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Motivation

Motivation

® Extensions of the SM? Heavy new particles!

Despite all experimental efforts so far, no (conclusive)
evidence for heavy particles at TeV scale

Maybe missed some physics along the way?

— renewed attention for new, much lighter particles

— remain to be discovered, if they have small interactions

Popular candidate: Axion-like particle
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Motivation

Goldstone bosons

® Theoretical motivation: Goldstone's theorem

® Spontaneous breaking of an (approximate) global symmetry
gives rise to (Pseudo—)Goldstone bosons

® naturally light (or even massless)

® interactions are suppressed by scale of symmetry breaking

— common explanation for small mass and tiny interactions

e Example: U(1)pq symmetry «<— QCD axion
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® Unlike QCD axion employ model-independent approach
® Couplings are free parameters

® Treat mass as an independent parameter

= Axion-like particles (ALPs)
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Motivation

Axion-like particles

® Unlike QCD axion employ model-independent approach
® Couplings are free parameters
® Treat mass as an independent parameter

= Axion-like particles (ALPs)

® ALP couplings therefore include in general
® SM fermions ® Gluons

® SM Higgs ® FElectroweak gauge bosons
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Theoretical Framework

General ALP EFT

® Write down general EFT

[H. Georgi et al., Phys.Lett. 169B (1986), M. Bauer et al., arXiv: 1708.00443]

1 m? oHa -
Lefr = 5(‘%3)(8“3) - Ta,oaz A D Ve Cry, Ve
F

a ~
+85 Coc 262,6" + g° Cuw~ AW, W2+ g"? Cpp B, B

® We: chiral fermion fields

e X2 :5U(3)c, SU(2), and U(1)y field strength tensors
l,l,l/
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1 m? oHa -
Lefr = 5(‘%3)(8“3) - Ta,oaz A D Ve Cry, Ve
F

a ~
+85 Coc 262,6" + g° Cuw~ AW, W2+ g"? Cpp B, B

® W, chiral fermion fields

e X2 :5U(3)c, SU(2), and U(1)y field strength tensors
l,l,l/
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Theoretical Framework

Relations between couplings

e EWSB generates couplings to W bosons, photons etc.

® W boson <+ Cyw
* Photon coupling C,, = Cww + Cgs

® Zva coupling C,yz = Ca/CWW — Sa/CBB

¢ But also gluonic contribution (m, < Aqcp)

2
° eff _ 1 m,
5 = Cww + Cgg — 1.92C66 — 377252 Coc
[M. Bauer et al., arXiv: 1708.00443]

= Strong correlation between interactions
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® Which experiments do we consider?

® Fixed-target experiments:

S

k4

ielding
N

N
S

—
-
_

—

[S.N. Gninenko, arXiv: 1204.3583]

® | 3 at LEP performed search for Z — = + inv. at Z resonance
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Experimental and Observational Constraints

Experimental and Observational Constraints

® Rare Meson decays:

® Experimental constraints by -
E787/E949 on K™ — nta s d

® NAG62 focusses on K+ — wtup

— Assume improvement on
bound by an order of magnitude
[R. Fantechi et al., arXiv: 1407.8213]

® Ensure invisible decay in experiment

BR(K+ N 7r+a)exp — BR(K+ N 7r+a)theo e—Ldet/La|p
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Experimental and Observational Constraints

Experimental and Observational Constraints

-
S
N

® Rare Meson decays: 5
g
'g'lo = E|
® Experimental constraints by F
E787/E949 on Kt — 7T a f}w_gi
® NA62 focusses on K™ — wtui z
%10 Previous Result |

— Assume improvement on
bound by an order of magnitude B
e I L

[R. Fantechi et al., arXiv: 1407.8213] 0 50 100 150

<— Single Event Sensitivity
§ (€787)

| E——

" 1
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‘ZSO‘ ‘ 300
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. .. . . S. Adl t al., E787, arXiv: 0403034
® Ensure invisible decay in experiment (5 Adleret 2 e ]

BR(K+ N 7r+a)exp — BR(K+ - 7.r-&—a)theo e—Ldet/La“D
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Experimental and Observational Constraints

Experimental and Observational Constraints

® Rare Meson decays:

® Experimental constraints by
E787/E949 on K™ — nta

® NAG62 focusses on K+ — 7tui

— Assume improvement on

bound by an order of magnitude

[R. Fantechi et al., arXiv: 1407.8213]

® Ensure invisible decay in experiment
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[E. C. Gil et al., NA62, arXiv: 1703.08501]

BR(K+ N 7r+a)exp — BR(K+ N 7T+a)the° e—Ldet/LaIp
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Experimental and Observational Constraints

Experimental and Observational Constraints

e Electron beam dump (E137)
strongest fixed-target bound

e HB star dominant for m,; < 10 keV/

e SN 1987A (“cooling” bound)
® Formation of proto-neutron star

® Most of energy liberated by
neutrino emission

Fatih Ertas RWTH Aachen
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[M. Dolan et al., arXiv: 1709.00009]
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Experimental and Observational Constraints

Experimental and Observational Constraints

® SN bound rather simplistic z
® No temperature and density profiles 3
£ ]
o,
® No radius and energy dependence S \ 3
. -7 L 4
of ALP trapping 10
10°8F 4
— improve calculation 10 Gayz=0
T I T T BT T
— consistent approach: C,, & Cgc s [GV]

[M. Dolan et al., arXiv: 1709.00009]

® Below cooling bound: missing ALP burst
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Experimental and Observational Constraints

SN Bound

e Apply Raffelt criterion for SN bound: Lap > L, 3

® ALP Luminosity reads schematically

[J.H. Chang et al., arXiv: 1611.03864]

Lacp ~ / dvV Qe "
r<R,

with Q as volume emission rate and optical depth 7

d3ka Rfar f
QN/(27T_)3Earprod7 TN~/r dr' T aps
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Experimental and Observational Constraints

ALP Luminosity Formula

® Luminosity formula is given by (E; = w)

E 2d3 r
r<R, ew

(2m)3 ]
Nucleon-Scattering: Primakoff:
N+N—N+N+a Ytp—atp

with 3 = /1 — m2/w?
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Experimental and Observational Constraints

ALP Luminosity Formula

® Luminosity formula is given by (E; = w)

E 2d3 r
r<R, ew

(2m)3 ]
Nucleon-Scattering: Primakoff:
N+N—N+N+a Ytp—atp

with 8 = /1 — m2/w? and the optical depth 7 reading

r=p / (20 sty My 4 1)
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Photon coupling

Results
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Results

Reminder about couplings

® Lagrangian before EWSB

Letr = g2 Coe~ 26 G'a 4 g2 Cow = W2 Whra 4 g'2 CBB%BWB‘“'

AR A

e After EWSB
® W boson < Cyyw
o Cf~ Cuw + Cps — 1.92C6c — ,,,zmi;gmzccc

® Zvya coupling C,7 = CﬁvCWW — sﬁvCBB
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® Consider sizeable Cyyw 107! . . .
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=
<
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102 107" 10° 10 10?
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Couplings to electroweak gauge bosons only

Fatih Ertas

Consider sizeable Cyyy

Have Csf/f ~ CWW

— BR(a = vyy) = 1

How to open up more
parameter space?

Reminder:
C’Y’Y = Cww + Cgs

RWTH Aachen
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Couplings to electroweak gauge bosons only

® Consider Cgg = 10Cyww/

* C,=Cww+ Cgs

— Shifts bounds
dependent on C,,

— In particular SN
bounds are shifted
downwards

® Further Options?

Fatih Ertas

RWTH Aachen
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Results

Couplings to gluons

® Turn on sizeable gluon coupling
[G. Alonso-Alvarez et al., arXiv: 1811.05466)]

e Contributes to photon coupling

1 m?

ff
Cf;v ~ —1.92C¢c — 32 —amg Cce
i

e Kt — wtavian® n, 1 mixing
[D.S.M. Alves and N. Weiner, arXiv: 1710.03764]

2L
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&
.
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NA62 reach
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>
L
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1 -6
01 0-?

— How to circumvent the uncertainties?
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107" T T T T
Zoy+inv(L3) s
1072k
E787 + E949 Ij
—% 1073 / NA62 reach ,,‘-
=
<
) ]
S
-6 . | \
103020 10° 10 10
m, [MeV]
® Co6 = Cuw
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Couplings to all Standard Model gauge bosons
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® Co6 = Cuw ® Coc = Cuww = Cgr

e Kt —» ntavia Cyw e Cancellation:

Cf;f;' ~ 0.08CGG
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Results

Couplings to all Standard Model gauge bosons
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® Co6 = Cuww

e Kt — 7tavia Coww

Fatih Ertas

® Co6 = Cww = Cgg

® Cancellation:
Cﬁ‘;f ~ 0.08C¢q

RWTH Aachen May 11th, 2020

® Cec=0.1Cuww

® | ab-Experiment reaches

region of SN1987A
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Results

Conclusion

e Studied MeV-scale ALPs in EFT framework

— Particular focus on Kt — 7ta

e Consistent approach to calculation of SN cooling bound

— Bound on C,, more conservative, while on Cgg in
agreement with literature
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Results

Conclusion

e Studied MeV-scale ALPs in EFT framework

— Particular focus on Kt — 7ta

e Consistent approach to calculation of SN cooling bound

— Bound on C,, more conservative, while on Cgg in
agreement with literature

® Qverall ALP phenomenology depends on the couplings that
are generated

— Improved this approach by including all relevant operators
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Thank you for your attention!

Questions?
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Experimental and Observational Constraints
Results

® Set Cyw = —Cgg
— waltree =0
— "photophobic ALP”

— nearly no parameter
space open

® Note 1/fa ~ Cww 10

10 10 107 106 105 10 10 102 107" 109 10" 102
ma (GeV)

[N. Craig et al., arXiv: 1805.06538]
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Results

Octet Enhancement

® Hierarchy encountered in Kaon decays
= [(K® — nt77), [(K® — 797%) > (Kt — 7 x9)

® The very same operators in ChPT lead to an enhanced mixing
contribution of 1 and 7/

iM(KT = nta) 0, iM(KT = 7770)
+ 00y iM(KT = 7)) + 04y iIM(KT — tr))

[Bardeen et al., Nucl. Phys. B279 (1987)]
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® The mixing effects can be written as

Ko m?
70 510+ 0 a0 2

2 _m2
ma m7'l'

n—n+bmaxnte
n =0 +0arn +e

[D. Aloni et al., arXiv: 1811.03474]
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Results

General Formula for Volume Emission Rate

® The energy loss rate Q (energy per volume and unit time) is
defined by

3
o=/ 2: oo (H / 2j el )(H o 2;3[1iff(wf)1>
x5 D, IMP 277)45(4)(2/% > pf k)
f

spins/pol.

[G. Raffelt, Phys. Rept. 198 (1990)]
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Results

General Formula for Optical Depth

® The optical depth is given by

— ﬁﬂ/drrabs,

[G. Raffelt, Phys. Rept. 198 (1990)]

where the absorption rate reads

Fabs = (H/ 2wi( ) (H/ 2w(jc [2); 3[1 + ff(wfﬂ)

xS > IMP(r)* @ (X pt pr—pa)

spins/pol.

[H. Weldon, Phys. Rev. D28 (1983)]
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Primakoff Bremsstrahlung (OPE)

a
Y -----a d

4

d
—_—
N1 N3

VT
]
Ny—»————N,
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What are typical energies for ALPs produced in SN core?

my=1MeV

102F
3
[0
2
S 101t

[0 ¢y N =4-107 Tev! [0 Cog/N=4-10"% Tev!
10°F 0 ¢ /A =2 105 Tev- E 100 E Cog/A =3 1078 Tev! E
10°1 100 10-" 10°

rlR, rl Ry
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