
i0.10 |
o 0.01(
-
<| 5 0.00
< 1071 for tavored m¢.

10—6 L . L
0.01 0.02 0.05 O 10 O 20 0.50

My [eV]




A Resonance?




