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v' Light mediator is often predicted in the dark sectfor scenario.

v’ The mediator weakly inferacts with the SM particles in general
A small coupling controls the strength of such an inferaction,

v' However the inferaction could be enhanced if the mediator
degenerates with an SM stafe with the same quanfum number

v' We discuss how the influence of the degeneracy is properly
described focusing on the lifetfime of the mediator particle
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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, efcj

Various mediator particles are now being considered in the liferafure

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

> Dark scalar, Dark photon, Neutral fermion mediators, efc

Because the mediator particle is lioght and very weakly inferacting, it
has implications for collider physics (LLP) and cosmology (light relics)

A Key physical observable for the implications is its width (lifetfime)/
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Dark photon (as an example)

Lef us consider such a case using the dark photon mediator scenario/
v’ Starting Lagrangian is

1 1
L= L . _F! Fl;_u/ ;AIQ Fl B,Lu/
SMEEDs = P FE I, 2(‘056’ v

The mediator mass ferm is assumed fo be from a Higgs mechanism,

The dark photon intferacts with the SM particles through the EM
currents when its mass is smaller enough than the scale of EWSE

v Calculating its width (lifetime) @ LO (= << ])
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Dark photon degenerated with an SM state

Interaction between the dark photfon and SM particles is enhanced
when it degenerafes with an SM stafe (V) with the seme quanfum #

v’ Is it possible fo enhance the inferaction significantly ?

E g, af here
. RS T =i The mixing ferm (o g) contribufes
zﬁ fo an off-diagonal element of the
i /.1 mass mafrix between A" and V.
,'I _— _p’ﬁ;-L~L-gir;$iﬁ%"‘" ‘ e ' ° ° °
g f\\f‘ ' Reratio [PDG] N J Diagonalization
m,[GeV] " A =A coso + V sino

The decay width of A is, af most that of the degenerate particle V

v’ Is the inferaction enhanced significantly when the dark phofon

degenerates with an SM state having a large decay width?
E g, af here

. As an SM stafe with a large decay
=i | width means a broad resonance,
/.1 namely far from a quasi-particle
the perfurbative cal must work

Lef us consider it more carefully/

y
ettt i

R-ratio [PDG]?
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Diagonalization V=2 p, Ps, etc.
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1& The vector particles A° and V never

degenerate in mass in a complefe way,
(The so-called avoided level crossing)

Discontinuity exists at 5 close fo ]
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2 familiar ways to calculate the A’ s.lifetime

Suppose the following interactions: Linz = gv I_/ﬁjq,ﬁ f+eQ fﬁuﬁ,ﬁ f

v' Classical” method:
Diagonalizing Kinetic and mass ferms and calculating the width
Line = (Cvargv + Caa eQy) A:j";"”f + (Cvy gv + Cav eQy) V,J";"”f + e

-

/ A mad o=>1 mar2 N
LA = £f) =13 (Cvargy + Cau Q) T fixed £ << 1 6 391 (V= ff)

v' e-insertion” method
Diagonalizing Kinefic ferms and calculating the width with a perturbative c

§}; = ((Ykln)l_? qv + (Okin)ﬂff le
Ug 7 —min ’ 74 = (Clan) v 1 Cin )24 €
[ —my + imy Ty Mz, = my (5 +1 )
— my 4
B _ FV = —_g%f .
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Proper definitfion of fthe masses & widths
The masses and widths are defined by poles of the ff > £ process.

’V\/\/\'@’\/\/V\' _ ’\/\N@’W\/@\/\/\
V> v T v TtV v v Ty & Y
N
M\;V“@“A\j“ _ i “\’/\A@\\//V@ﬁ“ + ™ () A
/\/\/\/\@/\/\/\m o \ /\/\,
Ai A’ — Al —|— A’ @ V & A! —|_ A’ @ A] \ Ai
‘ Dyson equations
D, ( D, ‘ When m.=0
10 (p") = (g - pp) I (p?) + P57 Ars(p? /
") =\ P o) P ) I1;5(s) = s 17 ;(0)
s — mv [y (s)]]s — mA [ga(s)] — [y (s )]2 =0 @ 1-loop level
P (6 > 1 w/fixed s<< 1)
H!VV ~ HL\A ~ —H! O(T]O) = H" ~ — ifv /my

v When 0| ZTv/my, then sy~ my (1+1T)

The poles degenerate w,/ 0(n%) imaginary parts ~ Classical method
v When Nl S Tv/myv, then st ~mi, 1+ £

One has 0(19), and another has 0(rn?) widths ~ c-insertion” method,
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We remark that both the gauge-dependent term, which will anyway cancel against the ghost contributions in observables, and the gauge-independent term contributing to the longitudinal propagator are numerically negligible since they are suppressed by the small ratio mf/sqrt(p^2), with mf (typically the electron mass) as the smaller of the initial and final fermion masses, after contracting the propagator with the incoming and outgoing fermions.
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Concrefe examples

V = Z case

i’-ly T 9/.2 b’eV
fy T 250 eV

From SM theory,
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g = 5.92 (Hadronic coupling)]
Z: eta = ε x 0.55
ρ: eta = ε x 0.0511
μμ: eta = 
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Concrefe examples
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V = Z case
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Concrefe examples

V = p case
ii’y E 775 MQV
j:’y i I47M€V
From HLS theory,
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V = (uu’) case

fﬁy 5 z I I Me V

Iy=2366 nev
From NRL theory,
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Summary

v' We discussed how the decay width of the mediator particle (dark
photon) should be computed when it degenerates with an SM sfafe

v' When n > Iy/m, the level mixing exists, and the width is obtfained
by the ‘classical method, with I, and m, being the mass and width
the SM state originally had before inferacting with the mediafor:

v' When n < Iy/my, no level mixing exists, and the width is calculafed
by the c-insertion” method, where ¢ is freated perturbatively,

v’ In other words, the width of the mediator is given by min/ry, T, ]

v’ The method developed here is, of course, applied fo other V cases.
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Mesons | Mass (MeV)  Width (MeV) Branching ratio to e~e™ | Critical mixing €.,
p (770) 775.26 149.1 4.72 x 107 9.53 x 1071
w (782) 782.66 8.68 7.38 x 1077 5.26 x 1071
¢ (1020) | 1019.461 4.249 2.979 x 1074 1.81 x 1071
J/’L (LS) 3090.9 9.26 x 1072 5.971 x 1072 1.10 x 1073
U (25) 3686 2.94 x 10~ 7.93 x 107 4.95 x 107*
(e (‘3770) 37737 27.2 9.6 x 1076 8.04 x 107!
U (4040) 4039 80 1.07 x 107? 9.05 x 101
(& (4160) 4191 70 6.9 x 107° 9.25 x 107!
T (19) 9460 5.4 x 1072 238 x 1072 7.64 x 1074
T (25) 10023 3.198 x 1072 1.91 x 1072 6.38 x 107*
T (39) 10355 2.032 x 1072 2.18 x 1072 4.68 x 107*
T (45) 10579.4 20.5 157 x 107 4.81 x 1071
T (10860) 10885.2 37 8.3 x 107 7.67 x 1071
T (11020) 11000 24 5.4 x 1076 7.04 x 1071

The method developed here is, of course, applied fo other V cases.
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Summary

v' We discussed how the decay width of the mediator particle (dark
photon) should be computed when it degenerates with an SM sfafe

v' When n > I,/m, the level mixing exists, and the width is obtained
by the ‘classical method, with I, and m, being the mass and width
the SM stafe originally had before inferacting with the mediafor

v' When n < Iy/my, no level mixing exists, and the width is calculafed
by the c-insertion” method, where ¢ is freated perturbatively,

v’ In other words, the width of the mediator is given by min/ry, T, ]
v’ The method developed here is, of course applied fo other V cases

v’ The method is also applied fo another particle degenerating with
the other particle such as other mediafors degenerating with an
SM safe and righf-handed neufrinos in the resonant lepfogenesis.
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