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1.	Introduction:	neutrino	EM	interactions	(EFT	)
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★	It	is	important	to	understand	ALL	relevant	energy	scales	for	the	problem	at	hand
★	Modern	approach	to	flavor	physics	calculations:	effective	field	theories

New	Physics	generates	lepton	FCNC
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	electromagnetic	interactions	ν
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• Neutrino	electromagnetic	interactions:	signs	of	New	Physics?	

– 	electromagnetic	interactions	are	described	by	operators	of	dim	 	5ν ≥

dipole	moment
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anapole	moment

polarizability

– For	Majorana	neutrinos	the	flavor	conserving	dipole	moments	vanish	because	
the	dipole	is	antisymmetric	in	flavor	indices	 	


– The	dim-7	Rayleigh	operators	are	symmetric:	flavor	diagonal	transition	possible	

(ν̄iσμνPLνj) = − (ν̄jσμνPLνi)
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Neutrino	polarizability
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• Neutrino	polarizability

– neutrino	polarizability	is	encoded	in	dim-7	Rayleigh	operators	
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• Polarizability:	reaction	to	external	EM	field	

– Example:	nucleon	polarizabilities	are	extensively	studied	in	Compton	scattering	

– …	which	are	related	to	polarizability,	as,	e.g.	 	FμνFμν = ⃗H 2 − ⃗E 2
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Naive	dimensional	analysis:	masses	and	EM	interactions
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• Neutrino	masses:	scale	of	New	Physics?	

– Majorana:	Weinberg	terms	(dim-5):		 

– Dirac:	Yukawa	terms	(dim-4):	 

– need	experiment,	e.g.	neutrinoless	double	beta	decay

y′￼αβ(L̄c
αHc†H†Lβ)/Λ

yαβ(L̄αHνRβ)

• Neutrino	electromagnetic	interactions:	scale	of	New	Physics?	

– Dipole	moment:	 

– Rayleigh	operators:	 

– Both	types	of	interaction	flip	chirality,	so	we	naively	expect

c6(L̄αHσμννRβ)Fμν /Λ2

c8(L̄αHνRβ)FμνFμν /Λ4

– …	which	is	tiny	and	unobservable	(similar	for	Majorana).	So,	why	bother?
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Dipole	moment
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• Neutrino	electromagnetic	interactions:	signs	of	New	Physics?	

– 	electromagnetic	interactions	are	described	by	operators	of	dim	 	5ν ≥

dipole	moment
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– For	Majorana	neutrinos	the	dipole	operator	is	antisymmetric	in	flavor	indices	
,	while	the	mass	operator	is	symmetric	


– Then,	any	New	Physics	that	is	odd	under	the	same	flavor	exchange	will	only	
contribute	to	the	neutrino	magnetic	moments	and	not	to	the	neutrino	masses.	

(ν̄iσμνPLνj) = − (ν̄jσμνPLνi)

– Is	it	possible	to	find	a	similar	mechanism	to	enhance	Rayleigh	operators?

Voloshin
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Polarizability:	Rayleigh	operators	
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• Neutrino	polarizability	

– neutrino	polarizability	is	encoded	in	dim-7	Rayleigh	operators	

<latexit sha1_base64="2XEAE+4vgUMip1kNjhIGA6ktZYc="></latexit>

L =
1

2

X

i,j


C(7)

1,ij

⇤3

↵

12⇡
(⌫̄iPL⌫j)Fµ⌫F

µ⌫ +
C(7)

2,ij

⇤3

↵

8⇡
(⌫̄iPL⌫j)Fµ⌫ F̃

µ⌫

�
+ · · ·

– …	which	are	also	symmetric	in	flavor	indices,	just	like	the	mass	operator

– But	the	smallness	of	the	neutrino	masses	can	be	compensated:

– A	prototypical	example	is	pNGB	interactions:	majoron	a,	which	couples	to	
	interaction	as	 		


– Majoron	would	also	generically	have	EM	couplings,	 

– Thus,	for	energies	below	 :	

ΔL = 2 ν̄c
LνL∂μa /fa

aFF/Λγ
ma
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We	can	study	phenomenology	of	 	interactions	to	probe	New	PhysicsννFF
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Phenomenology	of	neutrino	polarizability
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• Consider	two	separate	cases

– heavy	mediator:	effective	operators	and	constraints	on	Wilson	

coefficients/New	Physics	scale	
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– light	mediator:	constraints	on	a	simplified	model	parameters
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Light	mediator	phenomenology	depends	on	what	is	larger,	 	or	Γ(ϕ → γγ) Γ(ϕ → νν′￼)
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Example:	heavy	mediator/collider	constraints
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• Consider	invisible	decays	of	scalar/pseudoscalar	states	(S	=	 )	

– interpreting	those	decays	as	decays	into	a	pair	of	neutrinos,	we	can	use	the	

unitarity	relation	

π0, B0, H
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– We	can	use	the	result	above	to	calculate	the	rate	of	the	process	 	
by	considering	the	discontinuity	in	the	amplitude

S → γγ → ν̄ν

<latexit sha1_base64="JtlaWeitVtFATZhN5oOSym2ERTY="></latexit>

Im A(S ! �� ! ⌫̄⌫) =
m4

S

4⇡

h
AS

+

�
AR

+

�⇤
+AS

�
�
AR

�
�⇤i

– where	 		and	 	are	the	coefficients	of	the	meson	to	photon	and	
neutrino	to	photon	interaction	Lagrangian	
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Example:	heavy	mediator/collider	constraints
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• Consider	invisible	decays	of	scalar/pseudoscalar	states	(S	=	 )	

– since	 ,	the	decay	rate	

calculated	using	 	is	smaller	or	equal	to	the	decay	rate	calculated	
using	 ,	allowing	to	bound	 from	the	invisible	decays	of	S!		

π0, B0, H
| Im	𝒜(S → γγ → ν̄ν) | ≤ |𝒜(S → γγ → ν̄ν) |

| Im	𝒜 |
|𝒜 | |𝒜R
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also,	for	the	B-meson,		
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– which	leads	to	the	constraint

S.	Bansal,	G.	Paz,	AAP,	M.	Tammaro,	and	J.	Zupan
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Heavy	mediator	constraints
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• Heavy	mediator	constraints	can	be	summarized	as

S.	Bansal,	G.	Paz,	AAP,	M.	Tammaro,	and	J.	Zupan
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Light	mediator	constraints

2
S.	Bansal,	G.	Paz,	AAP,	M.	Tammaro,	and	J.	Zupan
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Light	mediator	constraints

1
S.	Bansal,	G.	Paz,	AAP,	M.	Tammaro,	and	J.	Zupan
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Conclusions	and	takeaways

0

Ø Neutrino polarizabilities provide interesting tools for BSM studies

Ø Heavy mediators: effective operator description of polarizabilities 


– polarizabilities are encoded by Rayleigh operators 

– they are known to be important in explaining SM phenomena

– they could be seen to probe effects in BSM-SM couplings  


Ø Light mediators: simplified models 

– a mechanism that could provide enhancement for the process

– explicit model building is possible

S.	Bansal,	G.	Paz,	AAP,	M.	Tammaro,	and	J.	Zupan
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Why	is	the	sky	blue?

-2

• Why	is	the	sky	blue?	

– stronger	scattering	of	shorter	wavelengths	

(blue)	compared	to	longer	wavelengths	
(red)	
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– this	is	the	so-called	Rayleigh	scattering	
cross	section


– blue	(430	nm)	scatters	about	a	factor	
of	6	more	efficient	than	red	(680	nm)!

where	 	is	the	refractive	index,	

												 	is	the	scatterer	size,	and
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Lake	Michigan	lighthouses
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Why	is	the	sky	blue	(EFT	version)?
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• Let’s	construct	EFT	for	low-energy	elastic	photon-atom	scattering

– photon	energy	 	is	smaller	that	atom’s	excitation	energy	 	and	

(inverse)	atomic	Bohr	radius	 


– 	should	respect	Lorentz,	gauge,	etc.	invariance;	need:


– two	photons	(from	 )	with	 


– two	atomic	fields	 	with	NR	scaling	

Eγ ΔE
a−1

ℒeff

Fμν = ∂μAν − ∂νAμ [Aμ] = 1
ϕv [ϕ] = 3/2
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Why	is	the	sky	blue	(EFT	version)?

• Why	is	the	sky	red	on	Mars?	Is	it	red?

• What	about	the	night	sky?

-4

• Let’s	estimate	the	cross	section	( )

– in	principle,	we	can	match	to	QED	to	obtain	 


– order-of-magnitude:	as	 	and	 	we	expect


– this	is	Rayleigh	scattering:	higher	energy	blue	light	scatters	more	
than	the	low	energy	red	light


– expect	corrections	 


– results	from	Rayleigh	operators

σ ∼ Λ−6

ci

[σ] = − 2 Λ ∼ a−1

𝒪(Eγ /ΔE)
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Rayleigh	operators:	EFT

• Rayleigh	operators	are	built	out	of	singlets	(SM	gauge	+	others)

– ideal	for	studies	of	portal-type	of	SM-NP	interaction	models

-5
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Le↵

<latexit sha1_base64="7AK+p9x6ZpPD2fCAEiTB4SvRGO8=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiSi6LLoxmUF+4AmlsnkJh06eTAzUUrsp7hxoYhbv8Sdf+OkzUJbD1w4c869zL3HSzmTyrK+jcrK6tr6RnWztrW9s7tn1ve7MskEhQ5NeCL6HpHAWQwdxRSHfiqARB6Hnje+LvzeAwjJkvhOTVJwIxLGLGCUKC0NzbqTjti945MwBIGLx9BsWE1rBrxM7JI0UIn20Pxy/IRmEcSKciLlwLZS5eZEKEY5TGtOJiEldExCGGgakwikm89Wn+Jjrfg4SISuWOGZ+nsiJ5GUk8jTnRFRI7noFeJ/3iBTwaWbszjNFMR0/lGQcawSXOSAfSaAKj7RhFDB9K6YjoggVOm0ajoEe/HkZdI9bdrnTev2rNG6KuOookN0hE6QjS5QC92gNuogih7RM3pFb8aT8WK8Gx/z1opRzhygPzA+fwAFCJPX</latexit>

�†�

<latexit sha1_base64="H8Ts1CIlZnHrqJu2QscQ+170jbM=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0WXRjcsK9gFNKJPptB06mYSZiRBC/RU3LhRx64e482+cpFlo64EZDufcw9w5QcyZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq6JEEtohEY9kP8CKciZoRzPNaT+WFIcBp71gdpv7vUcqFYvEg05j6od4ItiYEayNNLTrXmTsPI08MmXFNbQbTtMpgFaJW5IGlGgP7S9vFJEkpEITjpUauE6s/QxLzQin85qXKBpjMsMTOjBU4JAqPyuWn6NTo4zQOJLmCI0K9Xciw6FSaRiYyRDrqVr2cvE/b5Do8bWfMREnmgqyeGiccKQjlDeBRkxSonlqCCaSmV0RmWKJiTZ91UwJ7vKXV0n3vOleNp37i0brpqyjCsdwAmfgwhW04A7a0AECKTzDK7xZT9aL9W59LEYrVpmpwx9Ynz9SzpSN</latexit>

��

<latexit sha1_base64="EOjAvcAc42OEnLoizcEbVJAXoaQ=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlE0WXRjcsK9gFNKJPppB06mYSZiVBC/RU3LhRx64e482+cpFlo64EZDufcw9w5QcKZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq+JUEtohMY9lP8CKciZoRzPNaT+RFEcBp71gepv7vUcqFYvFg54l1I/wWLCQEayNNLTrXmzsPI28RLHiGtoNp+kUQKvELUkDSrSH9pc3ikkaUaEJx0oNXCfRfoalZoTTec1LFU0wmeIxHRgqcESVnxXLz9GpUUYojKU5QqNC/Z3IcKTULArMZIT1RC17ufifN0h1eO1nTCSppoIsHgpTjnSM8ibQiElKNJ8ZgolkZldEJlhiok1fNVOCu/zlVdI9b7qXTef+otG6KeuowjGcwBm4cAUtuIM2dIDADJ7hFd6sJ+vFerc+FqMVq8zU4Q+szx+cUJS9</latexit>

  

<latexit sha1_base64="jbfvhWTrUaqwwMHeMamix+l8M4Y=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgqiSi6LArFZQV7gSaGyXTSDp1MwlyEErLxVdy4UMStj+HOt3HaBtHWHwY+/nMOZ84fpoxK5ThfVmlpeWV1rbxe2djc2t6xd/faMtECkxZOWCK6IZKEUU5aiipGuqkgKA4Z6YSj60m980CEpAm/U+OU+DEacBpRjJSxAvugEWRerKHHdQ4b9z8c2FWn5kwFF8EtoAoKNQP70+snWMeEK8yQlD3XSZWfIaEoZiSveFqSFOERGpCeQY5iIv1sekAOj43Th1EizOMKTt3fExmKpRzHoemMkRrK+drE/K/W0yq69DPKU60Ix7NFkWZQJXCSBuxTQbBiYwMIC2r+CvEQCYSVyaxiQnDnT16E9mnNPa85t2fV+lURRxkcgiNwAlxwAergBjRBC2CQgyfwAl6tR+vZerPeZ60lq5jZB39kfXwDM+6WKA==</latexit>

Fµ⌫F
µ⌫

<latexit sha1_base64="IKHUCGRJwAQi4oZ7BhDAQhurUnA=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiSi6LIoFJcV7AOaGiaTm3boZBJmJkoJ3bvxV9y4UMStP+DOv3H6QLT1wIXDOfdy7z1+wpnStv1l5ZaWV1bX8uuFjc2t7Z3i7l5Txamk0KAxj2XbJwo4E9DQTHNoJxJI5HNo+YPLsd+6A6lYLG70MIFuRHqChYwSbSSvWKp5mRul2BXpCLv3LADNeAC4dvsje8WyXbEnwIvEmZEymqHuFT/dIKZpBEJTTpTqOHaiuxmRmlEOo4KbKkgIHZAedAwVJALVzSa/jPChUQIcxtKU0Hii/p7ISKTUMPJNZ0R0X817Y/E/r5Pq8LybMZGkGgSdLgpTjnWMx8HggEmgmg8NIVQycyumfSIJ1Sa+ggnBmX95kTSPK85pxb4+KVcvZnHk0QEqoSPkoDNURVeojhqIogf0hF7Qq/VoPVtv1vu0NWfNZvbRH1gf36Xyms0=</latexit>

Fµ⌫
eFµ⌫

<latexit sha1_base64="KoKMJpaiKTunwBuzcGwA3QLuAXg=">AAACD3icbVBNS8NAEN34WetX1aOXxaJ4Kokoeix6qMcK9gOaNmw203bpZhN2N0oJ/Qde/CtePCji1as3/43bNoi2Phh4vDfDzDw/5kxp2/6yFhaXlldWc2v59Y3Nre3Czm5dRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+IOrsd+4A6lYJG71MIZ2SHqCdRkl2khe4ajipW6YYFckow7B7j0LQDMeAK50fgyPeIWiXbInwPPEyUgRZah6hU83iGgSgtCUE6Vajh3rdkqkZpTDKO8mCmJCB6QHLUMFCUG108k/I3xolAB3I2lKaDxRf0+kJFRqGPqmMyS6r2a9sfif10p096KdMhEnGgSdLuomHOsIj8PBAZNANR8aQqhk5lZM+0QSqk2EeROCM/vyPKmflJyzkn1zWixfZnHk0D46QMfIQeeojK5RFdUQRQ/oCb2gV+vRerberPdp64KVzeyhP7A+vgG4YJx2</latexit>

Ga
µ⌫

eGµ⌫
a

<latexit sha1_base64="hsNFNoDYgVdAYrbMbKBlOxpTNRY=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiSi6LLooi4r2Ac0aZhMJ+3QySTMQyihCzf+ihsXirj1I9z5N07bINp64MKZc+5l7j1hyqhUjvNlFVZW19Y3ipulre2d3T17/6AlEy0waeKEJaITIkkY5aSpqGKkkwqC4pCRdji6nvrteyIkTfidGqfEj9GA04hipIwU2OV6kHmxhh7Xkx6C9d7PK0CBXXGqzgxwmbg5qYAcjcD+9PoJ1jHhCjMkZdd1UuVnSCiKGZmUPC1JivAIDUjXUI5iIv1sdsQEHhulD6NEmOIKztTfExmKpRzHoemMkRrKRW8q/ud1tYou/YzyVCvC8fyjSDOoEjhNBPapIFixsSEIC2p2hXiIBMLK5FYyIbiLJy+T1mnVPa86t2eV2lUeRxGUwRE4AS64ADVwAxqgCTB4AE/gBbxaj9az9Wa9z1sLVj5zCP7A+vgGNVaX0Q==</latexit>

Ga
µ⌫G

µ⌫
a

<latexit sha1_base64="qJLsK3rCFL4m0Etnr/+YRZk8lQM=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKialKEAjGChbGItGH1ESR4zqtVceJbAepirrwKywMIMTKZ7DxNzhtBmg5kuWjc+6RfU+Ycqa043xblZXVtfWN6mZta3tnd8/eP+ioJJOEtknCE9kLsaKcCdrWTHPaSyXFcchpNxzfFn73kUrFEvGgJyn1YzwULGIEayMF9pGXGLtIIy9VLMDzKwzsutNwZkDLxC1JHUq0AvvLGyQki6nQhGOl+q6Taj/HUjPC6bTmZYqmmIzxkPYNFTimys9nC0zRqVEGKEqkOUKjmfo7keNYqUkcmskY65Fa9ArxP6+f6ejaz5lIM00FmT8UZRzpBBVtoAGTlGg+MQQTycxfERlhiYk2ndVMCe7iysukc95wLxvO/UW9eVPWUYVjOIEzcOEKmnAHLWgDgSk8wyu8WU/Wi/VufcxHK1aZOYQ/sD5/AJhXlmY=</latexit>

 a b

dark	sector

SM	FCNC

SM	gauge	fields

– also	ideal	for	studies	of	FCNC	effects	in	the	SM

– can	represent	leading	effect	for	NP	interactions	with	SM	gauge	fields	

We	will	consider	two	such	effects	today:	lepton	FCNC/gluons	and	DM/photons	interactions


