From Telescopes to Colliders:
Probing Axion-Like Particles

Yan Luo

December 2, 2024



Introduction

e Current status of ALP detection
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https://cajohare.github.io/AxionLimits/

* Ultralight ALP search strategy

C. O’Hare. https: //ca10hare github 1o/Axionlimits/
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Introduction

the main search strategy: axion-photon conversion

wr 2Ly = %6 ad’a — %m + %gawaF J2ss
ol magnetic field background —g,,aBy - E
cBnlndehiion 2 can be ultralight dark matter
/2N LT e dark photon also share the similar phenomenology
; : Magnet magnet R. Battesti et al. 1803.07547
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I ntrOd u Cti O n David McKeen et al. 1609.06781
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* Searches for heavier ALP  Mev-Gev seam Dump  Shield
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» Searching for Ultralight Dark Matter Conversion in Solar Corona
using LOFAR Data [arXiv: 2301.03622]

* |nvestigation of the concurrent effects of ALP-photon and

ALP-electron couplings in Collider and Beam Dump Searches
larXiv: 2304.05435]



Resonant Conversion

1 R
2Ly = Eéﬂaa a—Sma - 8.,,4B¢ - E

photon effective mass in plasma

1/2

dran, n, 2 Vv
W, = = e
m 7.3 x 108 cm—3 s

e

when w, ~ m,, axions can resonantly convert into photons

e Our neighbor: the Sun

axion DM

resonantly converts to radio-frequency EM waves in the solar corona

corresponds to m, ~ 107 ’eV
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e Solar model

H. An, X. Chen, S. Ge, J. Liu and YL. 2301.03622
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LOFAR Telescope

van Haarlem et al. 1305.3550 K. Gert et al. Experimental Astronomy, S6(2), pp.687-714
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LOFAR: Low Frequency Array telescope ity Lo “:
High-sensitivity interferometer e . s IR
mainly in Netherland, stations § : | % s
solar observation y -
radio frequency range: y ,
LBA: 10 — 80 MHz ®

HBA: 110 — 240 MHz el Rkl .y
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Conversion Probability

° COUpled eguation of motion treat it as classical wave
] , _ WKB approximation to 1st order PDEs
62 az | @, —8ayy | BT| W (A//(I", t) —0 A . A : T
| 2 T 5 e B0 mg | \a (7. 1) = (r,1) = A(r)exp(—iwt + ik r)

07 — 0° = — w* — 0> = — 2k,(k, + i0,) — m> — k=

* Conversion Probability
 Radiation power

solved perturbatively
2 . L .
T —emy i gl [a)p(rfgz_mg] considering gravitational focusing
Pa—>y — dr e v ’
oo 2k,
oz de()P() (r)r;
. . . — A\ \ s AV V VC I’C
by saddle point approximation 710 0/oM (Y0 L 4, (Vo)PDM
2 ~1
2 2
8ayy | B 01n w?2(r)
P, () = 1—" B e | 7 w(r,) = \/ V2 +2G M/,
m, r

r=r,
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Propagation in Solar Plasma

o Spectral flux density bandwidth % — 97 KHy

1 1 d& P, .(f), p(f) are the suppresion factors
Sue = ——Z P (FIFCF) ul/), PUf) are the supp
KRB d- df due to propagation effect

e Smearing

naively speaking, the direction of the outgoing photon from plasma
1s determined by the rule of refraction

* Absorption

n(r.)  sinf(r) ko | 605 (r)
n(r) " sin o(r.) n(r) = o 0> mainly through inverse bremsstrahlung,
’ depends on the path
at the position of resonance: pn(r) ~v ~ 1073 0 quickly goes to 0 .

however, considering the scattering in the inhomogenous plasma,
the outgoing angular distribution will be broadened: smearing effect

field of view ~ 107>

Yan Luo



Propagation in Solar Plasma

. . : : .
MC ray trac!ng SImUIatIOn P. Kontar et al. 1309.00340 H.An,X. Chen, S. Ge, J. Liu and YL. 2301.03622
Applying the ray-tracing numerical code from P. Kontar et al. 2019 : K

to calculate these suppression factors
based on the Fokker-Planck equation:
describing the evolution of phase-space distribution N(r, K, ) of photons

2
pf) =— 890 4 g(6,, ¢,) angular distribution at R

72

Jbeam

H. An, X. Chen, S. Ge, J. Liu and YL. 2301.03622
10.1

small field of view (FOV)

10.08

A
o o FWHM = X — ~ 103rad =102, D~3.5km

0.4 decreasing smearing factor mainly

comes from decreasing FOV for higher frequency
10.02
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Data Analysis

e |LOFAR data frequency range: 30 - SOMHz divided the time bins into 150 intervals

. , , , , [test] < u,[ref] + 20,[ref]
do data cleaning for time bins to remove transient noises: i Hi f

o,[test] < 20 [ref]

* Log-likelihood ratio test

Ssa| A
S . —2In|——|, S<S ,
likelihood function: _ B(a, f) = oa ff test statistic ¢s = L(S,a) half-y? asymptotic
ot 1 { Bla,f) + Séiio - 0, 0, §>S
L(S,a) = H exXp | =5
= ; ~ 1 S
i=iy—5 O\ <7 ’ h(gg|S) = =6(gy) 4 c ™

| NN

H. An, X. Chen, S. Ge, J. Liu and YL. 2301.03622

H. An, X. Chen, S. Ge, J. Liu and YL. 2301.03622

0
3 30% Model-independent
520 95% C.L. upper limits

from LOFAR data
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Results
H. An, X. Chen, S. Ge, J. Liu and YL. 2301.03622

* magnetic field profile: f IMHz]

: : : 30 40 50 60 70 80 90100 120
dipole-like magnetic field,

but large fluctuation

‘BT‘ ~ 1 Gauss at 1.05R
7. Yang et al. 2008.03136

r,~ 2.18 — 1.12R, for 30 — 80 MHz

following R~ decreasing

| MWDP
10712 ADMX SLIC Pulsars

* better than the constraints from
Light-Shining-through-a-Wall f
: 1 2 3 4 5 6
experiments but does not exceed the .
CAST or other astrophysical bounds My (1077 V]

Large magnetic field uncertainty, overshadow the
uncertainty of data.

Yan Luo y Average over 20 frequency bins.



A. Caputo et al. 2105.04565
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Dark Photon Case
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Dark Photon Case

e the upper limit on e is about 1013 in
the frequency range 30-80 MHz

e about one order of magnitude better than
the existing CMB constraint

e complementary to other searches for
DPDM with higher frequency, such as
the Dark E-field experiment

Yan Luo

H. An, X.Chen, S. Ge, J.Liu and YL. 2301.03622
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* |nvestigation of the concurrent effects of ALP-photon and

ALP-electron couplings in Collider and Beam Dump Searches
larXiv: 2304.05435]



IntrOdUCtion M. Bauer et al. 1708.00443

Babar

e ALP Searches

e previous study: seperately consider the ALP
interactions with fermions and gauge bosons

/A [TeV™']

eff
Icee

| Red Giants

e concurrence of ALP couplings naturally arises 0}

from UV models, and loop corrections T
m, [GeV]

Belle II Collaboration. 2007.13071

* We investigate the concurrence effect of ALP-y

and ALP-e couplings in ¢ "e™ colliders and beam 10- ce-yy
dump experiments

photon beam

— | Belle Il
|
> -3 l |
3 10 ;
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1 U
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o) 104 L7V
| electron beam dumps Jayz = 0)
10—5 ! L R | ! ! TR | ! ! T | L L T T S N B |
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Simplified Model

* Effective Lagrangian

1 1 _ -
Larp = Eaﬂaa”a — Emgaz + Eggfeaﬂaey”%e — Zggg,aF P

 Decay

1
(g5e0) MM, 4m; '\ (g5,)°m;
F a—ee — 1 Fa—> —

ST v 64r

BR(a — yy) N (&?fy)zmﬁ Favor for diphoton at © GeV, but dielectron could be
BR(a — @) ~ 8(geff )2m2 comparable at lower mass (beam dump).

Yan Luo
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Models

Q; Qr D
o KSV/Z-like model Uy | Y Y 0
Introduce a global U(1)p symmetry, and Upg | +1 -1 +2
a heavy vector-like @ + complex singlet ® .
oy
9 . a
Z D |0"D|"+10D, y @ o A
< 2
After symmetry breaking Loop contribution M. Bauer et al. 1708.00443
<L D —m@@L@Re%+h.c. 3a 2
QED
sve = Zave + . 8y lln = |+g (Te)]
After chiral rotation 7t N
2
Apvp A~ 2 >
54 =YV M FF N Y (7 WS IS (L 2 2
Az v, 8(7,) - [ln<m82 |+ O 2 ms > m;

Yan Luo .



@, @, S
UDly | +1/2 | +1/2 0
 DFSZ-like model Upo | =1 | 41 | 42
Introduce a global U(1)p symmetry, and \AVAVAV.V At
2HDM @, + complex singlet S R
SU2)y X U()y X U(1)py = U(1)gy, + two pseudoscalar G )
the Yukawa terms Loop Contribution M. Bauer et al. 1708.00443
¥ D—-L Y He,+h.c =—icﬁémye eft — e’ Z(B(T)—l)c
L~d""1*R P ef;l el gy;/ 1671'2‘]2 1
After chiral rotation, due to axial anomaly B,(7) = 1 — 171(7)
o c, 0,4 , el a - . = 4m?/4m?
D eyryse F, F
2 1, 1672 f, o arcsin L 2> 1

Yan LLuo o 2 2 1—\/1—7



87T

KSVZ-like
Sary | _
&
QQED

6ln<

fa

mg

)~ ((2) m)2+4

Models Interpretation

DFSZ-like -
ff 1) G et
ggyy - zf:e,ﬂ,f (B(Tf) o ) 1672 gabzf
gell gell

KSVZ-like favors for ALP-photon coupling, while DFSZ-like favors for ALP-lepton/electron coupling

Yan Luo

J.Liu, YL and M. Song. 2304.05435
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Collider and Beam dump Experiments

e Form, ~ 0.1 — 10 GeV, we focus on two electron collider experiments

(et +e” — a+yfollowsa — eTe /yy)

Babar (Dark photon search) limits ggfe, two electron + one photon
Belle-1II limits ggf;, from three photon final state
e Form,6 ~ MeV - GeV, NA64 and E137 beam dump experiments are investigated

(e+y— e+ a)

NAG64 and E137 beam dump experiments,

eff
aee

eff

and g,

both two experiments have constrained g

The concurrence effects of two couplings have a greater impact on electron beam dump searches.

Yan Luo .



Babar and Belle-ll Results Reinterpret

. e” . J. Liu, YL and M. Song. 2304.05435
Production: ) \\ S
//% . m, =1 GeV
et Y _ -
( eff)z(s — m2)3 ( eff)z(m2 — 5)4 + (3In4)gstt gcti (m2 — s)3 % :
_ gayy a 0 gayy a gayygaée a 0] ; ,/’CITBB(“a'-% vY)
Octe-—ay — Xqed 3 + M, 4 > — Lt
_ 24s Os (S—ma) I N TR RV ST e
& : ey - Belle-II
S . .
2.2 (4 4 o2 S 5 N @Y
3 Ind)(gsh)*s* (m; + 5% = LT e
m O(m) o —4 D -
e e o A Q0
65+ (s — mZ) - e
the interference term 1s suppressed |
6 .
e concurrence effect: 6 and BR _’
o T as two couplings are incorporated (survived region squeezed) 3 o e T 0

L . . Logolg5sel [GeV™']
BR | when the other coupling 1s large (survived region relaxed)

Horizontal(Belle-1I) and vertical(BaBar) dashed lines
Yan Luo 2 are existing bounds (left bottom region is survived)
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E137 and NA64 Results Reinterpret

Production:

reduce phase space integral

- e David McKeen et al. 1609.06781
Improved Weizsiacker-Williams e . e (2—-3=2-72)
(IWW) approximation: ( do ) aEM \/ EXx* —mg ¢ pn Ay, 1-x  x=E/E,fraction of energy
Ax / jww > x effective flux of photon:

m +me f— tmm ,
x=J t F=(¢)
the number of detectable ALP:

NeX EO Xmax I da . ﬂ _Ldec Ea 1
N dE dx| ditl(EyE,t)—e u(l —e ) [, =

a a
Mtarget E, ;. 0 d.X mg Fa

%

Xmin
1,: radiation loss function
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E137 and NA64 Results Reinterpret

Experiment E.[GeV] Target Loy, [m] Licc[m] Year
E137 20 Al 179 204 1988(SLAC)
NA64(Invis) 100 Pb ~ 4.35 o0 2020(CERN)
KEK 7 W ~ 0.25 1 2013(KEK linac)
E141 9.0 W 0.12 35 1987(SLAC)
E774 275 W 0.3 28 1989(Fermilab)
Orsay(Higgs) 1.6 W 1 2 1989(LAL)

NAG64 (Invis) represents the invisible signature configuration of NA64,
where ALPs decay beyond all subdetectors of NA64.

Invisible: L, = one ECAL + three HCAL, and L;.. = o0

David McKeen et al. 1609.06781

Yan Luo
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E137 and NA64 Results Reinterpret

J.Liu, YL and M. Song. 2304.05435

oL |
i‘\-‘ 0_
_1 NA6‘4@7;‘; =102Gel R~ _
= -
' |
% _ 2 NA64(g5) =0GeV ™) % 5
O, 3; O,
— —3. -
4= 10 : . % %
cucc’u 4i 9 : NA64(g" = 0GeV)
IR e e S _4f
O R o S e ff o) i N A
' E137 =0GeV~ . N
3 _5 E E E‘; (g:YV e ) 3 \\\“'~~E~:|37(g§f;e= OGeV‘1)A
5 s © |
6 e AN e X
= & 5s S -6/ ¢ S
5 5 | 2 | , S
_7 W W Z | B el
-3.0 25 20 —15—10 -0.5 00 —30 -2.5 -2.0 —15—10 05 OO
I-0910’"a [GeV] |—°91oma [GeV]

Solid line (NA64), dashed line (E137) are recent existing bounds (region inside excluded).
e concurrence effect: o and 7,

I', 1 affects [, | ,so N, | n the large m, coupling region

N_ T 1n the lower coupling region due to larger cross section, and hard to distinguish electron/
photon 1n the final state

Yan Luo
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Constraints for DFSZ-like (e) Model

J.Liu, YL and M. Song. 2304.05435

01 BaBar Belle—II _

Belle-Il (ga5=0 ' indi |
elle=1l (gaee=0) e Babar constraints are indirectly derived from gjfe

>
QO
2. . .
o  downward shift for beam dump constraints
CDEC)U
10—10_ N
DFSZ—like (e)
--------- Existing limits for single coupling
0001 0010 0100 1 10
m, [GeV]
Yan Luo
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Conclusion

* The axion ULDM can be searched through radio telescope, by looking for the photon signal
converted from axion.

* We used the observation data from LOFAR to search for resonantly converted mono-chromatic
EM waves from ULDM 1n solar corona. We delt with data processing and handled the
complexity of plasma environment, constraining the ULDM axion or dark photon.

 For massive axion, existing limits usually consider individual coupling, while multi-coupling
emerge naturally from radiative corrections and may play an role.

* We investigate the collider and beam dump experiments, and the precent limits will be modified
In concurrence scenario, significantly for beam dump experiments.

Yan LLuo .






P a—>y(vrc

may 1nfluence the application of approximation
may modify the conversion probability, by altering Vw

Check: Small-scale Fluctuations
* Plasma density fluctuations

) 2
gayy ‘BT‘ _1
)=7 V

My

re

01n w(r)

or

model the density fluctuations through
the spatial power spectrum

—1

r=r,

Cd) = <5ne(x)5ne(x + d)> Cd) = J e~ 1P (g)d’q

: P(q) = C,q™* Kolmogorov spectrum: a = 11/3
G. Thejappa et al. The Astrophysical Journal, Volume 676, Issue 2, pp. 1338-1345 (2008)

 Check WKB and saddle point approximation

ol

~
e

—1

2

n
"y

1 !/
2_!F (r)

1073 WKB requirement: 51k, ~ 30 > 1

3 [F//(r)]3/2 B

1
, i 1
n oa—3 2
€ ~ 2 a=3_S5—a
T — €edo Y,
n, S—a
T a)[g(r’) — m2
dr’
2k,

Sl F"(r) N2z F(0)

fluctuation scale ;=

(Cl — 3)(7 — a)2 a=3  1—-a
(5 - a)3 4, Qi

3 AEMEel,
\/ k AT,

O 0.1 km, [, ~ 10°L

n,/cm3
30



Check: Small-scale Fluctuations

Check the conversion probability

modeled 1n discrete Fourier modes:

7’2

N
n,(r) = r—; Mo bke(7e) + Z on,(q,)A - sin [qn(r —1,.)+ qbn]

n=0

may change the conversion probability, explore numarically:

Z 1 dn,(r)
n,(r) dr
—_— ne(r/)zne(rc) ( ) 7‘=I’"
rdn o —1
1 dne,bkg(r)

ne,bkg(r) dr

r=r,

Increasing resonant points, but decreasing conversion
probability for each points.
Numerical simulation: fluctuation has minimal 1impact.
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