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Introduction



Interaction in QFT

model building (construct Lagrangian)

Check the Lagrangian by scattering

scattering amplitude |[M|? is important




Divergence in scattering amplitude
1

p2 —m? + e

propagator

s-channel
P « Off-shell (Virtual)

p® —m? # 0 — finite

e On-shell

t-channel p p2 — m? = 0 —» divergence
1

N,y ——

1€



Physical interpretation

s-channel >_< - > . <
—{ —t

Pole of s-channel = inverse decay X decay
= \|ediator is unstable

t-channel X _ \<>< >\
— —

Pole of t-channel = decay X inverse decay
= \ediator can be stable



s-channel amplitude

_ « Inverse decay and decay
—|Intermediate particles
— ¢ — ¢

are unstable

1
Tree propagator M M 02— m? 1+ ic

One-loop propagator M{}M 1
p? —m? +iml
Imaginary part is decay width I Breit-Wigner distribution
propagator is modified by finite decay width!

Does not diverge at the pole.
Resonance rather than singularity




t-channel amplitude

_ \<>< Decay and Inverse decay
>\—> Intermediate particles
—t —

can be stable.

1
P2 —m? + ic

Tree propagator M M*

Stable mediator — no decay width!
true singularity ?

How can we regularize the amplitude ?



Previous works & our focus

Previous work

e introducing effective scattering width (collider )
K. Melnikov, G. L. Kotkin, and V. G. Serbo. PRD, 54:3289-3295, 1996.

« Just to ignore as it(divergent part) is included in inverse

decay(cosmology )
M. Escudero, Dan Hooper, G. Krnjaic, M. Pierre. JHEP, 03:071, 2019

 numerical subtraction of divergent part
Kento Asai, Tomoya Asano, Joe Sato, and Masaki J. S. Yang. PTEP, 2024(7):073E01, 2024.



Previous works & our focus

Previous work

Not applicable to cosmology

K. Melnikov, G. L. Kotkin, and V. G. Serbo. PRD, 54:3289-3295, 1996.

|s it realistic?

M. Escudero, Dan Hooper, G. Krnjaic, M. Pierre. JHEP, 03:071, 2019

High computational cost

Kento Asai, Tomoya Asano, Joe Sato, and Masaki J. S. Yang. PTEP, 2024(7):073E01, 2024.




Analytic
prescription




Structure of divergence

0 = Ooff-shell T Oon-shell B o
®3 P2 \\\(//

y1//”
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b0 "
oy b1
1

Oon-shell = EE T'(p3 = Pp1) - 0(da® — ¢2)

The on-shell contribution is a divergence of 1/ ¢ .



Structure of divergence

Calculation of t-channel singularity part

b b
1
/ dX|M*)? ~/ X 5 X = (ps —p2)* —m?
b/ a a
/CL/€ d(eX) 612 )_(21—|— = % (arctan (g) — arctan (%))
1 % + O(e) It ab > 0 No on-shell terms
a
. R 1_ % +0O(e) If a<0<b on-shell terms
€ a

on-shell term that should be subtracted

To avoid double counting : already included
by Decay & Inverse Decay P



Application



Majoron production
(.- . model)

e Interaction Of /’ e.g. Phys.Rev.D 100 (2019) 9, 095012
1 1
Lor= 2272+t 202, + g, 200

/ S / /
Z., = 0,2, — 0,2,
Ji_; = iy’ pu+ v,y Proy — TY°T — 0.9° Pro,

» Interaction of majoron ¢ (pNGB)

,Cqb = hagﬂL,aVE,’3¢ + H.c.
decay & inverse decay

7' VoUy (0 = p,T) 7' vy qﬁﬂﬁ(l/ <~ 17)

¢ & Valp Z'p > vavp(v <> D)

scattering




Majoron production _
In the early universe

Majoron (pNGB of lepton number) may have been created in the early universe.
— The effective d.o.f. of neutrinos and cosmic expansion rate may change.

Let’s discuss U(1)r,_r, model

(inverse) decay Z' — ¢ scattering (New!)

Vg, Vs
L
Vg Vg

M. Escudero, Dan Hooper, G. Krnjaic, M. Pierre.
JHEP, 03:071, 2019




t-channel singularity _
in Majoron production

Z'vy © ¢Vgin t-channel diagram

Intermediate particle can be on-shell

— Amplitude. M%is divergent

‘ 2 1

Mt / - XX
‘ vee (p3 — p2)4 + €2

Regularized by our new method




Net production rate

Generation of Majoron ¢ in the early universe
is evaluated by Boltzmann eq.

dn, 0N,
= —3Hn, +
dt Y
thermal averaged event rates of scattering and inverse decay
1 (5n¢ 1 dng d°p
s , (' ,dII, = 2
I's) = Ngeq Ot ) = Ngeq Ol |1p (2m)32E,
ong,
ot ID: S dll, [ dII; dIL;(2m)*6™ (po — pi — )szi:rls |Ma<—>ij|2AID {£"°}
(5na

/ dIl, dIl, dil, dTlgAg {fMB} (27m)%6™ (p + b — Pe + Pa) Z Mabesed|”

S spins




Calculation procedure

5;;@ _ / AT, dTT, dIL, dITgAs { £} 206D (po + py - po+00) 3 [Mavred
S spins
I= [ dilsdiL(2m)*8® (1 +p2 —ps = pa) Y [Musoorzva| .
1692 |hags|’ 1 .,z U =5 398,
It = 2:\/51)2 0(\/s —mz) [g tan ™+ gm%,(s —2m3%, + 2p2+/s)
By on-shell subtraction
1 1
—~log(z* 4+ €%)(s — 2m3,) + (:13 —etan™! E) —(m% — 2p2v/s — )
2 e/ 2m7z,
1692 ‘hoz5|2 1
Iy = 2:\/5132 (Vs —mz) [_;m%’<5 — 2m%, + 2p2V/s)

T
-3 log(z? + €2)(s — 2m%,)) + 5 (m%,, — 2pav/s — 51;)]
Z/




Production efficiency

101

4 .
o mmmm h=10"8 Scattering

Gamov Criterion

<FS,ID>/H > 1

For Majoron
to be thermalized !

= 10_1§

10_2§

-3 ] 11 1 1111 ] (- 1 11 ] I I |
1010‘3 1072 1071 10°

early my/T late

Majoron ¢ can have been made a lot in the early universe?
—previous works could underestimate Majoron effects

®  mmm h =107 Scattering 1 &n 1 don
n m h=10"% Inverse Decay <Fs> = ® ’ <FID> = ’
100 - m h=10"%Inverse Decay - N,eq 0t S Mé.eq ot

)
ID



Summary

* Generally, divergence occurs when intermediate
particles become on-shell.

* s-channel: regulated by the decay width.
« t-channel: divergence can appear.

|n this study, we proposed an analytical method
to eliminate the t-channel singularity.

« divergent part ~ 1/ & : subtracted
real particle contribution = decay & Inverse decay
e scattering part : remains



Future Work

* We plan to perform parameter scan for cosmological

systems.
« Constraints on new particles such as Majoron can be more stringent.

*We apply our method to ,,+ = _ ge—w+

Y Ve p Ve







Structure of divergence = - - -
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