Search for Dark Neutrino via
Vacuum Magnetic Birefringence Experiment

Collaborators:

PTEP 2017 no. 12, 123B03 (2017), arXiv:1707.03609
(arXiv:1707.03308)

April 40 2018
Kavli IPMU



Table of contents

1. Introduction

2. Generalized Heisenberg-Euler formula for P
2-1. Effective Action in Proper-time Representation
2-2. Path Integral Representation

3. Effective Lagrangian of Fourth Order E.B
4. Dark Sector Model

5. Relation to the low energy experiment:
Vacuum Magnetic Birefringence Experiment

6. Summary



1.

1. Introduction: Vacuum as a “medium”

Vacuum is a “medium” in which particles and anti-particles are
pair-created and pair-annihilated quantum mechanically

We study the magneto-active vacuum in which the constant
magnetic field exists as a background

We derived a low energy effective Lagrangian including
a parity violated term for light-by-light scattering by
integrating out the dark fermion and

gave constraints on model parameters from
a current table-top, low-energy experimental limit

Dark Sectors are collections of fields whose laser laser
couplings with Standard model
particles are extremely weak €
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1. Introduction: Dark Sector Search
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1. Introduction: «QED interaction
SM SM
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M. Aaboud et al. [ATLAS Collaboration],

“"Evidence for light-by-light scattering in
ghtby-lig oin | electron,

heavy-ion collisions with 4
the ATLAS detector at the LHC” IOO p
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Nature Phys.13, no. 9, 852 (2017)
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already

1. Introduction: QED Case known
W. Heisenberg, H. Euler, Z. Phys. 98, 714 (1936)

Hei -Euler L :
elselnbewrg uler Lagranglan. . _ V2(F +1G).
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Rev. 82, 664 (1951)
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1. Introduction: Dark Sector Case

Photon Energy
Dark Fermion Mass + -
ignore
> higher
dimensional
terms
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We calculated here including

coefficients a,b,c
EV << Mpy

Log = —~F +aF? +bG? +icFG
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2-1. Effective Action in g ————

Proper-time Representation|- wx1
,F{WIthV

Actlon |
Sw m) /d41 U Y (10, — (gv Hgavs)A,) —m|

Effective Action: ;L
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2-1. Effective Action in x(0) = x(s)
Proper-time Representation

1
Set(A) = (—i)@n(H + m?)

traces of x¥ and spin

5 e S
V. Fock, |

Physik. Z. Sowjetunion, 12, 404 (1937), tranSltlon amplltude
Y. Nambu, /(141 tr (xz( |2(0), b(0))
Prog. Theor. Phys. 5, 82 (1950)

Quantum mechanics of a point particle with
position x¥(s) and spin a(s) at a proper time s



2-2. Path Integral Representation

eﬂ‘ 2/ — e ’Lm S TI.( —’Ll‘i’S)

S

#(s)=z" : I T AT
_ /d% . (%) Dt (') eilo 4 L), i)

spinJzH# (0)=xH

L(#(s), i#(s)) e
L, [T R ,,
— —1(117“)2 + 5 ' F pA (gv g)‘ +2ga ","50')‘ );l?,, — 5‘9*24 LIT”FM)‘F)‘ T,
| This is the difficult part
o 50-# (gV + gA75,)F;u/

If 94 #0, x* and spin o*" decouple (this is Heisenberg-Euler case),
but they do couple when Parity is violated (our case).
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Take “tr” for the spin easily, then

dS —zm28
Sa(4) = 5 /O S
/’D.L“ A(s) % 2 (cos \/2(.7:' +iG’(s)) + cos \/2 —iG'(s )))
=X/, (s) =X’-<8>,
Lagrangian is separated into | |
A(s) (free part) and B(s) (interaction part) / AL / ( )+ 3 Bwls W)

A y / 1 L - 1 v
A(s) :/0 ds [—Z(x“)z + SIv e (P )z” — §gAJ; H(Fux )z,
-/ 1 - » 1/- ’ 1 >

Fi(s) = ZB#,,(S)B# (s), G (s) = Z w(s)B (s).

» s / 1 afl - . -

Bl»“’(s) — A dS EAgelJVB'V;UQF B“Lq o (gVFllV T ZgAF/lV) ]VSOUw = _%G,uvaﬂaaﬂ

The path integration can’t be performed exactly.
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A general expression of the effective action can be obtained,
even in case.of hs\rlty violation. However, the contractions by the

- - Ivv-

propagator < " > remain. =1in QED
poo_ L oeds e (949G | [ (9-9)°G
ot 872 Jo s3 \Um cosh(g+Xs)) | Imcosh(g_Xs)
1 _
X 5 <(c09 X' L(s = —is) +cos X' (s — —'i.s))>,

1 |
gi=5wviV@%+%&)

g,=-€, 9,=0 (9,=0, g.=-e)

1 p~ X' =sgv X, and X' = sqy X7
L=—F— é——; dss—? exp(—m?s) - v W
mw

reproduce QED result.
[ Re coshesX J

X| (es)*G <1—3%(es)*5
(im coshesX )

X = 2(F +iG). "

see J. Schwinger, Phys.
Rev. 82, 664 (1951)




3. Effective Lagrangian of Fourth Order

—mzs[ (g+5)2g (g_s)Zg \

dimension 4

' \JI m cosh(g, X s) I m cosh(g_Xs)
X — <(COSX' (s — —is) +cos X' (s — —‘zﬁs)>>,

extract s* terms because

(52 —~ EQ) O(s*) corresponds to O(F*)

‘ (sF,, makes no dimension)

aF? + bG? +icFG

13




Y
3. Effective Lagrangian of . !
Fourth Order v,

B B,

X X

Y Y
Log = —F + x*(aF* + bG? +
P

]- ]_ - — 1 o~ — —
I Y — — 2 _ E? — — HY — .

- 1 8 4 4 1

 (4m)?2mA (E gv — g g\Q/g?Al — E 9%4)

— (47r)12m4 (zlé gy "’ gng + 5 90 9,4)

_ 1 c=0 when

-~ (4m)2m* (3 gvg + 9 gv gA) gaorgyis 0

J. Schwinger,
We followed a method developed by Schwinger Phys. Rev.82, 664 (1951)
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4. Dark Sector Model

SM + U'(1)y + 1 Complex Scalar

L= ‘(iaﬂ- — 1Y By, — giY;Q
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Including A”(z) the 3 component of SU(2)L gauge boson

2 9 — 19> 0 A3 (z)
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8 / / /{(,
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5. Vacuum Magnetic Birefringence Experiment

X. Fan etal. Eur. Phys. J. D 71, no. 11, 308 (2017)
- OVAL (Observing Vacuum with Laser) experiment

Conventional Tabletop experiment
e(—45°) _

1
1
Ef:ﬁ(_ol> Eur. Phys. J. D (2014) 68: 16

- BMV experiment

output

Input laser  Eur. Phys. J. C (2016) 76: 24
laser - PVLAS experiment
< laser laser
e To see QED
€ == (1)> 1-loop effect €
e(45°) (not yet observed) E B»



5. Vacuum Magnetic Birefringence Experiment
Z

-refractive index: n wave
] propagation
phase velocity: v

—n=1/v / Yy

refringence: X

changing phase velocity of the light S, medum A

\ medium B

birefringence: 1 2

) | | f _ medium A
changing phase velocity of 2 light \\ BT

polarizations in different ways
Vi Vo
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5. Vacuum Magnetic Birefringence Experiment

Log = —F +aF? +bG? +icFG

Equ

ation of Motion

ny = 1+ %BQ {(a +b) 4

= \/(a —b)? — c:Q} |
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5. Vacuum Magnetic Birefringence Experiment

To detect birefringence,
we observe a difference of polarization state

A A
1] L
initial ' 5 initial '
polarization polarization
Elliptically Polarization
birefringence@ pQ|arized birefringence Rotation
?
final final
polarization /- polarization
ex)

« QED X) dark sector in our model
 dark sector in our model Wlth)z? 22



5. Vacuum Magnetic Birefringence Experiment

:  laser
Conventional
e(—45%)
Ef%(_ll) lineally polarized
0

Elliptically polarized

laser




5. Vacuum Magnetic Birefringence Experiment

After a distance L though the magnetic field

Conventional: €(45°)
450 (cos(¥ — 2¢)€(45°) — isin Ve(—45°)) / cos2¢ (D > 0)
€(45°) - ((cosh @ sinh ¥ — cosh W)e(45°) — isinh #sinh We(—45°)) /coshé (D < 0)

sin W/ cos(V — 2¢) for € =€(45°%) (D > 0)
sinh # sinh ¥ /(cosh W — cosh #sinh W) for €; = €(45°) (D < 0)
(+)D>0inQED -



5. Vacuum Magnetic Birefringence Experiment

To detect P interaction, we propose a new method
ConvYentional Ours

£(—45°) y No QED €|

«i-a(,)
&

AL background ((1))

/,

> é(f5o) f example:
QED: si%@ (‘1’) -refractions are occurred

; ) .
-refractions are occurred for o/ for 45 degree or -45 degree

€|| polarization modes in
different ways

- Polarization with parallel
includes both modes.

-> We detect perpendicular
to see refringence ”

parallel (from magnetic field) or
perpendicular polarization modes
in different ways

- Polarization with 45 degrees includes both modes.
-> We detect -45 degrees to see refringence



5. Vacuum Magnetic Birefringence Experiment

No QED background for the initial state ¢

After a distance L though the magnetic field
with initial state ¢:

I ((—z sin U + cos 2¢ cos U )¢, )/ cos2¢0 (D > 0)
[ (cosh W +2simmh #sih V)e| — cosh&sih We | (D < 0)

D>0and =0 in QED

€

To detect ,P/ interaction, we propose Initial state as ¢,
-> We detect a perpendicular mode
to see refringence

26



5. Vacuum Magnetic Birefringence Experiment
To detect,P/ Interaction, we propose a new method

Conventional Ours

(1> Ring Fabry-Perot
resonator
P is reduced if only 2 mirrors

& 715(3) Fabry-Perot =
resonator



5. Vacuum Magnetic Birefringence Experiment
L =1vYpy 7 (20, +el(1 - vys5) B ) —m oy |9 on
We assume g, =-gy (= |e|])toobtain -, x  x_ 7

the experimental constraint B .

l Ve |

V — A current: 5, i
YN Xy

We examine the case, having both the electron and the
lightest DS neutrino. For the DS search, QED forms
the background to the DS signal.

a = aqep + X apsy, b= bqep + X bps,, and ¢ = x*cps,

Log=—F+ (aF?+0bG*+icFG)



5. Vacuum Magnetic Birefringence| 10-¢ < y < 107°

Experiment: Allowed region
0 J. Jaeckel, Frascati Phys. Ser. 56, 172 (2012)

Jupiter JESEY

We
focus

on this
region

[y
()

Logox mixing

-15

-15 -12 -9 -6 -3 0 3 6 9 12

At VMB experiment, Lo m s feV GeV
010717 6V

dark photon mass
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5. Vacuum Magnetic Birefringence
Experiment: Conventional, QED/Dark neutrino

107'°
(i 5 / .
o ki = (ellipticity)\/w|B|°L T = r(ny —ny) L
«=as= EXp. Limit / | A
10718 m\,.e:10 eV o2 o’ B2 —. 0~24(BIT))?
——m,..=100 eV ""“"”‘E(E) =43 10 (BIT])
el —— Mee=1000 eV
s~ E laser energy:
':;_10‘2"';— 1-4¢eV
o —
10_212? Experimenjal TEXCIUde
102 region
N T I ITIRRTET TSR
102 ~ O(10)!
10-24F | | llllllI | | llllll | | L1111l
10°° 107 10°* 103 1072

mixing parameter y

QED
dark
neutrino
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5. Vacuum Magnetic Birefringence
Experiment — New Set Up, ” DS only

10-16 7 |
17 imi ] ] ) ‘
10 === EXxp. Limit k’? — (pOlaT‘ZZ(ltZOTZ ‘T'OtatZOn'))\/W|B|2L
10—18 PR m\"e=10 eV
R m\',e=100 eV

107"°
1072

—m,..=1000 eV

ﬂ| Illlﬂﬂl IIII|T[| Illlﬂﬂl IIIIHH]_ﬂTlTﬂl

Experimental
Limnit

¥
A R T T T T T TR TR TS RIS @

21
(}7\1 0
=T
N
= 10723

1072
1072

allowed

107 10 107 1072
mixing parameter 4



6. Summary

1. We considered Parity violated dark sector model,
and derived generalized Heisenberg-Euler formula

2. Our focus lay on light-by-light scattering effective
Lagrangian of fourth order and gave a result:

Lot = —F + aF° + bg

1 /= S 1 ~ =
_ = py o 2 2 — |27 g— .
F=1Fuf" =2 (B~ E?) = Fu " =E B
o 8 4 4 2.2 1 4
@ = gz (15 9v — 5 9v94 — 35 94)

1 4 34 97
b= (47)2m? (411_5 g%/ + 15 9‘2/9124 + 90 gi)

¢ = Gryza (3 994+ 5 9vga)

3. We focused on Vacuum Magnetic Birefringence
Experiment to probe the dark sector and proposed new

polarization state and the ring resonator in stead of the

usual Fabry-Perot resonator to measure the Parity
violated term

e
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title:
Search for Dark Neutrino via Vacuum Magnetic Birefringence Experiment

abstract:

We consider a dark sector model where a dark fermion couples to photons via an extra U(1)
mediator and

can couple to the mediator with parity violation.

We derived a low energy effective Lagrangian including a parity violated term for
light-by-light scattering by integrating out the dark fermion.

Our focus lies on Vacuum Magnetic Birefringence Experiment to probe the dark sector.

We propose the ring resonator (3-4 mirrors) with an appropriate polarization state of light in
stead of

a usual Fabry-Perot resonator (2 mirrors) with a conventional polarization state of light to
measure the Parity violated term. We assume that a dark neutrino is a dark fermion, i.e. V-A
current, and

give constraints on model parameters from a current experimental limit.
PTEP 2017 no. 12, 123B03 (2017) (arXiv:1707.03308 [hep-ph]), arXiv:1707.03609 [hep-ph]



2-2. Path Integral Representation

Seft 2/ emims /(14;1’ tr <I(S).a'(IT)LE(O)*b(O))

/ Dat(s") eA6) x 2 (cos V2(F'(s) +iG'(s)) + cos \/2(F'(s) — iG'(s))
=X (s) =X’ (s)

Lagrangian is separated into
A(s) (free part) and B(s) (interaction part):

_ S ’ 1 ) ¢ 1 - v 1 v
A6) = [ a3+ v (Ba)i? — S (BaF)a]
r’ 1 = v ’ 1 >

F(s) = 7Buw(s s)B*(s), G'(s) = 7 Bw(s)B (s)

) s . -

Buv('s) - 0 ds,l%Aie*"/waaFQBﬁ - (QVF#V — ZQAF#V) ]

depends on position, its derivative and
appears as non-Gaussian
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2-2. Path Integral Representation
L(z*(s), " (s))

1 1 1
- L\ 2 - A . A : 2 . AV,
B _Z(l’”) T 5‘1’”Fu>\ (QV g +19a V50 V) v 594 T E N Ty
1
— 50"(gv + 947%) Fw A(S) = 3 () + 5ov e (Fu)i® — G (FuaF)a,

1 o~ . R
B,.,(s") = g,,;cﬂ,,ﬁ.,rQF""sI- —(gv F — i94F,,),

~, _ { 8"
/50y — — §€,u1/aﬁg P
Tre s = /d“l‘ tr (z(s),a(s)|z(0),b(0))
/d‘r tr / T TF (s") ¢ fa @ Lz, &)
o

(0)=xk

5(s) = /O “dS'L(s) = /0 "ds’ (A(s')+%B,“,(s')a”"),
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2. Path integral representation

Set ( 2/ e=ims /(14;1? tr (;17(5).(1.(|f)|;17(0),b(O))

/D;l;“(s') Al x 2 (COS \/2(.7_:'(5) +iG’(s)) + cos \/2 F'(s) —iG'(s )))

Free part ‘ — 2+ () ‘ = X-(2)

_ {/ D;L'”(S,) ez’.‘i(sﬂ i'/ D£#(sl) ez‘.»'i(S) X 2 <COS X_:_(S) -+ COS X,_(S))]
T | l[/ijy / €)z'.»i(s).‘.

y/) ] (cos Xi(s) + cos X' (3)) [a(s) = (=)8/3a (<)
et Jo 45 [g 4" 30 3% (A=’ )a,gjﬂ(s'w}

JA=0

s — s ) :propagator of A(s) a7




2. Path integral representation

Tr(x(s), a(s)|x(0), 6(0))

_ fa’4x (x(5)]x(0)) x <2 (Cos)_(;(S) + COS)_(/_(s))>/

= /a’4x (x(s)]x(0)) x {2 (cos)—(;(s) +cosX (s)) XM () = (=)8/8jr(s)]

y e_ifOS ds’' de ds” Zaﬁja(S/)A(S’—S”)aﬂjﬂ (S”)}

. -
J2=0
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3. Effective Lagrangian of Fourth Order

= — —e€ ‘ - ——
2Jo s° Imcosh(gyXs) Imcosh(g_Xs)

Lo Xels 2 i)+ oo Xels > i0))

&>, fields

external field
1- \ \\ ‘ < ‘ <> 4external




sin ¢

Cos @

sinh #

cosh @

v

5. Vacuum Magnetic Birefringence
Experiment

C

1

{((a —0)+ \/(a. —b)? — 02)2 - 02}3

(a.—b)+\/(a.—b)2—c2

_ 1

(=t +a=t7=2) +e)

= a—b T x sign (c)
(¢ — (a—b)?)? described by a,b,c,
_ ¢ , B(magnetic field),
(¢ —(a—0)?)? A(laser beam wave length) ,

— 1|B| _\/| (a — b)2 — 2| L(beam propagating distance
with B)

40



5. Vacuum Magnetic Birefringence
Experiment

sing = @ |

{((a —b) +/(a—b)? - 02)2 + cz}’~’
(a=b)+/(a-b)-¢

{((a. —o)+ \/(a. —b)? — 02)2 - 02}%

a—b
sinh ¢ ’
(@ = (a—b))?

c]
(02—((1—5)2)%
L
R |
v = =B ;\/I(a—b)?_@L

Lo = —F 4 aF" +bG{(+ z‘cf@M

cos¢ =

cosh @




2 conditions

2
hV laser K< mc

1 eV

hxe| B| < m*c?

10 Tesla, (1 Tesla ~ 200 eV?)

laser ‘ laser
Xe ' Xe
) r¥ with mass m
Xe Xe

B : %15

> t




Vacuum Magnetic Birefringence
Experiment: laser beam energy

beam energy 1.16 eV @OVAL experiment
For 2 mirrors system: 1 ~ 4 eV
laser energy itself:

m eV ~ 10 k eV are avalilable
thanks to X-ray Free Electron Laser




