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Implest cases:

. ¢ z'

e.g. Majoron
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Universal couplin v, coupling
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N. Blinov, K. Kelly, G. Krnjaic, S. McDermott, PRL [1905.02727]
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Limits on a B-L force

with Dirac neutrinos

SN1987A

Logyolg’l

LoglM/eV]

J. Heeck, PLB, [1408.6845]

BBN bound # constant

logio(gs)
logio(gr)

= not a constant bound on g;

= not a constant bound on m. 1o

logi(mg/MeV)

logio(my/MeV)

G.-y. Huang, T. Ohlsson, and S. Zhou, PRD, [1712.04792]
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bounds

processes flavor dependence
7t decay Ve y < 1.3x 1072
K% decay Ve, Uy ¥y <1.4x1072 (1) or < 3x 1072 (v,)
BB decay Ve y<34x107°
Z decay all flavors y <03
BBN all flavors y<4.6x107°
CMB all flavors y<82x1077
SN1987A (energy loss) all flavors y<3x10Tor2x10°<y<3x107*
SN1987A (deleptonization) Ve y<2x107°

Among known bounds on very light v-philic ¢:

= CMB, SN, BBN are the strongest

— ... but SN bounds ...

Smirnov, XJX, JHEP [2201.00939]

= Lab. bounds are often flavor-dependent (except for Z decay)
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= ..., which is why Neg is defined as

Neff =

~J|oco

(B)** (feazen)

= SM prediction: Neg = 3.045; Planck 2018: Neg = 2.99 £ 0.17;

= Any new entropy injection = A Ng
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Huang, Ohlsson, Zhou, [1712.04792]
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Knapen, Lin, Zurek, [1709.07882]

o 10718
Answer: production rate suppressed by small m v keV MeV

GeV
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= what if m,, =0 and my — 07

— must be suppressed by mg

Quantitatively ...

d
% + 3Hn¢ = C’prod. - Cdepl. )

2,3
yme me
T K, =2
32m3 V! ( T, >

indeed suppressed by my

Cprod. =
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The well-known criterion
Meaning: the probability of a ¢ particle being

produced in a volume (D 1v) per unit time In equilibrium: H < T

Not in Equilibrium: H > T’

Behavior: T m y2my {md)/T,, (T, > my) Fast reaction vs. fast expansion

327 |1 (T, < my)

Question: when is ¢ in equilibrium with ©?
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'« H

Physically, what does the suppression mean?
= again, think about the inverse process: if T}, is very high, ¢ moves very rapidly
— ultra-relativistic particles can hardly decay if E/m is too high

= slow decay < slow inverse decay

Moreover, written in term of the decay rate (at rest) T'y:

mey /T, (T, >m . . s
I'~Ty o/ ( 2 essentially just the relativistic decay rate!
1 (TV < ’ITL¢)
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Let's start to explore an interesting effect ...
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borrow T’Y

vdec

borrow returnT borrow return T borrow return T

entropy entropy entropy

(A) (B) (D)
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Eq. (2) =
d(pa’) a1 ) ) 3
da = E [Cplr)od. - Cdgpl.:l +la (p - 3P) ° (4)

Sum egs for v and ¢ (or Z’) =
d(nya®) d(nga?)
da * da

d (Pua4) n d (PZ/a4)
da da

=0. (5)

=a’(pz —3Pz).  (6)

N

energy in pa* not conserved

if p > 3P, energy in pa* 1
for v & v:

- p=3P

— energy conserv.

for ¢ with m # 0

- p>3P

17/29



Dilution-resistant effect — Why?

d Pto ala/4
This is the dilution-resistant effect!
Physically, how to understand it? T,
Ty == T’y l/dJ Tl/
borrow | Treturn

¥ stored in m universe expands m=rm
energy stored in ¢ particles >

stored in p p— p/a

If you store energy in m, it will EL# X7 & (buy gold during inflation)

be less diluted by expansion
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gold earn money

Profit:

A (protara®) = /a3 (p — 3P)da /m X[~ ]da
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Method 3: Conservation of na®, sa® and pa* in their respective valid ranges

= Conservation of particle numbers (na®).

— always conserved if only 2 <> 1 or 2 — 2 is present.
= Conservation of energy (pa?).

— conserved if all particles are ultra-relativistic.
» Conservation of entropy (sa®).

— ... a subtle issue

Three methods = same results [S.-P. Li, XJX, JCAP, 2307.13967]
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= [nrp(To, p2) + nee (T, 2u2)] a;
[QPFD (TQ, /142) + pBE(T25 2:“’2)] a2 ’

1 d*p T3
nep/se(T 1) E/m(Q ) :F ng(q:eﬂ/T)

_ P d°p 3T T
proyee(T, 1) =/mw = :F?LM(:Fe#/ ).

CTRLI( oy Th) = TEL( - g - - T)
CTRLG g Th) = TSL(- - g - -+ To)

+ Li (polylog) functions are like log functions
— e.g. how to solve 22 log(x) = 17

[Solution: (Tz, p12) = (1.208, ~1.166) Ty 2 ]
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ANyt =3 [‘Wé _ 1] —0.242.

Priay

for the vector case (Z')

More generally, ...

scalar vector

Post-vDEC equilibrium ANy = 0.118 AN.g = 0.242
Pre-vDEC equilibrium ANy =0.794 ANy = 2.53
Pre-vDEC equilibrium (strong couplings) AN.g = 0.785 ANyg = 2.48




nz/(nz +mny,)

m/, =10 keV
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=== Post-vDEC freeze-in approx.

=== Pre-vDEC freeze-in approx.
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Analytic approx.
g7=2.7x 1071
gz/=12x 10713
g7=3.8 x 10713
g2=10"10
gz/=107°

23/29



& > C & github.com/xunjiexu

= O xunjiexu
0 overview [ Repositories 11 [ Projects @ Packages ¥¥ Stars

Pinned Customize your pins

B Neff-light-Z * Public # B neutrino-cluster  Public

@ Jupyter Notebook @ Jupyter Notebook
[ neutrino_cross_section ' Public i [ Thermal_Monte_Carlo ' Public
@ Mathematica @ Jupyter Notebook
B vR_loop ' Public ] [ Zprime-at-DUNE ' Public
@ Mathematica @ Jupyter Notebook
. J

24/29



9z

1071

10—12

1071

1014

AN (1o) AN.g (20)

T
CMB-HD
CMB-54
SO
Planck 2018

Planck 2018 [1] AN.g < 0.115 AN < 0.285

SO [10, 11]

ANeg < 0.05  ANeg <0.1

CMB-S4 (7, 8] AN <003 ANy < 0.06

CMB-HD [14]

ANeg < 0.014 AN < 0.028

ik

A/
”“"g“’,:::::::::::,—*’———————
”””’,,.—'”’___:;;;;;3

———‘—‘——’—____,_—f'f;;;;;:

10753

10~4

1073 1072 107t
myz [MeV]

10°

10t 10?

25/29



9o

10710

1071

10-12

10-13

10—14

AN (1o) AN (20)

T T
—— CMB-HD
——— CMB-S4
F—— SO

—— Planck 2018

Planck 2018 [1]

SO [10, 11]
CMB-$4 [7, 8]
CMB-HD [14]

AN, < 0.115  AN.g < 0.285
AN, < 0.05  ANeg < 0.1

ANz < 0.03 ANy < 0.06
ANur < 0.014 AN < 0.028

—>
/
/"/ —
/ X “9‘;‘«1'\“
—— / / CMD
\_/ / / s
] /
N —
107° 101 1073 1072 107! 10° 10! 102
mg [MeV]
J

26,29



T one "
05— so o
A bit more advanced (what if ng/z — 0 at vdec?) I / 2> |”
Diluti istant effect /improved by k
» Dilution-resistant effec \ — )
5 orders of mcgnltude!“)>
— Cosmological investment: m = gold —
— ANcg = 0.118 (scalar) or 0.242 (vector) —
\Q_.// b
= current exp almost able to probe L A U

(Planck 2018, AN g < 0.285) \

» future exp can reach it
= bounds on g improved by orders of magnitude!

27/29



v 9&5

107% 107"
mz or my [MeV]

BR-dependent BR-dependent

. H . . 1016 . . . . . .
1077100 100 107 10100 100 102 100 100 10T 10
my [MeV] my [MeV]

\ J

28,29



— mz=0.1 keV
e mz:=10.0 keV

—— mz=1.0 MeV
— mz=8.0 MeV

—— mz=13.0 MeV
— mz=20.0 MeV

Post-vDEC eqm. Post-vDEC eqm.

Pre-vDEC eqm.
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