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Big Picture

• We have passed through the electroweak scale, 
completing the Standard Model 

• Many deep, as yet unanswered particle physics 
questions (neutrino masses? nature of the dark matter/exis-
tence of a nonminimal dark sector? inflation? dark energy? 
baryogenesis?…) that require new ideas (hierarchy/CC 
problems?…), new methods (new experiments to search for 
DM?…), new measurements (neutrino masses, couplings, 
cosmological history?…), and new computational tools 
(mechanism that drives supernova explosions?…)
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This Talk: “Supernova Constraints”

~ 99% of the grav. binding 
energy of a collapsing blue 
supergiant radiated away in 
the form of neutrinos over 

the course of ~ 10s

3
spacetelescope.org

Supernova 1987A:

http://spacetelescope.org


Why Supernova 1987A?
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Credit: Colin Legg

• Cooling phase is consistent with 
analytic expectation 

• …but wouldn’t be if a new 
“energy sink” competed with 
Standard Model processes 

• Limited amount of luminosity may 
be diverted to novel particles ⟺ 
bounds on new coupling with SM
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FIG. 15. Scatter plot of energy and time of the 12 events in
the burst sample observed in Kamiokande-II, and the 8 events
in the burst sample observed in the IMB detector. The earliest
event in the sample of each detector has, arbitrarily but not un-
reasonably, been assigned t =0.

V. SUMMARY AND CONCLUSIONS

The event burst at 7:35:35UT, 23 February 1987, ob-
served in Kamiokande-II, is a genuine neutrino burst.
This is the only burst found in Kamiokande-II during the
period 9 January to 25 February 1987. Intensive analyses
of the Kamiokande-II data of shorter time intervals sur-
rounding 7:35:35 UT have yielded no statistically
significant evidence for another similar burst of perhaps
fewer events, or of an enhanced rate in the lower-energy
region of the background in the detector. We conclude,
therefore that the burst on 23 February 1987 at 7:35:35
UT was the only burst observed in Kamiokande-II.
The properties of the event burst coincide remarkably

well with the current model of the basic nature of type-II

min, the uncertainty arising from the absence of an abso-
lute time calibration source in the Kamiokande-II equip-
ment. It would have been straightforward after
SN1987A to have made an absolute calibration of the
clock in the event time circuit (see Fig. 2) which assigned
a precise relative time to each event, but an abrupt power
outage took place in the Kamioka mine on 25 February
1987, and precluded that alternative measure. If it is as-
sumed, arbitrarily but not unreasonably, that the earliest
events observed by the two detectors coincided in time,
the plot in Fig. 15 is obtained. Figure 15 suggests that
the two observations agree on a cluster of 14 events
within the first 2 sec, and indicates a tailing off of the
remaining 6 events to 12.44 sec.

supernovae and neutron-star formation. The observed
energies of the neutrinos, their number, and type of in-
teraction, in conjunction with the time duration of the
burst, are consistent with the free-fall collapse of the core
of a massive star, and the evaporation within a few
seconds of all flavors of neutrino-antineutrino pairs with
total energy amounting to -3X10 ergs from the newly
born neutron star at temperature kT=4 MeV. To elicit
descriptions and explanations of more specific properties
such as, for example, the time separation of events within
the burst, the time interval between the core collapse, and
the earliest optical sighting, and the possible infiuence of
the bounce of the in-falling massive core and the resul-
tant shock wave on neutrino emission is the subject of
much present theoretical study.
There are two principal conclusions of significance in

elementary-particle physics which may be reached from
the Kamiokande-II neutrino burst data. First, the life-
time of v, and v, must be greater than about
1.7)&10 [m(v, )/E(v, )] yr, taking the distance to the
LMC to be 55 kpc. Second, an upper limit on the mass of
v, and v, may be obtained from the burst data subject to
simplifying assumptions. The totality of attempts to do
so using a variety of assumptions has led to upper-limit
estimates ranging' from a few eV to 24 eV.
The observation in Kamiokande-II and in the IMB

detector of the neutrino burst from SN1987A is the first
direct observation in neutrino astronomy. The coin-
cidence in time with the optical sighting of SN1987A,
and the clarity of the burst signal in the neutrino detec-
tors suggest that future observations in neutrino astrono-
my may well proceed independently of other astronorni-
cal observations. If the expected rate of occurrence of su-
pernovae in the Galaxy, ' i.e., one supernova per 10-20
yr, is roughly correct, the detailed study of neutron-star,
and perhaps even black-hole, formation may become a
reality, providing that adequate neutrino telescopes are
maintained as active instruments over long periods of
time. Clearly, observation of additional neutrino bursts
from supernovae would also contribute importantly to
improved determinations of the intrinsic properties of
neutrinos.
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This Talk: Dark Photons

vector boson of a new U(1) gauge group, 
kinetically mixed with Standard Model photon
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Why Dark Photons?

• The Standard Model contains three gauge groups 
with two interesting breaking mechanisms 

• Maybe there is a similarly complex dark sector 
• A massive dark photon appears in plausible, 

nontrivial extensions of the Standard Model

10

“Top Down”



• “Natural” energy scales aren’t furnishing evidence 
we hoped for; “energy frontiers” now seem far away 

• Dark sectors can be light if weakly coupled (new 
lampposts?) 

• How can we investigate their properties? 
• supernova = intense new particle source

11

“Bottom Up”
Why Dark Photons?



Novelties in this Work

• Finite temperature effects on dark photon mixing:  
• resonance emission at low mixing 
• decoupling behavior for low masses 

• Thermal spectrum (blackbody emission) at large 
mixing angle underestimates the true emission 

• First attempt to understand systematic uncertainties 
by varying progenitor profile

12
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Outline

I. Kinetic Mixing and Finite Temperature 

II. Luminosity: Resonance and “Trapping” 

III. Results and future directions
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Kinetic Mixing

gauge invariant product of field strengths

⟺
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“Plasmas Give Photon a Mass”

high density of charge carriers modifies 
the SM photon dispersion relation:
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at low k, Π equals the “plasma mass” ωp
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Coupling to Dark Photon
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in vacuum:

L � ✏JSM
µ A0µ



Coupling to Dark Photon
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in plasma:
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Rates for A’s
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Rates for A’s
dark photon rates ∝ SM photon rates:

[*resonance if m’2≫ImΠ and ∃ ωres with ReΠ(ωres)=m’2]
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Photon Self-Energy
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Photon Self-Energy
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(low mixing) (high mixing)



Particle Luminosity
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dL = e�⌧dP



Particle Luminosity
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dL = e�⌧dP

energy lost 
in A’s per 
unit time



Particle Luminosity
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rate at which 
A’s are 

produced

dL = e�⌧dP

energy lost 
in A’s per 
unit time
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Particle Luminosity

dL = e�⌧dP
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Power and Optical Depth

differential power 
is the integral of 
production rate:
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not all power gets out 
because of a nonzero 

“optical” depth:
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Differential Luminosity
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(for small ε)
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(for small ε)(for ImΠres<<m’2)
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rates cancel since ImΠ~Γ, Δωres~Γ

(for ImΠres<<m’2)
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at large mixing: τ is large, dPres is suppressed

Higher Mixing

differential luminosity dL = e-τ dP ≠ dP
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at large mixing: τ is large, dPres is suppressed

Higher Mixing

differential luminosity dL = e-τ dP ≠ dP

need to know Γ for all r and ω
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dL/dV/dω/ε2
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dL/dV/dω/ε2
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dL/dV/dω/ε2
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dL/dV/dω/ε2
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dL/dV/dω

changed 
scale on 

y-axis
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dL/dV/dω
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dL/dV/dω

volume emission!



51

dL/dV/dω

volume emission!

surface emission
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dL/dV/dω

ω(Wien peak) << ω(real peak)
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dL/dV/dω

thermal spectrum underestimates total luminosity
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Outline

I. Kinetic Mixing and Finite Temperature 

II. Luminosity: Resonance and “Trapping” 

III. Results and future directions
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Uncertainties
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“fiducial model” 
differs from sims 

by ~O(10):

value of Rf (important for optical 
depth, τ(r)=∫rRf Γ’(r’) dr’)

Possible values for Rfar distance physical justification

Rgain 100 km for r > Rgain, ν capture exceeds ν production

Rshock 1000 km for r > Rshock, material is not yet shock heated

Table 1. We consider two choices for the distant radius Rfar beyond which A′ particles must transport
energy to affect the neutrino cooling phase.

shell the integral in Eq. (2.3) would go over a very small range and τ → 0. However,

this is unphysical: if the energy from the dark photons can be reprocessed by Standard-

Model particles into neutrino energy, the dark photons do not provide an important energy

sink. For this reason, we suggest that the lower bound on Rfar is the neutrino gain radius

Rgain ∼ O(100 km), outside of which neutrino production has a lower rate than neutrino

absorption [26, 27]. A reasonable upper limit on Rfar is the shock radius Rs ∼ O(1000 km),

outside of which matter is as yet uncompressed [5]. Here, we will parameterize our uncertainty

on Rfar by using the gain radius and the shock radius, i.e. Rfar = 100 km and 1000 km, as

representative values. We list these in Tab. 1 for reference.

We point out here that our method of calculating L differs from prior work: we do not

split the calculation into free-streaming and trapped regimes. Instead, we allow τ to “speak

for itself” and suppress the integration in parts of parameter space where the optical depth

is large and the particles are mostly trapped. As we discuss in greater depth in Sec. 3.2, this

has very important consequences at large mixing angles. At large mixing angles, we find that

the energy spectrum is not thermal. For a given value of ϵ, assuming a thermal spectrum

underestimates the luminosity and thus leads to weaker limits.

2.2 Uncertainties Regarding the Explosion of SN1987A

SN1987A is a promising environment for examining new physics because of the combination

of the unique physical conditions attained in the star and the proximity of the explosion.

However, constraints on new physics from the observation of SN1987A are inherently limited

by difficulties in understanding the detailed process of the supernova even in the minimal

case with no new physics. Many aspects of SN1987A remain poorly understood, from the

nature of the progenitor to the primary driver of the “shock revival” required to sustain the

supernova explosion. The mass of the progenitor star is only bracketed within a factor of two,

and consequently the temperature and density profiles have large, qualitative uncertainties.

Given the uncertainties in modeling SN1987A, it is sufficient to use the conservative

limit on the luminosity in Eq. (2.1) to derive bounds. To aid our analytic understanding, we

will refer throughout the text to a “fiducial” model, a simple analytic supernova profile as

advocated for in [5]

ρ(r) = ρc×
{
1 + kρ(1− r/Rc) r < Rc

(r/Rc)−ν r ≥ Rc
, T (r) = Tc×

{
1 + kT (1− r/Rc) r < Rc

(r/Rc)−ν/3 r ≥ Rc
. (2.4)

– 7 –
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Further questions:

“How thermal” are axions at large mixing? 
What if A’⇨XX is on shell? 
What other DM varieties can be constrained?

61
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Dark Photon + Dark Fermions
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Dark Photon + Dark Fermions
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can be on-shell or off

Sam McDermott

February 15, 2017

p

n

A′

X

X̄
e−

e−

γ e−

A′

X

X̄ p

A′

X

1



Dark Photon + Dark Fermions
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does not simply 
get reabsorbed!
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Dark Photon + Dark Fermions
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Hadronic Axion
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_

“How thermal” are axions at large mixing?

is this ruled out?



Hadronic Axion
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_

“How thermal” are axions at large mixing?

is this ruled out?

…and are 
nuclear 
effects 

included 
here?

cf. Sigl, 1996; 
Hanhart, 
Phillips, 

Reddy, 2000



Different Dark Sectors?

68

What other dark sectors can be constrained? 
•A’+DM (system could thermalize at high energy) 

•millicharged DM (DM couples to photon) 
• leptophilic gauge boson (A’ only couples to e, μ, ν) 
• light scalars (scalar portal? dark Higgs? A’hD production 

doesn’t decouple) 
•diffuse background?



Conclusions
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Supernovae provide a unique “laboratory” for 
weakly coupled physics 

Kinetic mixing allows resonant production 
Finite temperature effects are qualitatively 

important 
Non-thermal spectrum in high-mixing regime 

— consequences for other particles?
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Thanks!


