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Mo4va4ons	
  
•  The	
  Standard	
  Model	
  (SM)	
  is	
  very	
  successful.	
  

•  However,	
  s4ll	
  something	
  is	
  missing:	
  
–  Baryogenesis	
  
–  Dark	
  maTer	
  
–  Neutrino	
  masses	
  
–  	
  ...	
  

•  SM	
  must	
  not	
  be	
  the	
  complete	
  theory	
  for	
  par4cle	
  physics.	
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  extend	
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–  Higher	
  dimensional	
  operators:	
  New	
  physics	
  effects	
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suppressed	
  by	
  large	
  scales.	
  

– Marginal	
  operators:	
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Why	
  dark	
  photon?	
  
•  Related	
  to	
  the	
  dark	
  sector	
  	
  

–  Dark	
  portal	
  
–  Dark	
  maTer	
  itself	
  (or	
  part	
  of	
  dark	
  maTer)	
  
–  Sommerfeld	
  enhancement	
  

•  Solu4on	
  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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•  Technically	
  natural	
  (A	
  simple	
  extension	
  of	
  SM,	
  why	
  not!)	
  
•  We	
  found	
  the	
  literature	
  was	
  incorrect.	
  The	
  stellar	
  constraints	
  

and	
  detec4ng	
  methods	
  are	
  completely	
  changed.	
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The	
  Lagrangian	
  
The	
  Standard	
  Model	
  

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

Gaµ⌫ W iµ⌫ Bµ⌫

Extra	
  vector	
  field	
  

U(1)D

V µ⌫

�1

2
0Bµ⌫V

µ⌫

�1

2
Fµ⌫V
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Below	
  EW	
  breaking	
  ,	
  

L = �1

4
F 2
µ⌫ � 1

4
V 2
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µ⌫ + eAµJ
µ
em .



Origins	
  of	
  mass	
  
•  Massive	
  U(1) gauge	
  theory	
  

•  In	
  this	
  talk,	
  	
  
•  Should	
  there	
  be	
  a	
  dark	
  Higgs?	
  	
  

	



Lmass =
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2
m2

V

✓
Vµ � @µa

mV

◆2
Would-­‐be	
  
Goldstone	
  

No!	
  (Naturalness)	
  

Stueckelberg	
  case	
  

Lmass =
1

2
m2

V V
2
µ

Yes!	
  A	
  Higgs	
  at	
  weak	
  scale	
  has	
  just	
  
been	
  found.	
  

Higgsed	
  case	
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Stueckelberg	
  case	
  
•  Lagrangian	
  

•  Only	
  two	
  unknown	
  parameters	
  
	
  
	
  
•  A	
  lot	
  of	
  studies	
  have	
  already	
  been	
  done.	
  

L = �1

4
F 2
µ⌫ � 1

4
V 2
µ⌫ � 

2
Fµ⌫V

µ⌫ +
m2

V

2
V 2
µ + eJµ

emAµ

 and mV
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Direct	
  
searches	
  



CAST	
  experiment	
  

Shielding	
  

X-­‐ray	
  Detector	
  

V	
  

A	
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Light	
  shining	
  through	
  the	
  wall	
  (LSW)	
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Incorrect!	
  

Correct	
  constraint	
  	
  
from	
  Solar	
  life4me	
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Stueckelberg	
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Produc4on	
  of	
  dark	
  photon	
  
•  Matrix	
  element	
  (homework	
  of	
  QFT101)	
  

	
  
–  Two	
  free	
  parameters	
  mV	
  and	
  κ,	
  technically	
  natural.	
  	
  
–  Very	
  simple	
  diagram	
  and	
  Lagrangian.	
  
–  Everything	
  is	
  under	
  control.	
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Produc4on	
  of	
  dark	
  photon	
  

•  Near	
  vacuum	
   ⇧T,L ! 0

�[eJµ
em]fi✏

T,L
µ

m0
V m1

V

Transverse	
   Longitudinal	
  

M = � m2
V

m2
V �⇧T,L

[eJµ
em]fi✏

T,L
µ

(current	
  
conserva4on)	
  



Produc4on	
  of	
  dark	
  photon	
  

•  Inside	
  a	
  thermal	
  plasma	
  (with	
  NR	
  electrons)	
  
–  For	
  transverse	
  modes	
  

–  For	
  longitudinal	
  mode	
  

Re⇧T = !2
p =

4⇡↵emne

me
Mi!f+VT ⇠ m2

V

!2
p

Jµ
em✏

L
µ ⇠ mV ⇧L ⇠ m2

V

Mi!f+VL ⇠ mV

M = � m2
V

m2
V �⇧T,L

[eJµ
em]fi✏

T,L
µ

⇧µ⌫ = e2hJµ
em, J

⌫
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Tµ
i ✏T⌫
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  dark	
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  rate:	
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�2, both in vacuum and in medium.
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�T /
⇢

2 in vacuum, mV � !p,
2m4

V !
�4
p in medium, mV ⌧ !p.

�L / 2m2
V !

�2, both in vacuum and in medium.

arXiv:0801.1527	
  (JCAP	
  0807,008	
  (2008))	
  	
  
	
  

	
  Not	
  correct!	
  

⇧L = !2
p � |~k|2 �L / m4

V



Produc4on	
  of	
  dark	
  photon	
  
•  Resonant	
  produc4on	
  

	
  
	
  
Transverse	
  resonance	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Longitudinal	
  resonance	
  

m2
V = Re⇧T = !2

p m2
V = Re⇧L = !2

pm
2
V /!

2

!2 = !2
p

m2
V = !2

p

M = � m2
V

m2
V �⇧T,L

[eJµ
em]fi✏
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µ
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thermal	
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Produc4on	
  of	
  dark	
  photon	
  
•  Resonant	
  produc4on	
  

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

A V

On	
  shell	
  due	
  to	
  the	
  
thermal	
  effect	
  

kµ(A) = kµ(V )



Produc4on	
  of	
  dark	
  photon	
  
•  Matching	
  on	
  shell	
  condi4ons	
  

–  Transverse	
  photon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dark	
  photon	
  
	
  
	
  
	
  
–  Longitudinal	
  photon	
  (plasmon)	
  
(collec4ve	
  mo4on	
  of	
  electrons)	
  
	
  

!2 � |~k|2 = !2
p !2 � |~k|2 = m2

V

m2
V = !2

p

!2 = !2
p !2 � |~k|2 = m2

V

!2 = !2
p



Produc4on	
  of	
  dark	
  photon	
  
•  Bose-­‐Einstein	
  distribu4on	
  for	
  both	
  	
  T-­‐photon	
  and	
  L-­‐plasmon,	
  

the	
  dark	
  radia4on	
  powers	
  are	
  	
  
	
  
	
  
	
  
	
  
•  Inside	
  the	
  Sun,	
  

•  	
  	
  

1 eV . !p . 300 eV

T�mode dominates , 1 eV . mV . 300 eV

L�mode dominates , mV ⌧ 1 eV

dPT

dV d!
=

2!4
p

q
!2 � !2

p

2⇡(e!/T � 1)
�(mV � !p)

dPL

dV d!
=

2m2
V !

2
p

p
!2 �m2

V

4⇡(e!/T � 1)
�(! � !p)



Produc4on	
  of	
  dark	
  photon	
  
•  Non-­‐resonant	
  produc4on	
  
	
  
–  Bremsstrahlung	
  
–  Compton	
  scaTering	
  

•  Inside	
  the	
  Sun	
  Bremsstrahlung	
  dominates	
  



Stellar	
  constraints	
  

Energy	
  loss	
  
of	
  the	
  Sun	
  

The	
  red	
  giant	
  stars	
  

Constraint	
  by	
  
assuming	
  transverse	
  
mode	
  dominates	
  

Constraint	
  by	
  considering	
  
only	
  the	
  contribu4on	
  
from	
  the	
  longitudinal	
  
resonance.	
  

JCAP	
  0807,008	
  (2008)	
  



Direct	
  detec4on	
  

–  Dark	
  radia4on	
  effects	
  the	
  
evolu4on	
  of	
  the	
  stars.	
  	
  

	
  

–  Can	
  be	
  direct	
  detected	
  on	
  
the	
  Earth	
  (CAST,	
  XENON,	
  
CoGeNT	
  ...)	
  

Sun	
   Earth	
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Stueckelberg	
  case	
  
•  Signal	
  rate	
  

Branching	
  ra4o	
  to	
  the	
  
desired	
  signal.	
  

N
exp

= V T

Z !
max

!
min

d!

✓
d�T

d!

�T

v
+

d�L

d!

�L

v

◆
Br

Total	
  absorp4on	
  
rate	
  

Solar	
  flux	
  

T�mode dominates , 1 eV . mV . 300 eV

L�mode dominates , mV ⌧ 1 eV



Total	
  absorp4on	
  rate	
  

–  Can	
  be	
  direct	
  detected	
  on	
  
the	
  Earth	
  (CAST,	
  XENON,	
  
CoGeNT	
  ...)	
  

Earth	
  

1

1

1

Dark	
  photon,	
  V	
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•  Total	
  absorp4on	
  rate	
  

	
  
	
  
	
  	
  

m2
V ⌧ !2|�"r|

2!

✓
m2
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•  Total	
  absorp4on	
  rate	
  

	
  
	
  
•  	
  	
  	
  

–  	
  	
  

–  	
  	
  

m2
V ⌧ !2|�"r|

2!

✓
m2

V

!2|�"r|

◆2

Im"r

�L =
2m2

V Im"r
|"r|2!

�"r / nA, Atom number density

�T / n�1
A �L / nAm2
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2!Im"r
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Total	
  absorp4on	
  rate	
  
•  The	
  old	
  idea	
  based	
  on	
  the	
  incorrect	
  result	
  that	
  the	
  dark	
  flux	
  is	
  

dominated	
  by	
  the	
  transverse	
  mode.	
  	
  
•  	
  	
  
•  For	
  sub-­‐eV	
  dark	
  photon	
  The	
  effec4ve	
  atom	
  number	
  density	
  

should	
  as	
  small	
  as	
  possible.	
  	
  
•  CAST	
  experiment	
  

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

�T / n�1
A

JCAP	
  0807,008	
  (2008)	
  



Total	
  absorp4on	
  rate	
  
•  Based	
  on	
  the	
  correct	
  analysis,	
  the	
  dark	
  flux	
  is	
  dominated	
  by	
  

the	
  longitudinal	
  mode.	
  
•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (small	
  mV)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (large	
  mV)	
  

•  High	
  density,	
  large	
  volume	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  dark	
  maTer	
  detectors	
  
•  Inside	
  the	
  Sun,	
  

�L / nA

1 eV . !p . 300 eV

The	
  detector	
  should	
  be	
  
able	
  to	
  detect	
  ~	
  100 eV	
  	
  
energy	
  deposi4on	
  

�T / nA

300	
  eV	
  



XENON10	
  constraint	
  

PMT	
   PMT	
   PMT	
   PMT	
  

PMT	
   PMT	
   PMT	
   PMT	
  

E	
  

E	
  1

1
1

V	
  

X	
   A(*)	
  

Xenon	
  
liquid	
  

Xenon	
  
gas	
  

e-­‐	
  

Xenon	
  
atom	
  

photons	
  

•  Up	
  to	
  now	
  only	
  XENON10	
  
collabora4on	
  has	
  published	
  
the	
  result	
  in	
  this	
  energy	
  
region.	
  
1 eV . !p . 300 eV



XENON10	
  constraint	
  
•  XENON10	
  	
  

•  	
  	
  

Number	
  of	
  electrons	
  

300	
  eV	
  ~	
  25	
  electrons	
  

Br ⇡ 1

Photo-­‐ioniza4on	
  	
  
dominates.	
  

E1 ⇡ 12 eV



Stueckelberg	
  case	
  

XENON10	
  

Sun	
  

Red	
  giant	
  

CoGeNT	
  



Outline	
  
•  What	
  is	
  dark	
  photon?	
  

–  Lagrangian	
  
–  Origin	
  of	
  mass	
  
•  Stueckelberg	
  case	
  and	
  Higgsed	
  case	
  

•  Stueckelberg	
  case	
  
–  Results	
  before	
  our	
  work	
  
–  Solar	
  flux	
  and	
  stellar	
  constraints	
  
–  Direct	
  detec4on	
  

•  Higgsed	
  case	
  
•  Summary	
  



Higgsed	
  case	
  

Sun	
   Earth	
  

1

1

1
Dark	
  photon,	
  V	



X
V A

| i >

| f >

X
VA

| i >

| f >

⇠ m2
V (L), m4

V (T )
Same	
  as	
  Stueckelberg	
  



Higgsed	
  case	
  

Sun	
   Earth	
  

1

1

1
Dark	
  photon,	
  V	



X
V A

| i >

| f >

X
VA

| i >

| f >

⇠ m2
V (L), m4

V (T )
Same	
  as	
  Stueckelberg	
  

Lint = e0mV h
0V 2

µ +
1

2
e02h02V 2

µ



Higgsed	
  case	
  

Sun	
   Earth	
  

1

1

1
Dark	
  photon,	
  V	



X
V A

| i >

| f >

X
VA

| i >

| f >

⇠ m2
V (L), m4

V (T )

Higgs-­‐strahlung	
  

Same	
  as	
  Stueckelberg	
  

h’	





Higgsed	
  case	
  

Sun	
   Earth	
  

1

1

1
Dark	
  photon,	
  V	



X
V A

| i >

| f >

X
VA

| i >

| f >

⇠ m2
V (L), m4

V (T )

m2
V ⌧ !2

⇠ m0
V

Same	
  as	
  Stueckelberg	
  

Higgs-­‐strahlung	
  

Goldstone	
  equivalence	
  
theorem	
  

h’	





Higgsed	
  case	
  
•  Higgs-­‐strahlung	
  

	
  	
  	
  	
  	
  

Phase	
  space	
  suppression	
  

Dominant, mV ⌧ !p,
subdominant, mV ⇠ !p.



Higgsed	
  case	
  
•  Higgs-­‐strahlung	
  

•  Resonance	
  decay	
  

	
  	
  	
  	
  Transverse	
  photon	
  decay	
  dominates.	
  

NL ⇠ !3
p , NT ⇠ T 3

T 3 � !3
p, in the Sun

Dominant, mV ⌧ !p,
subdominant, mV ⇠ !p.



Higgsed	
  case	
  
•  Dark	
  Higgs	
  inelas4c	
  scaTering	
  process	
  dominates	
  in	
  small	
  mV	
  

region,	
  using	
  the	
  Goldstone	
  equivalence	
  theorem:	
  

	
  

⇠ m0
V



Higgsed	
  case	
  
•  Total	
  absorp4on	
  rate:	
  

|i> Jem

x
V

A
x

|i>Jem



Higgsed	
  case	
  
•  Total	
  absorp4on	
  rate:	
  

|i> Jem

x
V

A
x

|i>Jem

�2ImhJµ†
em, J

⌫
emi Im⇧T , Im⇧L



Higgsed	
  case	
  
•  Total	
  absorp4on	
  rate:	
  

|i> Jem

x
V

A
x

|i>Jem

�2ImhJµ†
em, J

⌫
emi Im⇧T , Im⇧L

⇧T = �!2�"r
⇧L = �(!2 � |~k|2)�"r



Higgsed	
  case	
  
•  Dark	
  Higgs	
  inelas4c	
  scaTering	
  process	
  dominates	
  in	
  small	
  mV	
  

region,	
  using	
  the	
  Goldstone	
  equivalence	
  theorem:	
  

	
  

⇠ m0
V

Energy	
  injected	
  
into	
  the	
  medium	
  

d�

d!
⇡ 2e02

4⇡2

E � !

E


log

✓
4E(E � !)

!2|�"r|

◆
� 1

�
Im"r(!)

Energy	
  of	
  incoming	
  
Higgs	
  

Collinear	
  divergence	
  regularized	
  
by	
  the	
  medium	
  effect.	
  

Permiivity	
  

Dominates	
  in	
  the	
  sub-­‐eV	
  region	
  



Higgsed	
  case	
  

e’ = 0.1	





Summary	
  
•  The	
  stellar	
  bounds	
  are	
  significantly	
  strengthened	
  in	
  the	
  sub-­‐

eV	
  region.	
  	
  
•  The	
  apparatus	
  to	
  detect	
  solar	
  dark	
  photon	
  should	
  be	
  changed	
  

fundamentally.	
  (dark	
  maTer	
  detectors)	
  
•  For	
  the	
  Stueckelberg	
  case,	
  the	
  XENON10	
  result	
  gives	
  the	
  most	
  

stringent	
  constraint	
  on	
  the	
  parameter	
  space.	
  
•  We	
  hope	
  that	
  XENON	
  collabora4on	
  will	
  con4nue	
  publishing	
  

results	
  of	
  S2	
  only	
  analysis.	
  	
  
•  For	
  the	
  Higgsed	
  case,	
  we	
  expect	
  the	
  next	
  genera4on	
  of	
  dark	
  

maTer	
  detector	
  to	
  have	
  more	
  sensi4vity.	
  



Backups	
  	
  



Stueckelberg	
  case	
  
•  Lagrangian	
  

	
  
•  A	
  liTle	
  bit	
  nontrivial	
  in	
  a	
  thermal	
  bath,	
  the	
  photon	
  propagator	
  

is	
  modified.	
  In	
  the	
  Coulomb	
  gauge:	
  
	



Trivial,	
  isn’t	
  
it?	
  

4 momentum q = (!,~k)

L = �1

4
F 2
µ⌫ � 1

4
V 2
µ⌫ � 

2
Fµ⌫V

µ⌫ +
m2

V

2
V 2
µ + eJµ

emAµ



Stueckelberg	
  case	
  
•  Total	
  absorp4on	
  rate	
  

�abs
T,L =

1

2!

X

f

|Mi!f+VT,L |2

⇠
X

f

hi|Jµ†
em|fihf |J⌫

em|ii = hi|Jµ†
emJ

⌫
em|ii

Dispersion	
  rela4on	
  

�2ImhJµ†
em, J

⌫
emi

Im⇧T , Im⇧L
⇧T = �!2�"r
⇧L = �(!2 � |~k|2)�"r

�"r = "r � 1 Rela4ve	
  permiivity	
  



Mo4va4ons	
  
•  Dark	
  maTer	
  	
  

–  Dark	
  maTer	
  mediator	
  
–  Dark	
  maTer	
  itself	
  
–  Sommerfeld	
  enhancement	
  

•  Solu4on	
  to	
  muon	
  g-­‐2	
  problem	
  

•  Why	
  not?	
  Completely	
  natural	
  theory.	
  

	
  



Origins	
  of	
  mass	
  
•  Massive	
  U(1) gauge	
  theory	
  

•  In	
  this	
  talk,	
  	
  

	



Lmass =
1

2
m2

V

✓
Vµ � @µa

mV

◆2
Would-­‐be	
  
Goldstone	
  

mV < 1 keV .



Origins	
  of	
  mass	
  
•  Massive	
  U(1) gauge	
  theory	
  

•  In	
  this	
  talk,	
  	
  
•  Should	
  there	
  be	
  a	
  dark	
  Higgs?	
  	
  

	



Lmass =
1

2
m2

V

✓
Vµ � @µa

mV

◆2
Would-­‐be	
  
Goldstone	
  

mV < 1 keV .
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Redondo	
  (JCAP	
  2008)	
  	
  

Previous	
  results	
  
l
o
g

1
0


log10 mV [eV]



CAST	
  experiment	
  

Shielding	
   X-­‐ray	
  Detector	
  

1

1

1

V	
   A	
  X	
  

Vacuum	
  chamber	
  



Light	
  shining	
  through	
  the	
  wall	
  (LSW)	
  

Wall	
   Detector	
  

1

1

1

V	
  A	
   X	
  

Vacuum	
  chamber	
  

X	
  V	
   A	
  

Laser	
  generator	
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•  Direct	
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  case	
  and	
  Higgsed	
  case	
  

•  Summary	
  



Mo4va4ons	
  
•  Dark	
  maTer	
  	
  

–  Dark	
  maTer	
  mediator	
  
–  Dark	
  maTer	
  itself	
  
–  Sommerfeld	
  enhancement	
  

•  Solu4on	
  to	
  muon	
  g-­‐2	
  problem	
  

•  Why	
  not?	
  Completely	
  natural	
  theory.	
  

•  We	
  found	
  the	
  literature	
  was	
  incorrect.	
  The	
  stellar	
  constraints	
  
and	
  detec4ng	
  methods	
  are	
  completely	
  changed.	
  



The	
  Lagrangian	
  
The	
  Standard	
  Model	
  

SU(3)C ⇥ SU(2)L ⇥ U(1)Y

Gaµ⌫ W iµ⌫ Bµ⌫

Extra	
  vector	
  field	
  

U(1)D

V µ⌫

�1

2
0Bµ⌫V

µ⌫

�1

2
Fµ⌫V

µ⌫

Below	
  the	
  EW	
  breaking	
  ,	
  

L = �1

4
F 2
µ⌫ � 1

4
V 2
µ⌫ � 1

2
Fµ⌫V

µ⌫ + eAµJ
µ
em .



Origins	
  of	
  mass	
  
•  Massive	
  U(1) gauge	
  theory	
  

•  In	
  this	
  talk,	
  	
  
•  Should	
  there	
  be	
  a	
  dark	
  Higgs?	
  	
  

	



Lmass =
1

2
m2

V

✓
Vµ � @µa

mV

◆2
Would-­‐be	
  
Goldstone	
  

No!	
  (Naturalness)	
  

Stueckelberg	
  case	
  

Lmass =
1

2
m2

V V
2
µ

Yes!	
  A	
  Higgs	
  at	
  weak	
  scale	
  has	
  just	
  
been	
  found.	
  

Higgsed	
  case	
  

Lmass =
1

2
m2

V V
2
µ

Lint = e0mV h
0V 2

µ +
1

2
e02h02V 2

µ

mV < 1 keV .



Previous	
  results	
  

Redondo	
  (JCAP	
  2008)	
  	
  

Is	
  this	
  
right?	
  
	
  
NO!	
  

� ⇠ m4
V

l
o
g

1
0


log10 mV [eV]

 ⇠ m�2
V



Produc4on	
  of	
  dark	
  photon	
  
•  Matrix	
  element:	
  

•  Produc4on	
  rate:	
  

Jem

�

2
Fµ⌫V

µ⌫ ! A⌫@µV
µ⌫ m2

V A⌫V
⌫

� ⇠ 2m4
V ?	



In	
  the	
  case	
  mV	
  <<	
  the	
  typical	
  energy	
  scale	
  of	
  the	
  
process	
  the	
  produc4on	
  rate	
  is	
  suppressed	
  by	
  mV

4	
  .	
  

E.O.M	
  



Produc4on	
  of	
  dark	
  photon	
  
•  Matrix	
  element:	
  

•  Coulomb	
  gauge:	
  

Jem

⇧µ⌫ = e2hJµ
em, J

⌫
emi = ⇧T ✏

Tµ
i ✏T⌫

i +⇧L✏
Lµ✏L⌫

~k · ~A = 0



Produc4on	
  of	
  dark	
  photon	
  
•  Matrix	
  element:	
  



Produc4on	
  of	
  dark	
  photon	
  
•  Matrix	
  element:	
  

C.C.	
  and	
  E.O.M	
  
kµJ

µ = 0 , kµ✏
µ = 0



Total	
  absorp4on	
  rate	
  
•  Dark	
  photon	
  interacts	
  with	
  the	
  material	
  through	
  the	
  mixing	
  

with	
  photon	
  

Approximate	
  ground	
  
state	
  of	
  the	
  detector	
  

Final	
  state	
  with	
  the	
  
desired	
  signal.	
  	
  



•  LSW	
  experiments	
  (ALPS	
  collabora4on)	
  
–  Invented	
  to	
  search	
  both	
  axions	
  and	
  dark	
  photons	
  

–  The	
  current	
  best	
  	
  
ALPS	
  constraints	
  deeply	
  	
  
inside	
  the	
  exclusion	
  region	
  
of	
  new	
  stellar	
  constraints.	
  
	
  

–  A	
  large	
  part	
  of	
  the	
  
sensi4vity	
  region	
  of	
  the	
  next	
  
	
  genera4on	
  is	
  also	
  excluded.	
  

	
  	
  	
  V	
   V



Stueckelberg	
  case	
  
•  CoGeNT	
  data	
  available	
  from	
  400	
  eV.	
  	
  

•  	
  	
   Br ⇡ 1

Photo-­‐ioniza4on	
  	
  
dominates.	
  



Higgsed	
  case	
  
•  Processes	
  in	
  the	
  Stueckelberg	
  case	
  are	
  s4ll	
  there:	
  

•  Higgs-­‐strahlung	
  

⇠ m2
V (L), m4

V (T )

m2
V ⌧ !2 Goldstone	
  equivalence	
  

theorem	
  

⇠ m0
V



Higgsed	
  case	
  
•  The	
  solar	
  flux	
  

–  The	
  dominant	
  contribu4on	
  is	
  from	
  the	
  decay	
  of	
  transverse	
  photon	
  
into	
  dark	
  Higgs.	
  

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

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



Higgsed	
  case	
  
•  Dark	
  Higgs-­‐strahlung	
  process	
  dominates	
  in	
  small	
  mV	
  region,	
  

using	
  Goldstone	
  equivalence	
  theorem:	
  

	
  
•  Wave	
  func4ons	
  of	
  different	
  orbits,	
  effec4ve	
  charges	
  ...	
  

•  The	
  diagram	
  is	
  exactly	
  the	
  same	
  as	
  in	
  deep	
  inelas4c	
  
scaTering.	
  	
  Why	
  not	
  using	
  the	
  same	
  trick	
  to	
  calculate	
  the	
  total	
  
absorp4on	
  rate	
  first.	
  	
  



Higgsed	
  case	
  
•  Inelas4c	
  scaTering	
  of	
  dark	
  Higgs	
  

Energy	
  injected	
  
into	
  the	
  medium	
  

d�

d!
⇡ 2e02

4⇡2

E � !

E


log

✓
4E(E � !)

!2|�"r|

◆
� 1

�
Im"r(!)

Energy	
  of	
  incoming	
  
Higgs	
  

Collinear	
  divergence	
  regularized	
  
by	
  the	
  medium	
  effect.	
  



Higgsed	
  case	
  
•  Issue	
  with	
  

–  Lorentz	
  symmetry	
  is	
  broken	
  by	
  the	
  medium	
  to	
  the	
  SO(3)	
  rota4on	
  
symmetry.	
  

–  In	
  general,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
  

–  However,	
  the	
  dependence	
  on	
  k2	
  is	
  suppressed	
  if	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  

–  This	
  is	
  always	
  true	
  in	
  our	
  situa4on.	
  	
  

"r

"r = "r(!, |~k|2)

|~k|2

!me
⌧ 1



Stellar	
  constraints	
  

Red	
  giants	
  
The	
  Sun	
  

e’ = 0.1	




