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HOW DOES SN1987A CONSTRAIN BSM PHYSICS? 3

> SN1987A observation and simulations

> Neutrino Energy Release: 99% of the difference in gravitational binding energy between the
progenitor and the remnant is released as neutrinos*.

> Consistency with Predictions: The observed neutrino burst from the explosion matches predictions
from simulations based on the Standard Model (SM).

*QG. Raffelt, “Stars as laboratories for fundamental physics”, 1996
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HOW DOES SN1987A CONSTRAIN BSM PHYSICS? 5

> SN1987A observation and simulations

> Neutrino Energy Release: 99% of the difference in gravitational binding energy between the
progenitor and the remnant is released as neutrinos*.

> Consistency with Predictions: The observed neutrino burst from the explosion matches predictions
from simulations based on the Standard Model (SM).

> Key Concept: If many new particles are produced and can travel long distances without transferring
energy back to the supernova (SN), they provide a cooling mechanism that competes with neutrinos.
This could potentially lead to disagreements with the consensus!

> Quantitative constraint: The Raffelt criterion

* If the instantaneous luminosity of the BSM particle were comparable to that of neutrinos, the
duration of the neutrino burst from SN1987A could have been reduced by half, which is inconsistent
with the observations.

" Neutrino luminosity atz,, = Is: L, = 3 X 10°? [erg/s]
> Hence it is proposed by Raffelt that*
L,(m,, g,) < L,=3x 10 [erg/s] at tpy =15

*G. Raffelt, “Stars as laboratories for fundamental physics”, 1996
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v

J. B. Dent, F. Ferrer, and L. M. Krauss, arXiv:1201.2683
(calculate N+ N — N 4+ N 4+ A" using one-pion exchange (OPE) approximation)

v

E. Rrapaj and S. Reddy, Phys. Rev. C 94, 045805 (2016)
(rely on low energy theoremtorelate N+ N > N+ N+ A'toN+ N - N+ N)

v

C. Mahoney, A. K. Leibovich, and A. R. Zentner, Phys. Rev. D 96, 043018(2017)
(corrected the calculation by Dent et al., showing that OPE is not a bad approximation)

* J.H.Chang, R. Essig and S. D. McDermott, JHEPO1 (2017) 107
(unified treatment of free streaming and trapped scenarios in SN)

> D.Croon, G. Elor, R. K. Leane and S. D. McDermott, JHEP 01 (2021) 107
(considering processes involving muons and testing axions, ALPs and Z' of U(I)Lﬂ_LT)

> SN simulation with muons:
R. Bollig, W. DeRocco, P. W. Graham, and H.-T. Janka, Phys. Rev. Lett. 125, 051104
(2020)

> SFHo18.8: AW. Steiner, M. Hempel and T. Fischer, Astrophys. J. 774 (2013) 17



REVISIT SN1987A CONSTRAINT TO Uy, MODEL

» U(l)p _;, model as an example* *Xiao-Gang He et al.,
"Simplest Z' Model”
> Lagrangian: Phys.Rev.D 44 (1991)

8(77’12/, gZ’)

1 T nIy)7 I UV 1 271 7'u
ZLy=ZLg\M — ZF””F — F,m/F + EmZ,ZﬂZ
+8Z'Z;; (1_17’”11 . 1_27’”12 + fRyF g — fR?’MTR)

Iy = (yy, I/,u,L)' L= (7,1, )

electroweak doublets for left-handed leptons



REVISIT SN1987A CONSTRAINT TO Uy, MODEL

* U(l); _; model as an example* *Xiao-Gang He et al.,
"Simplest Z' Model”
> Lagrangian: Phys.Rev.D 44 (1991)

8(mZ’9 gZ’)

1 1 ,
Ly=Lsm—7FuLF" - F, F" + Emg,zlj,Zﬂ
+877, (1_17’”11 — Ly*ly + figr*ug — %RyMTR)

Iy = (yy, I/,M,L)' L= (7,1, )

electroweak doublets for left-handed leptons

> Non-reducible kinetic mixing parameter ¢(m,, g,)

k+p

( ) eg, “1 (1wl m? — x(1 — x)k? p
Em /9 ) N — —— X — X)in X
2»52 27 ), mZ — x(1 — x)k?

2 2
k =m;




REVISIT SN1987A CONSTRAINT TO Uy, MODEL

» U(l)p _;, model as an example* *Xiao-Gang He et al.,
"Simplest Z' Model”
> Lagrangian: Phys.Rev.D 44 (1991)

8(77’12/, gZ’)

1 T nIy)7 I UV 1 271 7'u
ZLy=ZLg\M — ZF””F — F,MI/F + EmZ,ZﬂZ
+8Z'Z;; (1_17’”11 . 1_27’”12 + fRyF g — fRV”TR)

Iy = (yy, I/,M,L)' L= (7,1, )

electroweak doublets for left-handed leptons

> The luminosity calculation L(m,, g,) is non-trivial when the coupling g, is large.
A salient feature of L(m,, g,) in this limit has not been noticed before.

> Compare our results with earlier results of D. Croon* et al.

*D. Croon et al.,
JHEP 01 (2021) 107



Z' LUMINOSITY IN A SN

*Chang et al.,

> The Luminosity of Z'in a SN JHEP 1701 (2017) 107

R

Lz(mz, 87, R, Ratt) = 47 J

”ro A ri(@. T). R )Zﬁdmdr
0 I att\Ws s I\ gatt i do

>

dé;/dw - the emissivity spectrum for the Z' production channel i
(Z' luminosity per unit volume and unit energy of Z' boson)

" R, : radius of the neutrino sphere
(the radius beyond which neutrinos decouple)

* of  isthe average attenuation factor along the propagation of the Z' boson
(handle decays or absorptions of Z’' boson)

path of propagation
A =exp| —
Aatt

1 1 1
= +
datt  Ad ecay Areabs




AVERAGED ATTENUATION FACTOR 11

" Average attenuation factor &/ (A (@, T), R, )

path of propagation
A =expl| — 7 y<0 [y>o0
att
! ([ Max )
=5 [ Y
=—| exp|- ryldy
2], o Jatt@, 1)’

\ )




AVERAGED ATTENUATION FACTOR 12

" Average attenuation factor &/ (A (@, T), R, )

path of propagation
A =expl| — 7 y<0 [y>o0
att
&Y:—[ exp —J dry| dy
2], o Jatt@, 1)’

\ )

'=F+TFpand rj + 2ryry+ (r* = r?) =0

- 1 1 Ra-l-t 1 v
.gziz—J exp —[ dr’ | dy
2 Jo , Aatt /P22 = 1) + 12

1 "O Jr 1 r/
+—| exp| — dr’
2J, W=y Aatt /22 = 1) + 12

Ratt 1 I"/
—[ dr’' | dy
n/T=y? Aatt \/rz(yz —1)+r?



AVERAGED ATTENUATION FACTOR 13

" Average attenuation factor &/ (A (@, T), R, )

path of propagation
A =expl| — y<0 [y>o0
Aatt
&Y:—[ exp —J dry| dy
2 ), o Aatt(@, T) ‘9)

y=cos80, 7 =F+Fyand rj + 2ryry+ (r* —r?) =0

" In Chang et al. and D. Croon et al., the attenuation
region is taken to be larger than the neutrino sphere,

i.e., Ryt > R . However, we take Rt = R,

> We consider the production and attenuation regions of
the Z’ boson to be identical. Both regions are located

within the neutrino sphere with radius of R,.

* We consider all propagation directions of Z' boson
once it is produced.



Z' LUMINOSITY IN A SN
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> The Luminosity of Z'in a SN

R, oo
Lzl(mz/, ng, RI/’ R.Fa r) = 472:[ J
m

> /' Production Channels

v,
Z/
v, put

v and u pair coalescence

"~ Z' Absorption/Decay Channels

v, i

Z/

Z'decaytovand u

0 z

semi-Compton

A -

inverse semi-Compton

Z/

*Chang et al.,
JHEP 1701 (2017) 107

- d¢,
A (Aatt(@. T). Reyp) D —dadr

loop Bremsstrahlung

*D. Croon et al.,
JHEP 01 (2021) 107

inverse loop Bremsstrahlung



RELATION BETWEEN PRODUCTION AND ABSORPTION PROCESSES 15

> The principle of detailed balance

q
Pn ko,
D2 ko
D1 k1

1 n m
dl'yrod = —I/%(n = m+ D]2PQn)*s* g - Zpl. n Z k)
i=1 j=1
n d3p,- m d3k]
: 1} 2E,(2m)’ f"(E")E 2E(2n)3 (15

Bose-Einstein distribution : f(E) =

eEIT — 1’

Fermi-Dirac distribution : f(E) = T

Bosons : (1 +f(E))/f(E) = "1
Fermions : (1 — f(E))/f(E) = "7

q
- Pn
kQ P2
kl b1
T ps = —|/%(m + 1 = n)|?Qr)*s*(q - Zpl + 2 k)

i=1 j=1
3

: H 2E(2 )3 I )H 2E(27r)3 = HE)

j=1

(11020 =T TT0 21

i=1 j=1 i=1 j=1

= e TqdrT

drprod rabs



SMALL AND LARGE COUPLING LIMIT 16

> The Luminosity of Z'in a SN (full calculation)

R

Lz(mz, 87, R, Ratt) = 47 J
0

UJ r’d Aaw(@, T), Ratt) E —éi dwdr
) att\@» £ ), Ratt i o
" Free streaming limit (small g,)

sothat o7 = |

L,( R)=4 [RUJ 2E—éidd
AVUYA ZRAY T r wdar
7\Mz, 87 . ) i »

> Trapping limit (large g,)

- dé
L (m,) = EREJ Aatt(m,, R, a))%(mzl, R, w)dw
me

Only those Z' produced within an attenuation length from the surface of the neutrino sphere could
carry energies out of the PNS.



LUMINOSITY NEAR THE TRAPPING REGIME

A very thin shell at
neutrino sphere R,

Radius Ryt = R

large g, — small A

17



LUMINOSITY NEAR THE TRAPPING REGIME 18

Z' boson that is produced at any region
in the gap might have a chance to

escape the neutrino sphere.
A very thin shell at

neutrino sphere R,

_Radlus R =R,

large g, — small A
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Z' boson that is produced at any region
in the gap might have a chance to

escape the neutrino sphere.
A very thin shell at

neutrino sphere R,

_Radlus R =R,

Aatt |
Only half of the produced Z’ bosons
propagate outward

large g, — small A



LUMINOSITY NEAR THE TRAPPING REGIME 20

Z'boson that is produced at any region
in the gap might have a chance to

escape the neutrino sphere.
A very thin shell at

neutrino sphere R,

[{Radius Ryt = R,

b Aate b
Only half of the produced Z’ bosons
propagate outward

large g, — small A

Only half of these Z' bosons are perpendicular to the
surface of the sphere and contribute to the Z' luminosity

71'/2 1
J cosO sin 0d0 = —
0 2
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Z'boson that is produced at any region
in the gap might have a chance to

escape the neutrino sphere.
A very thin shell at

neutrino sphere R,

[{Radius Ryt = R,

b Aate b
Only half of the produced Z’ bosons
propagate outward

large g, — small A

Only half of these Z' bosons are perpendicular to the
surface of the sphere and contribute to the Z' luminosity

L_(m,) 4R2[Ooz (m,, R )—dé( R, w)d xlxl 12 1
oM7) = 4n My, KX, @ My, K, 0)A0O X — X — 7 .
: m, A dow "~ 2 2 J cos0 sin 0df = 5

0
- dé

= 7Z'Ry2[ Aatt(mz, R, a))%(mz/, R, w)dw
m

Z/
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Z'boson that is produced at any region
in the gap might have a chance to

escape the neutrino sphere.
A very thin shell at

neutrino sphere R,

[{Radius Ryt = R,

b Aate b
Only half of the produced Z’ bosons
propagate outward

large g, — small A

Only half of these Z' bosons are perpendicular to the
surface of the sphere and contribute to the Z' luminosity

Loo(mZ’) — 47[R2[ /Iatt(mzf, Rw 0))—6(7712/, Ry’ w)dw X E X 5 Jﬂ/z
m,

, 1
dw cos0 sin 6dO = 5

0

% dé
_ 2 R
= 7R, [m Aatt(mz, R, @) q (mz, R, w)dw Independent of g, !

_ f),
z X gZ,2 X g%



WHEN WILL THE PLATEAU BE HIGHER THAN THE RAFFELT CRITERION?
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WHEN WILL THE PLATEAU BE HIGHER THAN THE RAFFELT CRITERION?
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WHEN WILL THE PLATEAU BE HIGHER THAN THE RAFFELT CRITERION?

Loo(mz:)lerg/s]
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The plateau value increases
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LUMINOSITY NEAR THE TRAPPING REGIME

—— myg =2eV
58 X mz =10eV SN simulation : SFHo18.8
10°° | —— mygr = 0.1 MeV -
" myz:r = 10 MeV
x mygr = 200 MeV
Raffelt’s criterion %
% 6 Ratt - Ry ~ 25 km
5 10
N
>
W
= 10 MeV
8 XXXXX
i= v
= 104 F f \ |
= /
. /
\ X 2 eV
10°% F _
X | k — R B T
0.1 MeV
10— H 10~7 1072 103 101
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LUMINOSITY NEAR THE TRAPPING REGIME

Luminosity L(gz)[erg/s]

= My = 2 eV
- o omgze=10eV SN simulation : SFHo18.8
10°% | —— mygr = 0.1 MeV 7
" myr = 10 MeV
x mygr = 200 MeV
Raffelt’s criterion %
> dé
56 | / ) i
10 my
Agrees with our full calculation!
10 MeV
1054 n _x)< \ |
X XX 2 V
10°2 | -
X | k — R B T
0.1 MeV
10— H 10~7 1072 103 10~1
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LUMINOSITY NEAR THE TRAPPING REGIME

D. Croon et al., JHEP. Phys. 2021, 107 (2021)
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Z' Luminosity
IIIII| I rrrrrm LILELLILL) \\l LILLILLLLLI 1 llllIlII LILLBL IIIII IlIII
1055 [ SN simulation : SFHo18.8
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= :
o . :
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For Rt = R, the Z' luminosity does not approach the plateau value here!




RESULT

10~1

10—5_

9z

10~ 7

[ 1 Region excluded by the Raffelt’s criterion

Lz(mz, 87, R, Ratt) =
Ry (©9) 5 - dél
4 r2d(Aatt(@. T). Raty — R,) Y, —dodr
0 JIm, ; do

SN simulation : SFHo18.8
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W. Altmannshofer et al.,

d. Amaral et al., JHEP 2020, 155 (2020) JPhys. Rev. Lett. 113 (2014) 091801
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SUMMARY 32

SUMMARY

We have explained how the observation of SN 1987A can be used to limit
beyond-standard-model (BSM) physics.

The constraint to the new physics is given by the condition
Lim,,g,) < L,=3X 102 [erg/s] at fob = 1 s (Raffelt criterion)

Calculating L(m,, g,) is easy for a small g,, but it gets complicated for a large g,
because both the production and absorption of Z' become important and their
interplays must be carefully considered.

Previous works avoided this challenge by using Ry > R, which we believe is

inconsistent. We used R4+ = R, instead and found that the constrained
parameter space is very different from what was previously found.



