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Boltzmann equation: the simplest example
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Resonance in xx — ¢¢ already included in xx — ® and & — ¢¢.
The double-counting has to be removed!

[Kolb, Wolfram '80]
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Resonant dark matter annihilation
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Summary |.

Unitarity may help in calculating reaction rates for the Boltzmann equation.
1 P q
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Completing diagrams by all possible winding numbers accounts for quantum
statistics.

Anomalous thresholds approximate thermal-mass effects in lower-order process
kinematics.

There is no double-counting of on-shell intermediate states in fixed-order results.
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Imaginary kinematics in Feynman diagrams
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Fig. 3. Pictorial representation of the self-cnergy contribution to
the cross scetion asymmetry ¢,

Therefore, one can pictorially represent the self-
energy contributions to (£ “H* —=/H) as in Fig.
2, where the cut blobs are the initial (i) and final (/)
states, while the remaining blob stands for the one-
loop self-energy. This last is actually the sum of two
contributions, one with a lepton and one with an
antilepton

Now, in the computation of €, only the absorp-
tive part of the loop will contribute, and the Cutkoski

iTyiT},i T,

Turning now o the vertex contributions, to see
the cancellations we need 1o add the three contribu-
tions shown in Fig. 4 (including the tree level u-
channel interfering with the one-loop self-energy
diagram). In terms of cut diagrams, this can be
expressed as in Fig. 5, where CP-conjugate stands
for the same four diagrams with all the amows
reversed. Hence, the CP-conjugate contribution will
exactly cancel the four diagrams, since changing the
directions of the arrows just exchanges among them-
selves the first and fourth diagrams. as well as the
second and third ones. We then sce explicitly that the
absorptive part of the self-energies are also playing
here a crucial role, enforcing the cancellation of the
CP violation produced by the vertex diagrams.

‘The only remaining diagrams to be considered are
the interference of the one-loop vertex diagrams with
the tree level u-channel. Pictorially, they are repre-
sented in Fig. 6, and they again cancel since the two

(41)
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Consequences for the asymmetry generation
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Example: Leptogenesis with Dirac neutrinos

e Introduced in Phys. Rev. Lett. 84 (2000) 4039 (pick, Linduner. Rata, and Weight 2000]
e Lepton-number conserving decays of heavy particles

e Right-handed neutrinos decoupled from the bath develop asymmetry opposite to
that of standard-model leptons

28 28
Yp = =5 Vb-Low = =g Bva

[Kuzmin, Rubakov, Shaposhnikov ’85; Harvey, Turner ’90]

(44)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.84.4039
https://doi.org/10.1016/0370-2693(85)91028-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.42.3344
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.035014

Example: Leptogenesis with Dirac neutrinos

e Introduced in Phys. Rev. Lett. 84 (2000) 4039 (pick, Linduner. Rata, and Weight 2000]
e Lepton-number conserving decays of heavy particles

e Right-handed neutrinos decoupled from the bath develop asymmetry opposite to
that of standard-model leptons

28 28
Y=Y g, = —A, (44)
79 " Prbsw T g T
[Kuzmin, Rubakov, Shaposhnikov ’85; Harvey, Turner ’90]

1.
L= L°F;LX] + ,GwrX] + H.c. (45)

[Heeck, Heisig, Thapa ’23a]


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.84.4039
https://doi.org/10.1016/0370-2693(85)91028-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.42.3344
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.035014

Example: Leptogenesis with Dirac neutrinos

e Introduced in Phys. Rev. Lett. 84 (2000) 4039 (pick, Linduner. Rata, and Weight 2000]

e Lepton-number conserving decays of heavy particles

e Right-handed neutrinos decoupled from the bath develop asymmetry opposite to

that of standard-model leptons

X;

——

Yp ==

VR

€Rr

28

YB*LSM - %AVR (44)
[Kuzmin, Rubakov, Shaposhnikov ’85, Harvey, Turner ’90]
vy | VR
X, X;
e o
[Heeck, Heisig, Thapa ’23a]
ler

€Rr


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.84.4039
https://doi.org/10.1016/0370-2693(85)91028-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.42.3344
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.035014

Example: Leptogenesis with Dirac neutrinos

e Introduced in Phys. Rev. Lett. 84 (2000) 4039 (pick, Linduner. Rata, and Weight 2000]
e Lepton-number conserving decays of heavy particles

e Right-handed neutrinos decoupled from the bath develop asymmetry opposite to
that of standard-model leptons

28 28
Y=Y g, = —A, (44)
79 " Prbsw T g T
[Kuzmin, Rubakov, Shaposhnikov ’85; Harvey, Turner ’90]

A’ TXi—n/ReR‘Q + A‘ TXi_>VLeL|2 =0 (46)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.84.4039
https://doi.org/10.1016/0370-2693(85)91028-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.42.3344

Example: Leptogenesis with Dirac neutrinos

i vy | vy | i
, X X; X; X, X; X,
A| TXZ")VReR = - - - - — - ->- -->-- (47)
ler feL feL feR
v, “‘““ VR““““ I/R“s‘f vy, “‘““
X; X, X; X; X X;
A| TXi‘)VLeL 2 - --i—--»J--->-f —_ --L--»J--'F'Z (48)
ler, ler ler ler

A’ TXi—n/ReR‘Q + A‘ TXi_>VLeL|2 =0 (46)



Example: Leptogenesis with Dirac neutrinos

VR ‘s‘ ny VR VR yL‘J‘ ‘\‘ VR
X,/ X, X, | X,
2 Ui J J \ N
en | |°n eR eR L | eq
VR VL““‘ ‘\ VR VR ;‘ I/L‘J“ VR
X, \X, X,/ X,
2 j \“i i j
AlTygep—vpe " = >_>_\_>_< B >_"->_< (50)
CR o1 g en | [°F eR

A’ TVReR%XiIQ + A‘ TVReR—”’LeL’Q =0 (51)



Dirac leptogenesis without heavy particles?

1-
L= 5LCFiLXiT + 5 GwrX] + Hee. My > Tren


https://doi.org/10.1103/PhysRevD.108.059902

Dirac leptogenesis without heavy particles?

1=
L= LCF;LX] + &% GwrX] + H.c. My > Tren (52)

[Heeck, Heisig, Thapa ’23b]

ATl + Al Topen—vpes|” =0 (53)


https://doi.org/10.1103/PhysRevD.108.059902

Dirac leptogenesis without heavy particles?

1-
L= 5LCFiLXiT + 5 GwrX] + Hee.

Mx > Tren (52)

[Heeck, Heisig, Thapa '23b]

SU3) x SU(2) x U(1) | spin | (B— 1)(x)

asymmetry-generating operators ‘

(1,1,-1) 0 -2 vrpepXT, LLXT

(1,2,1/2) 0 0 HX,opLX,LepX, QdrX,upQX, XTHY HH
(3,1,-1/3) 0 -2/3 dpvpXT, uperXT, QLXY, updr X, QQX
(3,1,2/3) 0 -2/3 upvr Xt dpdpX

(3,2,1/6) 0 4/3 QupX,drLX

(1,2,-1/2) 1/2 -1 XL, opXH, XepH



https://doi.org/10.1103/PhysRevD.108.059902
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.035014

Dirac leptogenesis without heavy particles?

L= Q°F;LX] + d%GwpX] + 5§ K;ep X + H.c.

[Blazek, Heeck

My > Teen (54)

, Heisig, Matak, Zaujec '24]

| 5UB) x SUE@ x U | spin | (B- D)) |

asymmetry-generating operators ‘

(1,1,-1) 0 -2 vrepXT, LLXT

(1,2,1/2) 0 0 HX,opLX,LepX, QdrX,upQX, XTHY HH
(3,1,-1/3) 0 -2/3 ‘dRVRXT, uper X', QLXY updr X, QQX
(3,1,2/3) 0 -2/3 upvr Xt dpdpX

(3,2,1/6) 0 4/3 QupX,drLX

(1,2,-1/2) 1/2 -1 XL, opXH, XepH



https://link.aps.org/doi/10.1103/PhysRevD.110.055042
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.035014

Dirac leptogenesis without heavy particles?
L= Q°F;LX] + d%GuwpX] + u4Kiep X! + H.c. My > Tren
AlTy2 =7 (iT 0T, ATy — Ty T, i T

f if " fn m)_

n

L v L v L e L e
_ ‘


https://link.aps.org/doi/10.1103/PhysRevD.110.055042
https://doi.org/10.1016/S0370-2693(98)00135-X
https://iopscience.iop.org/article/10.1088/1126-6708/2006/01/106

Dirac leptogenesis without heavy particles?

L= Q°F;LX] + d%GuwpX] + u4Kiep X! + H.c. Mx > Tren (54)

[Blazek, Heeck, Heisig, Matak, Zaujec ’24]
e B and L individually conserved

e first generation only, ignoring SM interactions at Ty, > 3 x 1013 GeV

Bento ’03, Garbrecht, Schwaller '14


https://link.aps.org/doi/10.1103/PhysRevD.110.055042
https://iopscience.iop.org/article/10.1088/1475-7516/2003/11/002
https://iopscience.iop.org/article/10.1088/1475-7516/2014/10/012

Dirac leptogenesis without heavy particles?

L= Q°F;LX] + d%GuwpX] + u4Kiep X! + H.c. Mx > Tren (54)
[Blazek, Heeck, Heisig, Matak, Zaujec ’24]
e B and L individually conserved
e first generation only, ignoring SM interactions at Ty, > 3 x 1013 GeV

Bento ’03, Garbrecht, Schwaller '14

AdR—I-AuR—I-AQ:O AVR+A6R+AL:0

Ay, =Ag, AL =Ag Aep, = Ay 5


https://link.aps.org/doi/10.1103/PhysRevD.110.055042
https://iopscience.iop.org/article/10.1088/1475-7516/2003/11/002
https://iopscience.iop.org/article/10.1088/1475-7516/2014/10/012

Dirac leptogenesis without heavy particles?

VRr L VR €R €Rr L
dr Q dr un R Q

(o1v) = 16 1 ZF:FJG; _ 167 o T
"3 ((3)? MZM? 3w Ty, C(3)  Toy

aq

8 T? ZK"‘KG* i 8 T o 1
“ 37 ((3)2 MZEMZ T 3w T ((3)2 T 2TE,

<0’27}

16 17 FiF,E;K; 16 T? a3 _ T?
(o30) = 3)2 Z 2172 Py 2 ~ i
37TC M M 37T Treh C(3) Treh

a3

(57)

(58)



Dirac leptogenesis without heavy particles?

dY,, 1T
dez 2t

(& 5 (&
. <YVR - ng) = §stg ((aw) + <0211)> (59)
reh



Dirac leptogenesis without heavy particles?

dY,, 1T
dez 2t

(& 5 (&
. <YVR - ng) = §stg ((aw) + <0211)> (59)
reh

=) ©

reh

135¢(3 r
YVR(x) = 87T§i(l*) <1 — €Xp |:_ ﬁ




Dirac leptogenesis without heavy particles?

VR L‘ eR‘s“‘ VR Vg GR;“‘ L‘ ”
dr ‘Q ‘;““UR dp dg “c“‘uR ‘Q i
VR eR“;“‘ L ‘ VR VR L‘ eR;“‘ Vg

AT pdp—senupl’ = >)if)&)& B >{§)&)& 62)
dr “““uR ‘Q dp  dp ‘Q J‘C‘UR dp

Al TuRdR—>LQ’2 + A TVRdRﬁeRuR‘Q -0 (63)

Blazek, Heeck, Heisig, Matdk, Zaujec '24]


https://link.aps.org/doi/10.1103/PhysRevD.110.055042

Dirac leptogenesis without heavy particles?

VR L‘ eR“f‘ VR VR €R;“‘ L‘ Vg

dr ‘Q ‘;““UR dp dg “c“‘uR ‘Q i

VR eR“;“‘ L ‘ VR VR L‘ eR;“‘ Vg
ATy pdn—senunl” = >)if)ff)&< B >{§)&)&< 60

dp [ o A i g,

64 T* ¢ T4
A =—-A = ~ 65
<01U> <‘72'U> 71-2 TrGeh C(g)z Tfehe ( )

Blazek, Heeck, Heisig, Matdk, Zaujec '24]


https://link.aps.org/doi/10.1103/PhysRevD.110.055042

Freeze-in and wash-in

dAL o dAeR dAVR -

< dz >source o <dl‘> source - ( dz )source -0 (66)
dAL dAER, dAl/R

< dz >Wash-out ?é < dz >Wash-out - ( dz >Wash-in 7& 0 (67)

[see also Domcke, Kamada, Mukaida, Schmitz, Yamada ’21, Aristizabal, Nardi, Mufioz '09]


https://doi.org/10.1103/PhysRevLett.126.201802
https://link.aps.org/doi/10.1103/PhysRevD.80.016007

A, ¥dds
dz  H dz

+ §<m> [AL -

dA,,  Y5lds

dx H dz

—|—§(a
5l

Freeze-in and wash-in

1
{A<010> <Y§g — YVR) 4 90 (o3v) (AL — QAeR> (68)
17 1Y, 3
A, VR (A, — —A,
3 R+4K%(L 2 Rﬂ}
10
{A<O’21}> <Yfg — YI,R> - §<03v> (AL - 2AeR> (69)
17 1Y, 3
s e a2
VR

[Blazek, Heeck, Heisig, Matak, Zaujec ’24]


https://link.aps.org/doi/10.1103/PhysRevD.110.055042

Freeze-in and wash-in

dAp  Yylds

dA
dx

€ER __

= eq _
de  H dx{A<GlU><YuR

YVR) + osn) (AL - 2A6R) (68)

17

8 1Y, 3
+§<UIU> [AL_ 8AuR+ R<AL_AVR>:|}

173 2

Yidds
7 e (-

Y,,R> - %agm (AL - 2A6R> (69)

17

8 1Y, 3
—+ §<O’2'U> |:2A€R — §AVR -+ Zfegl <2ACR — 2AyR>:| }

[Blazek, Heeck, Heisig, Matak, Zaujec ’24]


https://link.aps.org/doi/10.1103/PhysRevD.110.055042

Freeze-in and wash-in

dA ds
dz H dz

7< = €
9 Yoh 9 Yoo
8 1Y,
= —9 14+ 22 A,
# gionn) = 26w (14 {7 ) Aer )

Yo, 1 r |
Y Pl |y, 3

v Ylfqd 5 Yl/ 1 Yl/
R — VR S{ 0'1’U>(5+R>AVR+<O'2U><].7+3R>AVR

(70)

(71)

[Blazek, Heeck, Heisig, Matak, Zaujec ’24]


https://link.aps.org/doi/10.1103/PhysRevD.110.055042

Numerical solution for T, = 1014 GeV

a1 =13%x107%e=13x10"8 a1 =26x1073,e=4.9x 1077
1072 | Sn
g
:
1
/ 1
1
1076 106
| |Acgl
1
' (M
10710 ‘Al,Rl 1071(] <A”R)
10—14 10—14
1.0 15 2.0 2.5 3.0 1.0 15 2.0 2.5 3.0
T = Treh/T T = Treh/T
(o10) =1.5 x 10733 GeV 2 /22 (o10) =3.1 x 10731 GeV 2 /22

|A{o10)] =6.0 x 10736 GeV~2/2* IA{oyv)| =2.2 x 10734 GeV—2 /2



Summary Il.

e Holomorphic cutting rules allow for easy tracking of asymmetry cancellations due to
the CPT and unitarity constraints.

e Leptogenesis with vp as the only out-of-equilibrium particles is possible. Their
asymmetry is washed in, although the source term vanishes.
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Thank you for your attention!



