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Dark Matter: Evidence
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Dark Matter: What We Know

d Dark matter mass range poorly constrained

3 DM should be cold .

4 SU(3)XU(1)gy, Neutral

(1) Cold Dark Matter _ (2) Electrically Neutral

d Stable m™m > &

dark-parity = +1 dark-parity = -1

(4) Stable



“Scattering” with Ultralight Dark Mater

[ IR divergences in Bremsstrahlung scattering

Q]

/ 1 Diagram IR divergence

2q-ke in soft photon limit




“Scattering” with Ultralight Dark Mater

[ IR divergences in Bremsstrahlung scattering

Q]

O Scattering depends on Amplitude squared

2
2 1
. M2 ~ (2%-%)

O The cross section is IR divergent

3 2
dazﬁéev ~ d°qy _1 ( lke) Log Divergent

(2r)3 2B, \ 2¢ k.




Missed Particles in Experiments

dSolution to IR divergences
L Experiment can not distinguish processes in zero momentum limit.

Same Process
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Missed Particles in Experiments

dSolution to IR divergences
L Experiment can not distinguish processes in low momentum limit.




Missed Particles in Experiments

dSolution to IR divergences
L Experiment can not distinguish processes in low momentum limit.

do’Z—)ée'y =+ daZ—)ée Finite

L Apply same philosophy to ultralight dark matter
A Missed scattering give same processes




Missed Particles in Experiment

dSolution to IR divergences
L Apply same philosophy to ultralight dark matter

dScattering energy of ultralight dark matter much too low to detect

AE& ~ Ma ~ —16 Mg
Tt = e = 2.0 x 1071 ()



Missed Particles in Experiment

dSolution to IR divergences
L Apply same philosophy to ultralight dark matter

dScattering energy of ultralight dark matter much too low to detect

dUItralight dark matter scattering gives new contributions to old observables

Both vertex corrections

Experimentally
- Dark

Photon
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Missed Particles in Experiment

dSolution to IR divergences
L Apply same philosophy to ultralight dark matter

dScattering energy of ultralight dark matter much too low to detect

dUItralight dark matter scattering gives new contributions to old observables
dPseudoscalar dark can still consider, but importantly is a different contribution

Not equivalent
But new process

Scattering injects




Missed Particles in Experiment

dSolution to IR divergences
L Apply same philosophy to ultralight dark matter

dScattering energy of ultralight dark matter much too low to detect

dUItralight dark matter scattering gives new contributions to old observables
dPseudoscalar dark can still consider, but importantly is a different contribution

g_z Not equivalent EDM

But new process

Scattering injects




Missed Particles in Experiment

dSolution to IR divergences
L Apply same philosophy to ultralight dark matter

dScattering energy of ultralight dark matter much too low to detect
Calculate

Here

dUItralight dark matter scattering gives new contributions to old observables
dPseudoscalar dark can still consider, but importantly is a different contribution

g-2

Not equivalent

5



ALP Dark Matter Production

dDark matter generated via misalighment mechanism

OValue frozen until H(t) < mq
L Gravitational interactions virialize the fields

1 _
E~m,+ §mavg Ve ~ 107 5¢

dLeads to dephasing of the fields

sin mgt — sin (ma [1 -+ %(’02)2} + bel)

(dFields sum of individual fields

Stochastic Field




Scattering in Background: Fock Space of Wave Packets

JBuild Fock space out of wave packets

a(p; 3p ~
pi) = la) = af|0) = [ B TELIp)  al = [ ghe(p)a’ (o)

 Single particle states are normalized

a,a,]aa f (271_)3 —

U Generic normalized vector in Fock space

a(v)) = L2210



Scattering Amplitudes in Background

Single particle state scattering for wave packet

Physical particle
a wave packet

(%!SEDM\%,AIC,I?J — U;%La@(N — 1)|SepMmlky, Ak, a(N))

Plane Wave Coherent

Wave Packets




Scattering Amplitudes in Background

Single particle state scattering for wave packet

Physical particle
a wave packet

(E@LISEDM\%,A]‘?,Z?J — @@G(N — 1)|SepMmlky, Ak, a(N))

dMultiparticle axion-like particle expectation value

Proportional to
one particle vev

(@i (Ni — 1)]a(z")|as(Ni)) = v Nia ()

dSumming over coherent patches (Random Walk in phase)

= ~ /2ppm N2 v;




Stochastic Fields

(dDecoherence leads to stochastic field

3 2
Zai\/Qi%M %Z CoS [ma (1 + %) t + ¢ii|

[ Stochastic nature weakens bound

1
Xstoch

Signal ~ Signal,,




The Electric Dipole Moment Contribution

(dCalculate the QED vertex with inserted axion-like particle

(JExamine both derivative and Yukawa coupling
A Shows basis independence

(2 — —



The Electric Dipole Moment Contribution: Yukawa

dYukawa coupling calculation yields EDM

L1 = 52 (0u0) Yiv*v5¢i + Ghatiivs i




The Electric Dipole Moment Contribution: Yukawa

dYukawa coupling calculation yields EDM

Mo = iear(p) = u;(k) BE7, 17 ui(k) + Other Terms
[ Corresponding space time interaction

LD eg(fr gaaT( )?/%UW”&%%FW

Derivative basis must give same answer: Equivalence theorem
O S-matrix unchanged by local transformations




The Electric Dipole Moment Contribution: Derivative

(dDiagram in derivative basis proportional to axion momentum




The Electric Dipole Moment Contribution: Derivative

(dDiagram in derivative basis proportional to axion momentum

0 Tls give it[ka@ S8




The Electric Dipole Moment Contribution: Derivative

(dDiagram in derivative basis proportional to axion momentum

dApparent IR divergent in diagram Only This Diagram
Suppressed

2 u”(k)u” (k)
+2p-k




The Electric Dipole Moment Contribution: Derivative

A Diagram in derivative basis proportional to axion momentum s

Apparent IR divergent in diagram Only This Diagram renormalize
Suppressed independently




The Electric Dipole Moment Contribution: Derivative

(dDiagram in derivative basis proportional to axion momentum

dApparent IR divergent in diagram Only This Diagram =0
Suppressed




The Electric Dipole Moment Contribution: Derivative

(dDiagram in derivative basis proportional to axion momentum

JApparent IR divergent in diagram

JEnhancement negates suppression
(dSame contribution

Same as Yukawa coupling




Time Dependent Electric Dipole Moment

(dBasis independent contribution to EDM

LD 62(:; §G&Tg$) QE’L.O-[J,I/?:,-}/5¢?:F“V t=¢€, p

4dm

dTime dependent electric dipole moment (DM non-relativistic)

i —
a ggar(t) VPDM 1
di = ex= g ar(t) ~ == 5= — cos(mqt)

Suppression due to
stochastic nature

Time dependence




Time Dependent Electric Dipole Moment

(dBasis independent contribution to EDM
dTime dependent electric dipole moment (DM non-relativistic)
J Experimental constraints to time dependent electron EDM

dSensitive to variations up to 100 kHz (with reduced sensitivity)
Sensitive to variations up to Hz (with full sensitivity)

d. > 00 mg > 6.58 x 10711 eV

2/5
de >1.1x107% e em s 6.58 x 10~ eV > m, > 6.58 x 10716 eV




Time Dependent Electric Dipole Moment

(dBasis independent contribution to EDM
dTime dependent electric dipole moment (DM non-relativistic)

J Experimental constraints to time dependent electron EDM

U Electric dipole moment of electron

e —10
d. = 7.03 x 107°°(e cm) ( Ja ) (10 eV) cos(myt)

1017 My




Constraints on Axion Like Particles

d Constraints on axion-like particle proton coupling
JProton EDM experiment takes measurements over time1 s

—16
1 14 (6.58><10 eV)
mg

mg

dBound probably weaker above this

g < 1.01 x 1071 (55— ) 6.58 x 10716 eV > m,




Constraints on Axion Like Particles

d Constraints on axion-like particle proton coupling

(d Constraints on axion-like particle electron coupling
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Conclusions

dScattering with the background in QFT leads to classical field interaction
dScattering with background ALP injects CP violation

(dBackground scattering leads to apparent EDM for electron and proton
dTime varying EDM can be searched for if oscillations slow enough

d Constraints on ALP are strong for time varying EDM
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Constraining Models: EDM From the Majoron

dThe majoron is an axion-like particle associated with U (1), breaking

LD Nfgiyi,jNRj qﬁ* + h.c. Liang, Diaz, Yanagida



Electric Dipole Moment From the Majoron

JThe majoron is an axion-like particle associated with U (1), breaking
dMajoron is the Nambu-Goldstone boson of lepton number breaking

7 Majoron

¢ = (90 =+ fab)eiﬁ



Electric Dipole Moment From the Majoron

dThe majoron is an axion-like particle associated with U (1), breaking
dMajoron is the Nambu-Goldstone boson of lepton number breaking
dCan be dark matter density, via misalignment mechanism

Na(Tosc) = %mc%fc%gg




Electric Dipole Moment From the Majoron

dThe majoron is an axion-like particle associated with U (1), breaking
dMajoron is the Nambu-Goldstone boson of lepton number breaking
dCan be dark matter density, via misalignment mechanism

(dCan be dark matter for certain combination of M, and f,

2 1/2
2 ~ fa9 mgq
Qqh* ~0.12 (1.9>< 10130 GeV) (1 ueV)




Electric Dipole Moment From the Majoron

dThe majoron is an axion-like particle associated with U (1), breaking
A Majoron is the Nambu-Goldstone boson of lepton number breaking
dCan be dark matter density, via misalighment mechanism

(dCan be dark matter for certain combination of M, and f,
JFreedom in couplings of Majoron

X, x,

qu + X3 qu + X4
(Yq — (Yl (Yq — (Yl
1/2—2(1 —3/2—;51

—1/2—2X|—3/2 — 24,
1/2 1/2

1+ X
1




Constraints on Majoron Dark Matter
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Alternate Way to Calculate Axion Field Value

d Can build up state in a similar manner

i) = @27 o)

As is typically done in Finite Temp QFT can calculate the two-point function

(nic|af ax|nu) = nid3(k — k')

(nik|nik)

f (2«)3 (nk|a(x)?|ng) = 271'2 fdk\/m (%"‘”k)



Alternate Way to Calculate Axion Field Value

d Can build up state in a similar manner
As is typically done in Finite Temp QFT can calculate the two-point function

(i inelme) _ nk(27r)353(k — k')

(ni|nK)

=/ & (271')3 (nila(z)?|nk) = 7= [ dk \/m (3 + k)

J Amplitude for scattering of the background

_ k?a(k
)scat = f (2 )3 k + 1a(k)a(z)|nk) = # fdk(k2+nfg))1/4v”k

_




Alternate Way to Calculate Axion Field Value

d Can build up state in a similar manner
As is typically done in Finite Temp QFT can calculate the two-point function
J Amplitude for scattering of the background

~ 1 1. &,,, k 1 —1k-r4+10; L.
(a(2))scat = Zf (27T)3 (nict1]ai (k) B a(w)ni) Z\/Ef (27r)3 (k2+n(f:,§))1/4 Ve Hetieih)

3 No phase a(k)and ny related to the dark matter velocity distribution




Alternate Way to Calculate Axion Field Value

d Can build up state in a similar manner
As is typically done in Finite Temp QFT can calculate the two-point function
J Amplitude for scattering of the background

~ 1 1. &,,, k 1 —1k-r4+10; L.
(a(2))scat = Zf (27T)3 (nict1]ai (k) B a(w)ni) Z\/Ef (27r)3 (k2+n(f:,§))1/4 Ve Hetieih)

A a(k) and ny related to the dark matter velocity distribution
(dNo phases dependence gives




Scattering to an Incoherent Background

dBackground is composed of different IV, particle states
dTotal scattering probability is sum of all possible scatterings
(a;(N; — L)|a(z)]|ai(N;)) = 2_(ai(N; — 1)]a(2")|ai(N)) = > vV Niai(z)
JIf all particle in same state
dFor completely incoherent state have to sum each particle amplitude
 Break up into patches with velocity v; + Av and sum phases

_ 2 . : :
Z @i (LL’) — 'rrfﬁDf\Aé ZJ: Re {eXp [Zma’ (1 + %)] Z&: LB [%sz]} Random Walk in 2D
(]
(JRandom Walk gives Rayleigh distribution Q¢ sampled from this



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46

