Dark Photon:

Stellar Constraints and Direct
Detection

Haipeng An
Perimeter Institute

In collaboration with Maxim Pospelov and Josef Pradler

PLB 725 (2013) 190, arXiv:1302.3884
PRL 111 (2013) 041302, arXiv: 1304.3461



Motivations

 The Standard Model (SM) is very successful.

 However, still something is missing:
— Baryogenesis
— Dark matter
— Neutrino masses

* SM must not be the complete theory for particle physics.



Motivations

e How to extend SM?

— Higher dimensional operators: New physics effects are
suppressed by large scales.

— Marginal operators:
LHN Neutrino mass
|H|?S? Higgs portal

B*"'V,., Kinetic mixing
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Dark photon




Why dark photon?

Related to the dark sector

— Dark portal

— Dark matter itself (or part of dark matter)
— Sommerfeld enhancement

Solution to muon g-2 problem

Sub-keV dark photons can be produced inside the Sun and
can be detected by detectors at the Earth

Technically natural (A simple extension of SM, why not!)
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— Dark portal

— Dark matter itself (or part of dark matter)
— Sommerfeld enhancement

Solution to muon g-2 problem

Sub-keV dark photons can be produced inside the Sun and
can be detected by detectors at the Earth

Technically natural (A simple extension of SM, why not!)

We found the literature was incorrect. The stellar constraints
and detecting methods are completely changed.
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 What is dark photon?
— Lagrangian
— Origin of mass
» Stueckelberg case and Higgsed case



The Lagrangian

The Standard Model Extra vector field

SU(S)C XSU(2)L X U(l)y U(l)D
Glapv Wi,ul/ BHV VY

| |

L, v

_5,{ »
Below EW breaking, ! !
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Origins of mass

 Massive U(1) gauge theory

2
’ B lmg Vo dpa Would-be
mass —— 9 Vv % my Goldstone

* Inthistalk, my <1 keV .
e Should there be a dark Higgs?

Yes! A Higgs at weak scale has just
No! (Naturalness) been found

Stueckelberg case Higgsed case
1 1
»Cmass — im%/‘/i Emass — §m%/vlu2

1
Ling = €myh'V? + 56’2h’2vj



Outline

* Stueckelberg case
— Results before our work
— Solar flux and stellar constraints
— Direct detection



Stueckelberg case

* Lagrangian

f=—ip2 _Ly2 5

2
v, My 1,92
45 BV 4 BV QFMVVM + _2 VM + BJéLmAM

* Only two unknown parameters

k and my

* A lot of studies have already been done.



Previous results

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 q 6

Ry 1.,
—  Jupiter Earth —
-3 — -3
N -5_— ——-5
o B ]
b‘E‘ R _
-7 — -7
< - _]
g s
_11-— ———11
-1 Redondo (JCAP 2008) 13
ol b e b b b b b b b b e e b b b e e I
-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6

log1o my[eV]



Previous results

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 q 6

Ry .,
—  Jupiter Earth —
-3 — -3
N -5_— ——-5
o C _|
b‘E B |
-7 s
< - Direct _]
- searches € g
-9 t— ILSW — -9
_11-— ———11
_1:~ Redondo (JCAP 2008) i
ol b e b b b b b b b b e e b b b e e I
-18 -1¢ -14 =12 =10 -8 -6 -4 -2 0 2 4 6

log1o my[eV]



CAST experiment

° Shielding

Vacuum chamber

X-ray Detector



Light shining through the wall (LSW)

A V V. A

|
l Wall l Detector

Laser generator Vacuum chamber
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Outline

* Stueckelberg case

— Solar flux and stellar constraints
— Direct detection (Dark matter detector)



Stueckelberg case

Dark photon vV

| f>
v, A,
K em
li> li>
— Dark radiation effects the — Can be direct detected on
evolution of the stars. the Earth (CAST, XENON,
Pdark < 0.1 Pluminous CoGeNT )

Gondolo and Raffelt (PRD 2009)




Stueckelberg case

Dark photon vV

li>

— Dark radiation effects the
evolution of the stars.

Pdark S 0.1 % Pluminous
Gondolo and Raffelt (PRD 2009)




Production of dark photon

* Matrix element (homework of QFT101)

| f>

1 1 K
i> | =——_F% __y2 __
> 1w T T 5

2
v TVy2 y ogn 4
ol 2 0 em~ ~ [

— Two free parameters m,, and k, technically natural.
— Very simple diagram and Lagrangian.
— Everything is under control.



Production of dark photon

e Matrix element




Production of dark photon

e Matrix element

K

737 7%%
£ 2FWV — kA, 0,V

E.O.M l

ki A,V

li>

In the Feynman gauge: k?



Production of dark photon

e Matrix element

| f> 2

li>

In the Feynman gauge: k2 k? —1lr 1,



Production of dark photon

e Matrix element

| f> 2

li> 1 1

In the Feynman gauge: k2 k2 @
effect
[T* = 62<J“ Jo ) = HTGZT“G;TV + II, etrel”

em?’ - em




Production of dark photon

e Matrix element

| f> 2

ki A,V
li> 1 1
In the Feynman gauge: k2 " k2 [I7 7  Plasma
’ effect
[ = e2(JF | JV ) = HTGZT“G;TV + TI  elrelv
2
Ry, T,L
_ e TP 1€l
m%/_HTL[ em]fz,u




Production of dark photon

2
K11
_ |4 pol,.IL
my, — Llp [,
 Near vacuum 7 — 0¢
pl,. 1L
_"{[ejem]f’teu
| |
0 1 (current
my, "y conservation)

Transverse Longitudinal



Production of dark photon

p)
Ry, T,L
i

M = —

leJEn] pi€

2

* Inside a thermal plasma (with NR electrons)

— For transverse modes

m2

AT Oley M
2 em'le vV
Relly = wy, = —» My ~
Me Wp

— For longitudinal mode

k|2
ngéﬁ va—bﬂL ~ m%/ ReHL:wg (1— wL)
_> Mi—>f—|—VL ~ Ty

T
[T*Y = €2< L Jom) = Ire; “eiT” + TI elretv

em?’ ~em



Production of dark photon

 Production rate:

2 .
' x { K 1n vacuum, my > Wy,

2,4 —4 : :
KoMy, w, in medium, my < wp.

2 2

I'; o< k*miw™ 2, both in vacuum and in medium.



Production of dark photon

 Production rate:

r K2 in vacuum, — my > wy,
X _ . .
r /ﬂz2m%/wp 4 in medium, my < wp.
I'; o< k*miw™ 2, both in vacuum and in medium.

arXiv:0801.1527 (JCAP 0807,008 (2008))
_ 272 4
I, =w, — |k =P I'pxmy

Not correct!




Production of dark photon

Resonant productio

M = —

N

2
Ry, T,L

Transverse resonance

mi- = Rellp = wi

\

2 _ 2
my = w,

JH :
m%/ L HT,L [6 em]fze,u

Longitudinal resonance

my, = Rell, = womi, /w?



Production of dark photon

e Resonant production

f
|
l K

|

1A Vv
. | K t
1 .

On shell due to the
thermal effect



Production of dark photon

e Resonant production

i

On shell due to the
thermal effect

* Inthermal field theory, this is equivalent to that a thermal
bath of photon slowly transits into dark photons.



Production of dark photon

* Matching on shell conditions

— Transverse photon Dark photon
W — [P = w2 w? = [K[? = m3,
|
md =

— Longitudinal photon (plasmon)
(collective motion of electrons)

2 2 2 12 2
w—\wp w—]k&—mv




Production of dark photon

* Bose-Einstein distribution for both T-photon and L-plasmon,
the dark radiation powers are

iPy /432%% w2 — wg(s( |
dVdw — 2m(ew/T —1) YT
dP,  k*miwi/w?—mi
—= O(w — wp)
dV dw dr(ew/T — 1)

* Inside the Sun, 1 eV S w, < 300 eV

e ' —mode dominates , 1 eV < my < 300 eV
. — mode dominates , my < 1 eV




Production of dark photon

* Non-resonant production

— Bremsstrahlung
— Compton scattering

* Inside the Sun Bremsstrahlung dominates



Stellar constraints

10~
Constraint by
105 -7 assuming transverse
-7 mode dominates
108 JCAP 0807,008 (2008)
10—10
" Energy loss ~ =% Constraint by considering
10712+ of the Sun / only the contribution
- ,' from the longitudinal
10-14| v resonance.
The red giant stars
107° 10~ 1072 10° 10° 10*

my (eV)



Direct detection

Dark photon vV

| f>

li>
— Can be direct detected on
the Earth (CAST, XENON,

CoGeNT ...)



Stueckelberg case

* Signal rate Total absorption

rate

Br

l

Branching ratio to the
desired signal.

Wmax dor I' doyr I'
o (40217 B TL)

dw v dw v

Nexp = VT/

Wmin

Solar flux

T — mode dominates , 1 eV < my < 300 eV
L. — mode dominates , my < 1 eV



Total absorption rate

Dark photon, V

| f>
2
KM
M= — = [eJé‘m]fief’L Vi Ay
mv — HT,L K em
5 5 li>
W), =— W Ae,
— Can be direct detected on
Ae, =& — 1 the Earth (CAST, XENON,
4 CoGeNT ...)

Relative permittivity



Total absorption rate

* Total absorption rate

-

2 2
k2w (f,—m‘f—) Ims, my < w?|As,| m?2 2
T — | T

2m? w?ReAs,+m$, w2 AE
L+ =T |Aer

2,2 my > we|Ae 2
P _ kemylme, ;’ r“wlme,
L

T e Pw




Total absorption rate

* Total absorption rate

-

2 2
k2w (o—m‘_) Ims, my < w?|As,| m?2 2
1—‘ — w~|Aer| ﬁ 2 V Im

2m3, w?ReAs,+m$, w2 AE
1+ LIV |Aer

2,2 my > we|Ae 2
- k*mi Ime, ;’ r“wlme,
L

T e Pw

e Ag, X ny, Atom number density

- mi <WAs,| Tpocny' Tpocng

_miy > wiAe| It xng 1I'p xng



Total absorption rate

The old idea based on the incorrect result that the dark flux is

dominated by the transverse mode. JCAP 0807,008 (2008)

—1
I'r o< ny

For sub-eV dark photon The effective atom number densitv
should as small as possible.

CAST experiment

— Invented to detect axions Shielding Detector
— Shielding + large cavity + Detector
— Unevenly distributed low density detector



Total absorption rate

Based on the correct analysis, the dark flux is dominated by
the longitudinal mode.

I'p ocna (smallmy) I'r o< n4(large my)

High density, large volume =g dark matter detectors

Inside the Sun, 1 eV < w, < 300 eV
300 eV

The detector should be
able to detect ~ 100 eV
energy deposition

lem~2)
=

—
S
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T T
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—
o
T

o, (109 eV lsec™
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T

1 5 10 50 100 500 1000
energy (eV)



XENON10 constraint

 Up tonow only XENON10
collaboration has published
the result in this energy
region.

1eV Sw, S 300eV




XENONlO constramt

XENON10

Number of electrons

300 eV ~ 25 electrons

Br ~1

Photo-ionization
dominates.
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Stueckelberg case

_-» CoGeNT

_ -7 Red giant
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Outline

* Higgsed case



Higgsed case

Dark photon 1%

Same as Stueckelberg >

m? (L), mi (1)

li>




Higgsed case

Dark photon vV

Same as Stueckelberg >

m? (L), mi (T)"

li>

1
Ling = €myh'V? + 56’%’21@2



Higgsed case

Dark photon, V

VVVVVVVVVA

Same as Stueckelberg >

m? (L), mi (1)

li>

li>
Higgs-strahlung




Higgsed case

Dark photon, V

VVVVVVVVVA

Same as Stueckelberg >

m? (L), mi (1)

li>
Higgs-strahlung

Goldstone equivalence
theorem



Higgsed case

* Higgs-strahlung

Dominant, my < Wy,
subdominant, my ~ Wp.

Phase space suppression



Higgsed case

* Higgs-strahlung

Dominant, my < Wy,
subdominant, my ~ Wp.

 Resonance decay

) ]VT"\"T‘3

in the Sun p

Np, ~

3
p
T > w;’,

Transverse photon decay dominates. Ay N



Higgsed case

* Dark Higgs inelastic scattering process dominates in small m,,

region, using the Goldstone equivalence theorem:
2N

li> J,



Higgsed case

e Total absorntion rate:

li>




Higgsed case

e Total absorntion rate:

|
|
|
|
|
|
|
|
|
: Jom li>

Y
—2Im(JH JY ) weipp Imlly , Imllp,



Higgsed case

e Total absorntion rate:

Jom li>

Y
—2Im(JH | JY ) weipp Imlly , Imllp,

HT = —w2A5r
I, = —(w? — |k]?)Ae,



Higgsed case

Dark Higgs inelastic scattering process dominates in small m,,
region, using the Goldstone equivalence theorem:

~ m?/ Dominates in the sub-eV region

Collinear divergence regularized

li> Jem 1> by the medium effect.

dl'  k?e? E—w AFE(E — w)
— 1 — 1| Ime,
dw 472 E [og ( w?|Ae,| ) ] mer (W)

| N
Permittivity

Energy injected Energy of incoming
into the medium Higgs



Higgsed case

=<

104 10-2 100 102 10*

10°6

my (eV)



Summary

The stellar bounds are significantly strengthened in the sub-
eV region.

The apparatus to detect solar dark photon should be changed
fundamentally. (dark matter detectors)

For the Stueckelberg case, the XENON1O result gives the most
stringent constraint on the parameter space.

We hope that XENON collaboration will continue publishing
results of S, only analysis.

For the Higgsed case, we expect the next generation of dark
matter detector to have more sensitivity.



Backups



Stueckelberg case

* Lagrangian

1 1 K m?
L= _ZFiv — Zvjy — S Fw V! Tij +eJi A,
Trivial, isn’t

it?
e Alittle bit nontril\Fi'aI in a thermal bath, the photon propagator
is modified. In the Coulomb gauge:

i iy 1 (&j K )
LU’Q — |A|2 — HT A’,Q

(A%, A7) . 4 momentum ¢ = (w, k)

|E|2_ k|2 I,

w2 —|k|2

p TV [T %
1" = Ilp E Vel 4 T e
i=1,2



Stueckelberg case

* Total absorption rate

F%bi — 2% Z |MZ—>f+VT L‘Q

~Z IJ”If VfI T2 i) = (| JEL T2 1)

Dispersion relation *

—2Im(JH J¥ )

em?

[l = —wQAa,n *

T =
0, = (2[R )A€r_> ImITy , Imll;,

Ae, = ¢, — 1 Relative permittivity



Motivations

* Dark matter
— Dark matter mediator
— Dark matter itself
— Sommerfeld enhancement

* Solution to muon g-2 problem

* Why not? Completely natural theory.



Origins of mass

 Massive U(1) gauge theory

2
’ 1 Vo dua Would-be
mass — 2mV % my Goldstone

 |In this talk, my <1keV.



Origins of mass

 Massive U(1) gauge theory

2
r _ 1 2 (17 _ Opa Would-be
mass 2mV % my Goldstone

* In this talk, my <1keV .

e Should there be a dark Higgs?



Outline

e Stellar constraints
— Stuekelberg case and Higgsed case



Previous results
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CAST experiment

AN IAAINANNA

Shielding l X-ray Detector

Vacuum chamber



Light shining through the wall (LSW)

A V V. A

|
l Wall l Detector




Outline

 What is dark photon?
— Lagrangian
— Origin of mass
» Stueckelberg case and Higgsed case



Outline

e Stellar constraints
— Stuekelberg case



Outline

e Stellar constraints
Higgsed case



Outline

 Direct detection
— Stuekelberg



Outline

* Direct detection
Higgsed case



Motivations

Dark matter

— Dark matter mediator

— Dark matter itself

— Sommerfeld enhancement

Solution to muon g-2 problem
Why not? Completely natural theory.

We found the literature was incorrect. The stellar constraints
and detecting methods are completely changed.



The Lagrangian

The Standard Model Extra vector field

SU(S)C XSU(Q)L XU(l)Y U(l)D
Glapv Wi,ul/ BHV VY

| |
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Origins of mass

 Massive U(1) gauge theory

2
’ B lmg Vo dpa Would-be
mass —— 9 Vv % my Goldstone

* In this talk, my <1keV.

e Should there be a dark Higgs?

Yes! A Higgs at weak scale has just
No! (Naturalness) been found

Stueckelberg case Higgsed case
1 1
£mass — im%/vi Emass — §m%/vlu2

1
Ling = €myh'V? + 56’2h’2vj



Previous results
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Production of dark photon

e Matrix element:
f

E.O.M

F,LWV'W/ — /iAy({),uV’uV _> '%m%/AVVV

K
2

2 4
e Production rate: [~k my 7

In the case m,, << the typical energy scale of the
process the production rate is suppressed by m,* .




Production of dark photon

e Matrix element:
f

e Coulomb gatice: k-A=0
(A*, A7) = 41 (5” — A:A])
w2 — |l£|2 — HT 112
1
<‘40" ‘40> — — IElQ ?
|l‘7|2 - w2_|;'c'|2HL

[T = e*(JH | JV ) = HTE;-F’LLEZTV + TI  elrelv

em?’ ~em



Production of dark photon

e Matrixele—-—*

2
Rmy T
Misriv, = — € i€
f+Vr 771% HT[ m]f I
2 2
h772‘ my, 0
Mi—>f+‘""'1, — [e‘]em]fleo '

m?, — 11, |A|2



Production of dark photon

Matrix ele—-—*

MZ—)f+VT

M i— f+VL

2
KM
%
2 2
Ry Myl 70 7. L ke[
—eJ €. L
HL |k’|2 em]f2 0 —'> 777,V ng o

C.C.and E.O.M

k,JH =0,k =0

JEalfi€,

T,L




Total absorption rate

* Dark photon interacts with the material through the mixing
with photon

Final state with the
desired signal.

)
" "
{
\ '0
.\ /'.

If>

Approximate ground
state of the detector

\b

. vy
‘ ¥
Yvy

Km3,

J\/ti_}f*“""’l'.l‘ - = (fl [e‘]gm] |Z>EZ:L

m % —IIr 1,



LSW experiments (ALPS collaboration)
— Invented to search both axions and dark photons

VNGRS NG IVVAY

— The current best 10°5
ALPS constraints deeply

1077
inside the exclusion region

of new stellar constraints. 10}

10—11 L

N —————————

— Alarge part of the
sensitivity region of the next 10-3}
generation is also excluded.

10—15 I ! I !
106 1074 0.01 1 100 10*

my (eV)



Stueckelberg case

e CoGeNT data available from 400 eV.

— UC

~
Lp]
~—

= 100
80

Counts pe

III|IIlllII|III|III|III|III|III|II

L L l 1 L L 1
15
Energy (keVee)

1 1 1 1 1 1 1 1 1
2 25 3

ot

—_

e}
=
T

1000 ¢

Photo-ionization
dominates.

100 ¢

—_
=}
T

D, (10° eV~'sec™'em™2)

—_
T

1 5 10 50 100 500 1000
energy (eV)



Higgsed case

* Processes;in the Stueckelberg case are still there:

AN )
NP

5 o Goldstone equivalence
My < W theorem

Nm(‘)/




Higgsed case

The solar flux N

— The dominant contribution is from the decay of transverse photon
into dark Higgs.

— Temperature of the Sun can be as high as 1 keV.

300

— Include the XENON10
data and CoGeNT data
to keV scale.

251
20f
15t

d®/dE (AU)

10F

1 10 100 1000
E (eV)

10*



Higgsed case

Dark Higgs-strahlung process dominates in small m,, region,
using Goldstone equivalence theorem:

If>

em

Wave functions of different orbits, effective charges ...

The diagram is exactly the same as in deep inelastic
scattering. Why not using the same trick to calculate the total
absorption rate first.



Higgsed case

* Inelastic scattering of dark Higgs

Collinear divergence regularized
by the medium effect.

dl'  k%*e? FE —w AFE(E — w)
— | — 1| Ime,
dw 472 E [og ( w?|Ae,| ) ] mer (W)

Energy injected Energy of incoming
into the medium Higgs



Higgsed case

* |ssue with &,

— Lorentz symmetry is broken by the medium to the SO(3) rotation
symmetry.

— Ingeneral, & = &,(w, k%),

k[

— However, the dependence on k? is suppressed if < L

WM,

— This is always true in our situation.



Stellar constraints
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