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v' Light mediator is offen predicted in the dark sectfor scenario,

v’ The mediator particle weakly inferacts with SM particles, and
a small coupling confrols the strength of the interaction

v’ The strength of the inferaction is influenced by the threshold
singularity when the mediafor decays af a threshold region

v' We discuss how this influence is quantifatively incorporated and
how much modification we have on the inferaction sfrengfh,
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Dark sectfor scenario

A scenario addressing big questions in PP (DM v mass, BAU efc)
< EW scale

Weak Connection
Standard Model T Dark sector

v’ Via higher-dim, operafor Origin of
(Or very heavy particles), v the dark matter
v' Hidden valley scenario, v’ the neufrino masses,/ mixings,
v Via light mediator particle \ ¥ the baryon asymmetry of U, efc

Ex) Fermionic singlet (thermal) dark matfer in the dark sectfor
Suppose that the dark matter is stabilized by the Z, symmetry, and
interacts with the SM particles via renormalizable interactions,

Any renormalizable inferaction between DM and SM particles can
not be writfen in an SM+DM system due fo the 2, and SM sym,

A mediafor particle must be infroduced in theory, and its mass must
be light enough fo explain the dark matfer abundance observed foday/



Mediator particle
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Various mediator particles are now being considered in the liferafure

To guaranfee weak inferactions among the light mediaftor particle &
SM particles, the mediafor should be singlet under the SM gauge group,

The following three mediafor particles are being intensively studied,
as the simplest mediafor candidates with the spin of 0, 73, and ],

Dark Higgs @

v’ Spin-0 mediafor
v’ Inferaction(s)
oH? oZH?
H: Higogs doublef

It causes the mixing
between ¢ and H, so
the mediator fends
fo interact with
heavy SM parficles.

Dark photon V

v’ Spin- ] mediafor
v’ Interaction
eg, V, B~
B: Hyper-charge
galge boson
It causes the mixing
between V & y, so if

couples fo charged
SM parficles

Sterile neutrino N

v Spin-7s mediator

v’ Inferaction
LHN + he

L: Lepfon doublef

It causes the mixing
between N and SM
neutrinos v, so N
inferacts mainly
with SM lepfons.



Implications fo collider physics & cosmology
** Light mediator particle is light and weakly inferacting with the SM/
[arXiv:2104.10280]

O Typical production modes

Direct prod, eg, ee > Med + X

Boson decay, eg, B > Med + X
O Typical decay modes

Decays info an SM particle pair.

such as Med > uu, KK, BB, efc,

If could be a long-lived particle
af various collider experiments/
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universe as a long-lived light relic
v’ Spoiling the successful BBN

v’ Modifying CMB via ifs decay,

v’ Pulling energy ouf from stars,
v' Modifying CMB via V <= .

v’ May play a role of dark matter
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Vector mediator particle

v' Weak inferaction of the mediafor is guaranteed by a small coupling
v' It is not always valid when the mediafor decays at a threshold
v’ The mediator may have sizable inferactions with a small coupling

Lef us consider such a case using the dark photon mediator scenario/

v’ Starting Lagrangian is
1 1 £ ;
ach — E%SM — Z(V,u,v)z + EMg(V,u)2 — EVMVBM T+
The mediator mass ferm is assumed fo be from a Higgs mechanism,

v’ Making Kinetic ferms canonical and diagonalizing mass matrix gives

2 / 2
1 €em e(g /CW)m /
Ly = A [(@+m?) g" — a4V A, + ——2- [ Al + Fawiw | — ———

2 M ms —my, m; —my,

A+
where Jcy and J, are EM and hyper-charge currents, w,/ =& cosé,,

The vector mediator partficle infteracts with the SM particles through
the EM currents when its mass is smaller enough than the EW scale/
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Decay width of the mediator particle

Let us consider the decay width of the mediator particle, for it gives
its lifetime (relevant fo collider physics) and the inferaction strength
between the mediafor and the SM particles (relevant fo cosmology)

- The mediator perturbatively decays info lepfon & quark pairs at LO:

use of so-called
amy (1 Lo ) ‘mi. . the R-rafio are

2 4 2 o
SM W i~ 2D (1 ol ) L Naive pquon level
> My my calculation or the
A [ 4

SM I[L,(A’ — all hadrons) ~ €* 3 1-—-R

me usually adopted

m,

- Non-perturbative effect becomes sizable at the threshold region

Threshold singularities (Sommerfeld effect.
SM | bound stafes) caused by long-range forces

Singularities appear nof only for the quark
final states (via QCD force) buf also for the
SM lepfonic final states (via Coulombe force)

Positronium,
muonic atom,
Jy, Y, etc.




Quantifative description

Lef us consider how such an effect is quantitaffvely described using
an example that A’ decays info a botfom quark pair at the threshold

Recipe --- The use of the potential non-relativistic (pNR) lagrangian:

1. Infegrating outf long-raenge force fields from the Lagrangian,

2 NR-expand the (nearly) on-shell part of the boffom quark field
3 Introducing auxiliary fields describing the two-body states of bb
4 Integrafing ouf the NR-expanded bottom quark field

1. . 2 g2
fx(}pNR) = —EA’(D +m5)A + J d>r *T(?,x)(iaxo + 2 X 4 I —V(?)) 7 (7, %)

mp My
+1/2/3 el [ezfmbxof(f),x) + g 2imyx” 7(0, x)]
Here, y(r. x) is the field describing the two-body states of bb,
5 Decomposing the fwo-body field in ferms of the partial waves
.Sé‘(pNR) A(D+m )A+Zf(1ﬁ) me) fi— Z go(l:l-t—m )Lp

Mixing/
2m, \/ v

+e\ 3—[&4 Ierd“yQ GO (x = V(T (y)] D Ruoo(0) &,

Radial wave £n

©,, is a partial wave component w,/ |-~ quantum number (Y meson),
Note that no continuum stafes exist due fo the color consignment



Mixing & Decays
When m,,, becomes very close fo m,., the perturbative calculation of
the width breaks down, and we have fo diagonalize the mass matrix:

A _ (cos®, —sin®,\ (A
¢, ) \sin®, cost, J\&,

Then the inferaction of the mediafor parficle becomes

> 2m IR
2 ek - >Q J‘ dy [ecosﬁn 5(x —y)—iesind,\ B_;Rnoo(o) 91 (x —y)]ff(y)rff(y)

SM 5 SM
A~'—< oc cos0 4 J'_A’\N\N\‘< sing
SM

SM
Originating in the A’ int Originating in the Y int

Other inferactions originating in those of the Y mesons are

Y =2 /- 17 (lepfon pairs) Y(nS) > Y(mS) + X (withn > m)
Y = qq (light hadrons) [De-excitation process]
Y 2 999, 99y, (3 gauge bosons) Y > B meson pairs (my > 2y

1/8



Result & Summary e
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We have quantitatively estimated the threshold singularity effect on
the inferaction strength (fofal decay width) of the vector mediafor
particle when its mass is close fo those of uypsilon mesons. We have
given a formalism fo quantitatively describe this effect based on pNR
and found that the effect could be sizable The same effect will appear
for another mass and another fype of mediafor particle whenever it
decays af a threshold with a final sfafe feeling a long-range force



