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Motivation & Idea

 Dark matter's lifetime should be longer than the age of the Universe.

» |f dark matter has interactions, some conditions (e.g., Z2 parity, U(1) symmetry) or
constraints (e.g., minimal coupling, small mass) are needed.

 Main idea: If dark matter couples only to fermions, Pauli blocking can make dark
matter live longer without other conditions.

* We calculate the effect of Pauli blocking using:

e Boltzmann equations

e Quantum Field Theory (QFT)
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Motivation & Idea

 Dark matter's lifetime should be longer than the age of the Universe.

» |f dark matter has interactions, some conditions (e.g., Z2 parity, U(1) symmetry) or
constraints (e.g., minimal coupling, small mass) are needed.

 Main idea: If dark matter couples only to fermions, Pauli blocking can make dark

matter live longer without other conditions.
= O.E.Bjaelde, S.Das, Phys.Rev.D 82 (2010), 043504

* We calculate the effect of Pauli blocking using:

e Boltzmann equations = B Batell, W.Yin, Phys.Rev.D 110 (2024) 7, 075038

e Quantum Field Theory (QFT) = T.Moroi, W.Yin, JHEP 03 (2021), 296

= P.B.Greene, L.Kofman, Phys.Lett.B 448 (1999)

+ Fermion production in preheating
= P.B.Greene, L.Kofman, Phys.Rev.D 62 (2000)
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The Toy Model: Yukawa Coupling

L D Ayyp
. (¢ : scalar dark matter, v & y : fermion & anti-fermion

 Assumption: Matter-dominated era

m 3/4
* Range of mass & coupling: m;, < 0.0leV, 1<K2X 1078 ( 5 ;b V)
e

» Lifetime w/o Pauli blocking:

2 ~3/2
1 L (1072 [ 1073eV 4m,,
750 =— =~ 1.6 X 10" sec I ——

12 3\ —12
» Lifetime w/ Pauli blocking: 7, ~ 1, — Result

m¢ 471' 2
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Pauli-Blocking Idea

Fermi sphere

Value of distribution function .
In momentum space

y produced

Jo 4 Fill the Fermi stirface

1/201-1 ............................................................................

_ ke _ _1 2 4 2
W < > W (tp) _pllfza\/mﬁb_ ml//

Momentum: p,  Momentum: 0  Momentum: p,,

I\/Iass:mw Mass: my, Mass:mw my > 2mw
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Pauli-Blocking Idea

Fermi sphere

Value of distribution function .
In momentum space

y produced
Jo ¢ stops decaying >l<
172 00 T e
i k
k(tp) = Dy = 5\/7}12 — 4ml/2/
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Pauli-Blocking Idea

Fermi sphere

Value of distribution function .
In momentum space

fo s Fermi surface becomes empty

1/ 01 1 frerrrererereee e

k(t) = pwa(tp)/ a(t)>

W redshift

v

k(1) = p,a(t,)/a(t) k
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Pauli-Blocking Idea

Fermi sphere

Value of distribution function .
In momentum space

 produced again

fl// 4 Fill the Fermi surface again

1/ 01 1 frerrrererereee e

k(t) = pwa(l‘p)/ a(t)>
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Pauli-Blocking Idea

Value of distribution function

n¢(t) < Volume of Fermi sphere

‘f;.//A

All of the scalar decays

1/2or1

v

k() = p,a(t )a(t)

Lifetime with Pauli blocking Ty
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Fermi sphere
In momentum space
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Boltzmann Equation

 Momentum distribution function:

af¢(]_59 t) - — 5 5
= Hk- V5 /(5.0 =[5 (P. 0

of, (k) . _ . .
—— — Hk- Vif e ) = (k.1

 Number density:

. g0+ 3HORYD = = Tyny0( 1= 2,(p, 1))

. (0 + 3HOn, (0 = Tyny0( 1= 2,(p, 1))
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Boltzmann Equation

 Momentum distribution function:

afgb(ﬁ’ t) - -

. Hk -
ot
of,(k,)) .
Y _ Hk -

ot
f (P, 1)

 Number density:

Vi fpB. 1) = £, (B, 1)

Vih 1) = £k, 1

£, (K 0/ (K 01+ £, ) = f(B (1 = £,(K, 0)(1 = (K, 1)

back-reaction term / reaction term

. g0+ 3HORYD = = Tyny0( 1= 2,(p, 1))

. 7 () + 3H()n, (1) = F¢n¢(t)(1 —26(p,, z))
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Boltzmann Equation

 Momentum distribution function:

afgb(ﬁ’ t) - -

. Hk -
ot
of,(k,)) .
Y _ Hk -

ot
f (P, 1)

 Number density:

. 7iy(1) + 3H(Dny(f) = - r¢n¢(t)(—2fw(@

Vi fpB. 1) = £, (B, 1)

Vih 1) = £k, 1

£, (K 0/ (K 01+ £, ) = f(B (1 = £,(K, 0)(1 = (K, 1)

. 7 () + 3H()n, (1) = F¢n¢(t)(1 —26(p,, z))
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. Dark matter stops decaying
when f (p,,1) = 1/2
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Result of Boltzmann Equation

W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)
r ng(t) = 107 5CeV |
ny(t;) = 1073GeV

1012_
—_—
. -= ¥
108 1 i e w /o Pauli blocking J ¢
g 104 fy/ A l
W IV v
= 10" S () = 3 Py
Q \\\ w o _2
10—+ B N ” - >
, k() =p
= 1/, ) I . ey
~8 0 P Number density of scalar =
10 10~ 10~1 10° 10° 10° y

t/to Volume of Fermi sphere in momentum space

(710 + 1, (1)) + 3HO (1) + 1,(5)) = 0
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Result of Boltzmann Equation

W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

* P
ny(t;) = 1072°GeV T a f n¢(t) > v
nqg(ti) = 10_30G6VJ < Td’ 6][2
10%2- ¢ 1/2 W
-- ¥
108 L I w /o Pauli blocking
R J = > k
" 3 k(t) = t ) a(t k(t)=
S Scalar couldn’t gecay more )= pyalt)lal® — K&)=py
- 10™
= . -
g 100k oy DEMTH rlfl\lltheFerml surface
~ S
S S.
1074 ~
10—8 — | = 3 I
1079 107! 10! 10° 107
t/to

Summer Institute 2025

14

2025.08.21



Result of Boltzmann Equation

W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

ng(t) = 107 5CeV |
ny(t;) = 1073GeV

1012_
— ¢
—-=

108 TN w /o Pauli blocking J
CG-\
S g
- 10*
o=
)
~ 10— - ST
= “~on, & a (1) p>
= —{y | w ) < —

| ¥ l 671'2
\ ) v A
10-8 . : 1All the|scatar decays to fermion >z, .
10—3 10—1 101 103 105 1/2 W
t/t, '
< — > k
k(1) = p,a(t,)/a(t) k(t,) = p,
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Result of Boltzmann Equation

W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)
r ng(t) = 107 5CeV |
ny(t;) = 1073GeV

1012_

- -y
108 1 e w/o Pauli blocking

)

S 10!
\10-
=
S¥

N———

3

\
/N
o
—
S

0-1 108 103 107
T¢,O — 1/r¢
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Result of Boltzmann Equation

W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

ng(t) = 107 5CeV |
ny(t;) = 107GeV
10" - J
—— gb :
: —-= Y
].08 | Ut w/o iPauli blocking |
k&
L 10*
= : e
N——— : l/j
~ 10V T S— n, (7, ~—-
= | "~ o) 672
= 5 ~o
10~ | >
= I —e \
10 103 101 101 10° 10°
t/ty
1/2 —1/2
or t P (1) D,
Tro = — T, >~ _

Dark matter becomes much more sustainable
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Quantum Field Theory

 Distribution function: e Fermion related function:
1 |
(1) = — _ Tr,r : : S _al R
J i) = 5 2 v <ak al_é> -fermion gi(1) = 4Va)k Z Z <b_kak> VU
r r. s —annihilation
| 1
== = {pprN  anticerm (1) = < r*b“)aiv%
o7 (@) > Z v <b1? bk> anti-fermion 8- (1) = 4Va)k ; ;

— production

Summer Institute 2025 18

2025.08.21



Quantum Field Theory

e Distribution function:  Fermion related function:
| w1 | S
S, i) = 5 Z v <az al_é> -fermion gi() = 4Va)k Z Z <b_za7€> vt ou
r P —annihilation
| 1
> —_— - 1T r . ' ; rt1,8T —7..S
Jox(0) = 5 Z v <b1? b%> -anti-fermion gf(t) = 4Va)k Z Z < p b_k> Uy ¢
’ d b — production
» Differential equations: = (O) =—1 < [@, int]> +(0)
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Quantum Field Theory

e Distribution function: e Fermion related function:
1 1
- —_— — e Tr r - . — \)
J i) = 5 Z v <ak al_é> -fermion gi(1) = 4Va)k Z Z <b_zaz> VU
r r.s —annihilation
1 1
=S e\ e (1) = ( rW) Ty
o7 (@) 5 Z v <b1? bk> -anti-fermion 8- (1) = 4Va)k Z 2

A r \)

— production

d
» Differential equations: = (O0) =—1 < [@, Hint]> + (0)
p(x, 1) = (1) = ¢ cos(myt

assumption: oscillation, homogeneous & classical / decay of scalar is negligible
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Quantum Field Theory

e Distribution function: e Fermion related function:
1 1
- —_— — e Tr r - . \)
J i) = 5 Z v <ak al_é> -fermion gi(1) = 4Va)k Z Z <b_zaz> VU
r r.s —annihilation
1 1
(1) = — —_— jr I> : I— : ixfl‘ — < rerST>l/_t£VS_>
o7 (@) 5 Z v <bk br) :anti-fermion 8- (1) = 4Va)k ; ;

— production

. . . d .
» Differential equations: = (O) = —1 < [@, Hint]> + (0)

P(x, 1) = P(t) = ¢ cos(my
assumption: oscillation, homogeneous & classical / decay of scalar is negligible

f i = il (gk — g7 ) COS Mt
— |production - annihilation|
In boson case, 1 + ]}% + ]},_,;

f. o= = il¢ <g_* — ) COS 1M1t
—k “Pauli blocking term Ref. T.Moroi, W.Yin, JHEP 03 (2021), 296

. . _ | k? 2m
g1 =—1|2081(0) + 19 a)_%@ —D COS Mt
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Quantum Field Theory

e Distribution function: e Fermion related function:
1 1
- —_— — e Tr r - . — \)
J i) = 5 2 v <ak al_é> -fermion gi(1) = 4Va)k Z Z <b_z6175> VU
r r.s —annihilation
1 1
= = — — r r - - ' EX)< [) = < rerST> l/_tZVS_,
o7 (@) 5 Z v <b1? bk> -anti-fermion 8- (1) = 4Va)k Z Z

A r \)

— production

. . . d .
» Differential equations: = (O) = —1 < [@, Hint]> + (0)

P(x, 1) = P(t) = ¢ cos(my
assumption: oscillation, homogeneous & classical / decay of scalar is negligible
f i = i (gk — g ) COS Mt
— |production - annihilation|

f. o= = A <g_* — k) COS 1M1t
- *Pauli blocking term

(2 2m " fills all of the states :
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Result of Quantum Field Theory

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

10

0.8 — 9|

N _
04

0 2 -Fixed comoving momentum  k(zy) = m,;/2

0.0 \8k\

80x10° 90x10° 10x107 1.1x107 12x107

T = mgbt Conditions: g = /lg/;/m¢ =0.01, 7,=10°¢>

Assumption: m,, << my
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Result of Quantum Field Theory

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

10

0.0 PRI syt | |
80x10° 90x10° 10x1

Summer Institute

0.8
= |
S 04

0.2

— g/

T

2
"l-——q3s—51
3 70

T:m¢t

2025

24

07 1.1x107 12x10’

2

Relations: fy, (1 —f, ) = 8k8,j< = | &

: g = narrow band

2
|

Fixed comoving momentum

Conditions: g = /Iq/;/m¢ = 0.01, 7, = lqu_2

Assumption: m,, << my
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Result of Quantum Field Theory

Modified from W.Cho, K.Y.Choi, J.Joh, O.Seto. Phys.Dark Univ. 49 (2025)

10

0.0

0.8
= |
S 04

0.2

— g

T
| ——qg S5 — S 1 +—g =narrow band
3 70 3

. 2
Relations: fy, (1 — /1) = &8 = | &|
Fixed comoving momentum

80x10° 90x10° 10x107 1.1x107 12x107

Summer Institute

T:m¢t

2025

25

Assumption: m,, << my

Conditions: g = /Iq/;/m¢ = 0.01, 7, = lqu_2
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Example_100% Dark Matter

( (6 ~3/2
« Dark matter (condensed scalar): ¢(t) = ¢ ) cos(mt)
0

| _
» Energy density of dark matter: p (1) = qu%gbz ~ 3.7 % 107* GeV*

2
. . . 3 1012 10~ eV
» Lifetime w/o Pauli blocking: 7, , ~ 1.6 X 10" sec 7
’ m
%

2
L | | 10~ eV
» Lifetime w/ Pauli blocking: 7, ~ 132 X 1,
m
%

ty ~ 4.3 x 10! sec: age of the Universe
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Example_100% Dark Matter

~3/2
o Dark matter (condensed scalar): ¢(r) = ¢ ( a(?)) cos(1m 1)
diy

| _
» Energy density of dark matter: p (1) = qu%gbz ~ 3.7 % 107% GeV*

2
. . . 3 1012 10~ eV
» Lifetime w/o Pauli blocking: 7,5 ~ 1.6 X 10"~ sec >
’ m
%

Interaction - Number density

1075 eV

My

2
+ Lifetime w/ Pauli blocking: Ty =~ 132 X 1 ( ) A-independent

ty ~ 4.3 x 10! sec: age of the Universe
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Conclusion

 When the scalar field can decay only to the fermions, the Pauli blocking can delay
the decay of the DM

— the lifetime getting longer than the age of the Universe.

* The results from using Boltzmann equations and QFT shows the Pauli blocking is
working.

* |n the example, as the scalar is 100% dark matter, the lifetime becomes 100 times
the age of the Universe where m,, ~ 10~ eV, and independent of the coupling A
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Isotropic Fermion

* Scalar DM is condensate when the mass is small
» Lots of dark matter decays into fermion almost at the same time

* Since the direction of the fermion is determined randomly, the fermion becomes
isotropic = f (k. 1) = f,(k, 1)
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Boltzmann Equation without Expansion

 Momentum distribution function:

of (P, 1) B
¢ =/
of. (k, 1) .
—— =1

 Number density:

. iy = =Tyn, (1 -2f(p,. 1) . Dark matter stops decaying
when f(p,.1) = 1/2

1,0 =Ty (1 =2/, (p,.0)
3

P
= ny(1) + n, (1) = ny1) + ﬂ—l’; Jo(Pys 1) = G . Total number density
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Boltzmann Equation without Expansion

e Solution:
L _B_ (1 B A
—1
l//
= — Expl| I ,(] — C I —t
C 0 2”20
o 0 47[2 — n¢(t) + 27[2 fyj(pw t) N = nqﬁ(t) — U, fw — pl/3/ 0

, CO— 47[2 =n¢(t)+ = (f (P, r)--) > 0

P, (1 1
= ny(1) = ny(ty) — <_ — f Dy to)> N 5

22 \ 2
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Boltzmann Equation without Expansion

Analytical results

3

P
n¢(ti) — 10 i A_l/jnv an//(ti) — O

2T~
101
N ) L R A S A
C:§ 10 /,’
~_ ] //
on = Y
= 107! 7
Py /
= //
< _ p;
10 25 s
== v
1l==== w/o Pauli blocking
1077 5 0 N
10 10 10 10

t/t,
3

P
n,(1) + n () = n,(0) ﬂ"z’ £,(p,. D) = C,

Summer Institute 2025
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ny(t) + n, (1) >
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Boltzmann Equation with Expansion
i(0) + 3HOn0 = = Ty 1= 2, p, 1)

1, () + 3HOm, (0 = T 0 (1= 2,(p, 1))

— ny(t;) = 107 %GeV
1012 ) 10 O 0.6
10°; )
B 0.4
S ot B
=
m§ \%
= 10" =02
B |
10~ no(t)) = 107 PGeV
| 0.0 ne(t;) = 1073GeV
_8 ] U- | . |
10 1073 10~1 10! 103 10° 1077 10~ 10! 10° 10°
t/t, t/to
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Quantum Field Theory

e Hamiltonian:

H () =/ Jd3xqb(x)l/7(X)l/f(X)

d3
Hfree — J &
(2rm)?

. STS STS_)
2, oplatial +bbs)

\)

 Particles/Fields:
P(t) = ¢ cos(1m 1)

B d’p 1
W(x) = ZS: J (27)3 \/2—% <aﬁ

o dp 1
Vo= ;J@nﬁ N

(sl @ae™ +

Summer Institute 2025

: (t)uge_iﬁ Xy b;ﬁ(t)vgeiq'} ) oY

+ b(D)Fe P

e Distribution function:

S, i) = %Zl‘/ <az’"ali;>

r

1 1
5 i E - Trir

r

e Fermion related function:

“assumption: oscillation, homogeneous & classical

g = 4Vwk 2 2 <bfz“z> VL
—annihilation

(1) = (arbst) ave.
) ’ — production
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Quantum Field Theory without Expansion

* Differential equations

o p(x,1) = P(t) = ¢ cos(myl)
. fwj = A (g,; — g%) COS 1Myt

o ft//l? = i <g—1? — g:‘%> COS M1t

o

. . _ | k? 2m, )
&= | 20870 + AP § — <1 —fw,,-é _fl,-/,— ) | g; ¢ cosmyt

2
Wj

» Differential equations

. % =q [Zcfk sin (Za"jkf) — 21, €OS (Zébkr)] COST
T

. % =q [(1 — ka) sin(Za“}kT)] COST
T

. % =—q [(1 — ka) COS (20"),;)] COST
T

o Where g (1) = e ¥ [E(D) + i), T=myt, q=Ap/my, and @, = w/m,
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Quantum Field Theory without Expansion

e- Prlnt 2407 08229 [hep ph] e-Print: 2407.08229 [hep-ph]
0T T _ T
o Y w 1.0
107 - : .
| fx(t) oscillate
+— -2 _
e m““ Hh”n = 0 \/ /\/ N
= 107 ~ | _
Eﬁ 10—4_ _‘5, U OO — & [
-5 — Il |l | N
10 ? —f | -0.5 e
107°. — N RN R R
S e T e S 0 500 1000 1500 2000

10! 10 100 102 103 10%
T = Myl T = Mgyt

“assumption: m,, = 0

* Approximate solutions: - i ation w0 ~ myl2 = E(T) ~

f(7) ~ sin? | =g (7 + coszsin7) | ~ sin*(gz/2) — average value is 1/2
¢ 2
gi() = e [E (1) + imy(D)]

(1) >~ — 5 SIn [Q(T + cOos 7 sIn T)] ~ — > sin(gr) T=myt, q= Aqﬁ/m¢, and @, = w,/m,
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Quantum Field Theory without Expansion

When w, is far from m/2

7

*Mn ‘

||n| Wl ml.

— [¢]
— |n|

L) Lu.uul

T:m¢t

T:m¢t

102 103

/\

=2

H\

q (1 + 12a)k F(—1+4 4a)k)cos(27) 3w, (2w, cos(t)cos(2w,7) + sin(f)sin(Zé")kr)))

Jil(7) =

2(1 — 4@?)?
—q (=20 + 2@ cos(t)cos2@,7) + sin(7)sin(2@,;7) )
Si(T) = -
—1 + 407
q (cos(2@;)sin(z) — 2@, cos()sin(2@y 7))
(1) =~

—1 + 407

Summer Institute 2025
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Quantum Field Theory with Expansion

* Differential equations:

. * Q(r) = (%) o
o Ji= % Cb(f)<8k ~ gk> .
3w T
0 . K(1)* 2m O() = —1, | —
8 = kH EYA L 262,(0)gi(7) + /lﬁb(f){ Q12 (1 — sz) | Q(;/)jgk}] my, / 70
. . . ay ~ My
* Difterential equations: K(t) = —k = —
a(t) 2
df.(7) A\ _
- — — % . — * ~ K ~ §)
. T q (To) (25 (7)sin 20(t) — 2n.(7)cos 2@)(7)) COS T ;= _qb () = (1) A1) = (?)

dt 70

~1
| de@ _ (i> (1= 2£()) sin 20(7) | cos 7

f=f) =& +n; = ggt >0

-1
. ) = —4q (l) _(1 — 2fi(7)) cos 2@(7)_ COST

dt 70
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Quantum Field Theory with Expansion

e -Print: 2407 08229 [hep-ph]
o G
— ¢

— N T ' :
= rF . ! The difference can be cured if the factor
-11r"1|l‘ o8 - . . Wl
W olaadAassaaLE L Asaans o 1 +2f inthe Boltzmann equation is modified
Mhbbddiili L RTTUWITW Y o 1 _I_W T
e O _fl/f
=050 Wr .................. Boson case: Ref. Takeo Moroi, et al. JHEP 03 (2021), 296
8. % 10° 9><105 10><1o6 11><1o6 1.2 x 10°
T = m¢t

“assumption: m,, = 0

Summer Institute 2025 40 2025.08.21



Comparison between Boltzmann & QFT

104
L 100 D -
a /
o= 1 //
107 7
~ ] /
I~ B ] /
10 2[— ¢
(==
R w/o Pauli blocking :
10 —2 N 2 4
10 10 10 10 10

t/t

Summer Institute 2025

Boltzmann QFT
w/o Oscillate &
1/2
EXxpansion Jy =1 (f,) = 1/2
w/
— 1/2 — 1
Expansion Ty Jy
41

1.0

0.5

&, f

0.0

-0.5

8.x10° 9.x10° 10x10° 1.1x10° 12x10°

500
T = m¢t

1000 1500 2000

, N

W
i"“L

1 |
‘LJ III
_-l ‘.

LW

TEEE RS

v

T:m¢t

2025.08.21



Example_ Type-ll seesaw mechanism

 |Lagrangian of Yukawa interaction;

1 o —
L virawa D 7 YIS AU +h.c. [; : left-handed lepton doublet
2
* Left-handed neutrino mass matrix: A : triplet Higgs fielc
— VY
('/”v),j = I,Va ® : SM doublet Higgs
* The scalar potential: S : Real singlet scalar
T ) (dark matter candidate)
Vlz—ﬂlz‘q)‘ +5/11‘(I)‘

2 9) i _
A2 Tr (ATA) ;AI (Tr (a"a)) ;A2<(Tr(ATA)) —Tr [ (ATA)’ )
Ay |®| Tr (ATA) + ADT [AT, A] @ \//\E (@7 - A® + H.c. )
2
]
V2=%ﬂ§sz+%zss4+%zﬂsz ‘@‘2+%/ISASZT1~(ATA) \/655(¢T- AD + H.c. )

Summer Institute 2025 42

2025.08.21



Example_ Type-ll seesaw mechanism

 Neutral component: S,®and A — s, ¢" and §°

* The unitary matrix diagonalizing the mass-squared matrix:
Usl US2 US3

U= Ui Uppy Uy
U501 U502 U503

* Decay rate: |
I’ (¢1 — W) ~ = ‘YAU501

2
My, m,

2
My,

2

n

U
4 vy ol

8 % 10~%3 GeV ( Mg, m, *(1keV\” ‘U5°1
~ e
103 eV 10-%eV N 10-11

2 2 -
Mz Agv < %\ [ 10°GeV
Where U501 g 5 ~ ~ ~ 10 —_— ~
M505O H3 H3

= I > 6(10),
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Example_100% Dark Matter

2
1321 [ 10eV (MD) 3.8 %1 | 1 WERY (DE)
T, . T, =~ 3. O
¢ 0 my, ¢ 0 5 10-3eV
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