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Kinetic mixing between a Higgs and a nearly degenerate Dark scalar:

oscillations and displaced vertices.
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! Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260

Extensions beyond the Standard Model allow for a gauge singlet scalar to be kinetically
coupled with the Higgs. We consider kinetic mixing between a Dark scalar gauge singlet
nearly degenerate with the Higgs, focusing on the dynamical aspects of the mixing phe-
nomena. The renormalization program is carried out by obtaining the one-loop effective
action which yields an effective non-hermitian Hamiltonian to study the dynamics of mix-
ing. The scalar Higgs becomes a coherent superposition of the mass eigenstates, thus kinetic
mixing leads to oscillations and common decay channels in striking similarity with neutral
meson mixing. Near degeneracy yields an enhancement of the kinetic coupling. For small
kinetic mixing we find that the mass eigenstates feature different lifetimes which result in
a wide separation of time scales of evolution along with important coherence aspects from
Dark scalar-Higgs interference. The wide separation of scales is manifest as displaced decay

vertices which could potentially be a telltale experimental signal of kinetic mixing.

I. INTRODUCTION, MOTIVATION AND GOALS

Although the Standard Model is successful as a description of particle physics on solid experi-
mental grounds, it is clear that an explanation for Dark Matter must be sought in extensions beyond
the Standard Model (SM). There are many different alternative proposals for such extensions pos-
tulating the existence of one or more new particles that could provide a suitable explanation for
Dark matter. One such extension posits the existence of a dark sector, namely one or more new
particles which are singlets under SU(3). x SU(2) x Uy (1) and do not couple directly to the gauge
bosons of the standard model. A sterile neutrino describes a simple dark sector, but there are many
other possible alternatives (for recent reviews see[l, 2]). While preliminary searches for dark sector
signals at Babar|3] and BESIII|4] did not report evidence, search programs to probe dark sectors
at the LHC are ongoing and various recent studies propose new search directionsﬂ, B, H] alojj with

]

complementary searches at other experimental facilities in various regions of parameters
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Dark sector particles are envisaged to couple to Standard Model degrees of freedom via a
portal|ll, 2] the nature of which depends on the spin of the Dark particle: a vector portal is
associated with dark photons, a see-saw type mechanism for neutrino mass generation is associated
with sterile neutrinos, a simple Higgs portal posits a cubic and cuartic coupling of a Dark scalar
to the SU(2) x Uy (1) gauge singlet ®'® where ® is the Higgs doublet. Direct detection searches
at LUX|[9] and XENONB? put severe constraints on the simplest Higgs portals.

Motivated by the potential as a Dark matter candidate and the current and forthcoming exper-
imental efforts to elucidate new physics in the Dark sector, we focus here on a different portal for
a Dark scalar, which in an effective low energy description, gives rise to a kinetic mixing between
the gauge singlet Dark scalar and the Higgs degree of freedom of the Standard Model. Such a
coupling emerges naturally in Randall-Sundrum models of extra dimensionsH]. Breakdown of
scale invariance in these models by the presence of two branes leads to a dilaton-like degree of
freedom, the radion, which acquires a mass through stabilization|12]. The coupling of the Higgs
to gravitields a kinetic mixing between the radion (an SU(2) x Uy (1) gauge singlet) and the
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Higgs

ing. The radion mass is not constrained by the scale of compactification, instead it depends on

| therefore the radion is a Dark scalar candidate via a Higgs portal with kinetic mix-

the stabilization scaleB], therefore it may be considered a free parameter. This dilaton-like scalar
field might well be the lightest particle emerging from higher dimensional extensions beyond the
Standard Model. There is a rich phenomenology of radion-Higgs mixing with ongoing searches
at the LHCME, EQ] Here we focus on very different aspects of kinetic mixing between a
Dark scalar and the Higgs, namely dynamical aspects in the case of very small kinetic mizing of
nearly degenerate radion (Dark scalar) and Higgs fields. To the best of our knowledge dynamical
aspects of kinetic mixing have not yet been explored but are complementary to the phenomenology
of radion-Higgs mixing motivated by current and future searches at the LHC and linear colliders.
The analysis of ref. suggests that the LHC constraints on the radion mass M, are weaker for
M, < 134GeV, suggesting that perhaps the radion and the Higgs are very nearly degenerate in
mass. In ref.|23] an analysis of LHC data rules out a large region of kinetic couplings and radion
masses, leaving, however, a small region for the nearly degenerate case with very small kinetic mix-
ing coupling that is not excluded and where the LHC constraints are weaker. This is precisely the
region of radion mass and kinetic coupling that we focus on in this study. The more recent analysis

in ref. ] studies LHC constraints for the radion mass in the region 300 GeV < M, < 1TeV, far

larger than the scale that we consider in this article.



Goals:

Along with the motivation from Dark matter and searches for new physics at the LHC and
future colliders, there is an inherent fundamental motivation to study the dynamics in the case
when mixing arises via a kinetic term. The kinetic coupling offers a novel manifestation of mixing,
different from the usual momentum independent case such as in neutrino mixing, that could yield
fundamentally new insights into dynamical aspects of mixing phenomena such as oscillations and
coherence. In this article we focus on the case in which the radion and Higgs fields are mearly
degenerate with very small kinetic mixing coupling a possibility that is motivated by the analysis
and results of refs.E, , ] suggesting weaker constraints from LHC data in this region of
parameters.

Our main goal is to describe the dynamical aspects of nearly degenerate Dark scalar (the radion)
kinetically mixed with the Higgs establishing an analogy with both neutrino and neutral meson
mixing. In particular we seek to understand the following aspects: a) the nature of the mass
eigenstates, their masses and lifetimes, b) renormalization aspects: kinetic mixing requires a novel
renormalization program, c) aspects of coherence manifest in oscillatory behavior of probabilities
as a consequence of interference effects, these are more relevant in the nearly degenerate case,
d) space-time propagation of the corresponding mass eigenstates and, in particular, their decay
dynamics and channels studying possible telltale signals such as displaced decay vertices, seeking

to establish potential experimental signals of the Dark sector.

II. MODELS, FIELD REDEFINITION AND MASS MATRICES

Kinetic mixing between a gauge singlet scalar and the Higgs field emerges in the low energy
limit of Randall—Sundrum] inspired higher dimensional models, where the dilaton field acquires
a mass through stabilization[12]. In these models the radion (proportional to the dilaton) is the
scalar singlet kinetically coupled to the Higgs. After spontaneous symmetry breaking the effective

radion-Higgs coupling is given at the bilinear level by
L = —€0,00" X, (I1.1)

we refer to x as the Dark-scalar (radion) and ¢ as the Higgs fields. As discussed above these
models yield a rich phenomenology[13]-[20]. We note, without justification of its origin, that a

similar tree-level coupling is obtained by coupling an SU(3). x SU(2) x Uy (1) scalar singlet x to



the standard model Higgs doublet ® via a dimension five operator,
Lo =2 (0.1) o (D) + 1 II
em =7 (9x) ®f (D"@) +he., (IL.2)
where D" is the SU(2) x Uy (1) covariant derivative and A a high energy scale much larger than
the electroweak scale. Upon symmetry breaking and in the unitary gauge it follows that

L = —e0"x Ou¢p — %aﬂx o 3 e= % <1 (IL.3)

where ¢ is the standard model Higgs field. The last term featuring a cubic coupling between the
Higgs and the radion field may lead to new interactions suppressed by the ratio of the typical
energy scale of the process to the high energy scale A. We are not aware of current bounds on or
phenomenological studies of such coupling. A study of possible bounds on this coupling from LHC
data is beyond the scope of this article.

Within the radion model!

ex6Ey , v=0/Ay, (IL4)

where v is the Higgs vacuum expectation value, A, is the vacuum expectation value of the radion
ﬁeld, , ] and ¢ the coupling to gravity. Conformal coupling corresponds to & ~ 1/6. In
this model the radion couples to the standard model (SM) degrees of freedom with the interaction

Lagrangian between ¢, x and fermions and massive vector bosons given for one fermionic species

and one massive vector boson by, , ]

Lr=— [Yw - MTav#v,J (¢ n ’yx> : (IL5)

where Y is the Yukawa coupling. We consider the case { ~ 1 with ¢ < 1 and v/A, < 1 therefore
g ~ =, since this is the region of parameter space in which the latest constraints[20] from LHC
data along with earlier constraints, ] allow for a radion nearly degenerate with the Higgs with
very small radion-Higgs mixing. Consequently we begin our study by first neglecting the radion
coupling to fermions and vector bosons in the interaction Lagrangian ([L3]) as it is suppressed by

v/Ay, < 1. In section (VI) we discuss the radiative corrections arising from the coupling of the

radion to the (SM) degrees of freedom and their consequences.

! We are considering the case ¢ < 1 therefore neglected a correction to the kinetic mixing from radion field redefi-
nition.



We consider the model defined by the Higgs field ¢ Yukawa coupled to one fermionic species
and kinetically coupled to a dark scalar field y. The simpler case of a Yukawa coupling will
highlight the main physical aspects relevant for our study and will be generalized later to include

the contributions to the Higgs self-energy from Standard Model degrees of freedom (see section

[VII).

The Lagrangian density of this model is?

= (m) <ux> — €0, 90" x — M¢¢2——M2x2+¢(1@ my)y — Yooy,  (IL6)

Without loss of generality we take ¢ > 03. We will first study the free case Y = 0 to discuss the

main aspects of the diagonalization of the kinetic mixing. Thus, first consider

Loo, x] = < 0ud)? + < 9ux)? —emaﬂx——Mw——M? 2, (IL7)

and the field redefinitions

1
— — (a+ = —(a—208). I1.8
¢ \/i(a B x 2(@ B) (IL8)
The resulting Lagrangian becomes
1 €
Ly = 5(8u04) ( uﬁ) B} [( uO‘) —( uﬁ) ]
1 M¢2>+M>% 2 1 M£+Mx 2 M(%—M;f
_§< 2 ) _§< 2 ) _< 2 )O‘ (11.9)
Now introduce the rescaled fields
avl—e=A4A BVl+e=DB, (IL.10)
leading to
1 1 M? M?
Lo= 5(8MA)2 + 5(8MB)2 A A? — B B> - M35 AB, (IL.11)

2 We canonically normalized the kinetic term of x by a field redeﬁnition, , ]
3 The Lagrangian is invariant under e — —e ; ¥ — —x



where
M2 - M2 M2 - M2 M2 — M2
M2 — ¢+ X o2 = ¢+ X o2 — ¢ X
A — I B — B AB — — ——= -
2(1—¢) 2(1+¢) 21 — 2

We note that to avoid tachyonic instabilities and /or fields with negative norms the kinetic mixing

(11.12)

parameter is constrained to be € < 1. However, we are interested in the weak kinetic mixing case
with e < 1.
After the kinetic mixing is eliminated by the above field redefinition, we now have two canonical

scalar fields with a non-diagonal mass matrix. Thus the next step is to diagonalize the mass matrix

M2 M3 1 1 1 20) sin(26
L S §(Mi+M%>JI+§ (M3 - M3)*+4(0Fp)° C?S( ) )
Mip M;j sin(26) — cos(26)
(I1.13)
where
2 _ a2 2
cos(20) = Ma = Mp T 5 sin(20) = 2Mip r. (IL14)
(13— M3)* +4(M3,)°)° (M3 - M3)* +4(013,)°)
This mass matrix can be diagonalized by a unitary transformation,
. ME 0
M=U"(0) U, (I1.15)
0 M2
where
2 1 2 2 2 232 2 32 3
1 1
Mi = 3 {05+ Mg - [(Mi ~ M2) + 4(MiB)2} °) (I1.17)

and the rotation matrix

U(6) = cos(f) sin(0) ‘ (IL18)
—sin(0) cos(0)

In terms of the fields ¢1, ¢o that describe the mass eigenstates

7 — U(6) 4 (IL.19)
o)) B

the Lagrangian density ([L7) becomes

1 1 1 1
Lo = 5(5;@1)2 + 5(3;&52)2 - §M12¢% - §M22¢§ (11.20)



and the original fields ¢, x are related to the fields that create the mass eigenstates ¢ o as

o\ _ v v ¢1 ’ (11.21)
X hi ho b2
where
_ 1 rcos(¥)  sin(0)7 _ 1 rcos(d)  sin(f)
= \/5[\/1—6—1—\/14-6} ' yz_\/i[\/l—i-s \/1—6} (11.22)
_ 1 rcos(d) sin(0)7 _ 1 cos(8) sin(6)
i = \/ﬁ[\/l—e \/1+s} T \/5[\/1+s+\/1—s]’ (I1.23)
these coeflicients obey
yi+ys =hi+h}= (11.24)

1-¢2°
This coincides with the field redefinitions and rotations introduced in refs., ]

Turning on the Yukawa coupling in ([L6) and writing ¢ in terms of the mass basis ¢1, ¢ is clear
that the Yukawa interaction in the basis of “mass eigenstates” becomes Ly = —Y 1) (y1¢1 + ya¢o )1
and both mass eigenstate fields feature Yukawa vertices. This implies that at one loop there will
be ¢1 — ¢ mixing arising from a self-energy diagram, namely the mass eigenstates couple to a
common intermediate state channel. This situation is similar to neutral meson mixing such as
Ko — Ko mixing, where weak interactions lead to a common intermediate state. Although we focus
simply on a Yukawa interaction, this conclusion holds for all the couplings of the Higgs field to the
other degrees of freedom of the Standard Model.

The one-loop self energy from the fermion-anti fermion intermediate state features ultraviolet
divergences that yield important mass and wavefunction renormalization effects. Rather than
studying renormalization in the mass basis, it proves more illuminating to obtain the effective

action by integrating out the Fermion fields.

III. EFFECTIVE ACTION AND RENORMALIZATION

The effective action for the scalar fields can be systematically obtained by carrying out the path
integral over the Fermi field. In this path integral the scalar ¢ is a passive field acting just like an

external field. Consider the functional

216) = [ DDy &I ee (I1L1)



with
L[, ;0] = (i@ — my ) — Yoip, (I11.2)
then
Z1¢] _ iss.ssle)
70 ~ et Oefflol (I11.3)

where 6Scff[¢] is the contribution to the scalar effective action from integrating out the Fermionic

degrees of freedom. The total effective action is given by
Sers = S0l6. 0 +88,4716)  Solo.x) = [ dtoLalo. (111.4)

where L[, x] is given by ([L7]).
Normal ordering the Yukawa interaction so that (1)¢), = 0 where ((---))y is the expectation

value in the non-interacting Fermion vacuum we find up to order Y2
% =1- % /d4x1 /d4x2 d(z1) B(w1 — 22) P(2) + - - - (I11.5)
where the one-loop self energy
iz(l‘l — :Eg) = Y2 <E(:E1)T,Z)(:E1)E(:E2)¢(l‘2)>¢ = (—1) Y2S(l‘1 — :Eg) S(l‘Q — l‘l) (IH.G)

and S(z — y) is the Fermion propagator in position space. Therefore up to one-loop (O(Y?)) we

find

0Sessld] = —% /d4$1 /d4x2 B(z1) (1 — 12) P(22) (I11.7)

Obviously the effective action is non-local in position space but becomes local in momentum

space, introducing the Fourier transforms

o) = [ 2 ) e (111.)
AL |
and similarly for y(x) the total effective action up to one loop is given by
d'p |1~ 2 2§ oy 1 2 21 ~ 27
Serfloyx] = @i 2 o(=p) [p* = Mg —2(p)]6(p) + 5 X(=p) [P* = MY]X(p) = X(=P) P* 6(p)
(I11.9)
where for one flavor, and accounting for N, = 3 colors the one loop self-energy is given by
= . dPq q +my qd+p+my
Y(p) = —3iY? T : I11.10
(p) 7 /(27T)D r q2_mi+i0+ (q+p)2_mi+i0+ ( )




We calculate this self-energy in dimensional regularization in D = 4 — ¢,e¢ — 0 with the result

> 1:22 / dx Alz, p) { <§ — v+ In[4n] + %) —31In [Az;,p]}} (IIL.11)

where
Alz,p] =m? —p?x (1 —2) —i0T ; Y2=Y?p~c, (I11.12)

and p is a renormalization scale. This self-energy features an imaginary part for p? > 4m12p, namely
the fermion-anti-fermion threshold with

3
2

O(p* —4m3). (I1.13)

2
4mw

p2

~ 372
ImE(P) = T 8n p2

The real part of £(p) is obtained by replacing Alz, p] — ‘A[w, pH in the argument of the logarithm
in ([IL1I).
Renormalization: The real part of the self-energy features ultraviolet divergences (a pole in

¢) that yield mass and wave function renormalization, the latter from the term proportional to p?

in Az, p]. We renormalize on the mass shell of the Higgs field for e = 0, by writing
Re [i:( )} Re[ (Md)R)} (P> — M2p) Re[ (Md)R)} +Re [i: f(p2)] (I11.14)

where f}’( M(%R) = ai:(p2) /8p2‘p2=M§R. The twice subtracted real part of the self energy is finite
in the limit € — 0 and given by

Re [i f(p2)} — Re [i(gﬂ)} ~Re [i(MjR)} — (p® — M%) Re [i’(Md%R)} . (II1.15)
For p> ~ M ZR it follows that
Re [if(p%} T (’)((p2 - M(%R)2> . (II1.16)
The mass renormalization condition is
M3+ Re[ (quR)} = M2y, (111.17)
and introducing the (on-shell) wave function renormalization
Z;'=1-Re [i’(MgR)] , (II1.18)
along with the renormalized field

¢r = (IT1.19)

¢
VZs'
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renormalized mixing parameter

ER=+\Zp €, (I11.20)

and the definition
S;(p°) = Re [i f(P2)] +ilm [i(pQ)} ; (I11.21)

the effective action ([IL9) becomes

4 . - ~
Serrlo.x] = / (37254{% dr(—p) [P* — M3 — Zy 55 (p°)| 6r(P) + %%(—p) [p* — M7 X(p)

—er X(—p) P 53(19)} : (111.22)
The factor Zy4 multiplying ¥ ¢ is absorbed into the renormalization of the Yukawa coupling
Yr Zy =Y \/Zy Zy (IT1.23)

where Zy ~ (1+O(Y?) + ) corresponds to vertex renormalization and Z, ~ (1+ O(Y?) +---)
to Fermion wavefunction renormalization. Therefore, up to one loop order Zg 5 P 5 ¢ where
in ¥ ¢ the coupling Y2 o }7}% Finally we choose the renormalization scale p? = M;R in (ILI0)
according to on-shell renormalization.

Thus we recognize that the effective action yields a clear renormalization procedure since only
the Higgs field ¢ undergoes radiative corrections from Standard Model interactions, whereas the
x field is “dark” or “sterile” in the sense that it does not couple to the Standard Model degrees of
freedom.

There is a clear advantage of the approach to renormalization via the effective action. For
consider the alternative of first carrying out field redefinition and diagonalization at the level of
the bare action and writing the Yukawa coupling in terms of the bare mass eigenstates. This
results in mixed vertices, leading to siz renormalization conditions: three mass renormalizations
and three wave function-type renormalization conditions, arising from the divergence proportional
to p? in the self-energy. Two of the three mass renormalization conditions correspond to a mass
renormalization of the bare masses and one corresponds to a mass-mixing term. Two of wave-
function renormalization conditions correspond to the wave function renormalizations of the mass
eigenstate fields, and one to a kinetic mixing term between the bare fields. This term leads to a
new field redefinition that accounts for the renormalization of the kinetic mixing. Obviously this

alternative manner is much less clear and cumbersome, but ultimately must yield the same results.
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This method of renormalization via the one-loop effective action bypasses the more complicated
renormalization prescription with mixing], with the new complications associated with the

kinetic mixing term.

Time evolution: no mixing, e = 0:

Anticipating the discussion of the time evolution for kinetically mixed fields, we first discuss
how to extract the effective Hamiltonian in the simpler case of eg = 0.

For ep = 0 (no mixing) the x field is free and decouples. The renormalized field ¢ features a

propagator

—i
Gy(p?) = - : (I11.24)
p? = MZp — X (p?)

As a consequence of the on-shell renormalization and the mass-shell behavior of Re [i f(pQ)} given

by ([ILI) it follows that near the mass shell

—1

Go(0”) ——m - : (IIL.25)
p = Mgp p2 — MiR — ¢Im [Ef(MzR)]
For M, d2> R > mi eqn. ([[ILI3) yields
S 3Vi
Im |3 (M2g)| = —MygrTy 3 Ty = B M, (I11.26)

where I'y, is the decay width at rest of the Higgs scalar (assuming Mgp > my,) into ff. Therefore,
in absence of kinetic mixing with the dark sector, the renormalization via the effective action yields
a Breit-Wigner propagator for the Higgs field ¢ near its mass shell

—1
R p2 - MiR + iM¢RF¢ '

Golr) o (IT1.27)

The main advantage of this renormalization program at the level of the effective action is
that neglecting the imaginary part of the self-energy along with kinetic mixing (e = 0), the
renormalized field ¢p creates a single particle state with the physical renormalized mass and unit
amplitude (unit residue at the pole in the propagator). The amplitude of the single particle state
of momentum k at time ¢ > 0 is given by the inverse Fourier transform in py of the propagator

Gs(p? = p§ — k?). This is dominated by the complex pole in the lower half py plane, namely

de e—ipot — B _Fik M¢R
GOk = | Sr o ranar, < ¢ ¢ 7 Bem R Ml s To(k) = g2 Ty,
(IT1.28)
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the decay rate I'y(k) includes the time dilation factor 1/v(k) = Myr/E}). Anticipating the treat-
ment of the time evolution in the case of mixing in the next section, we re-derive the above result

from the effective action for ¢ for egp = 0,

4 ~ ~ ~
Sepslo] = % / (;lﬂl;l or(—p) [P* — M3g — 3¢ (p?)] or(D) - (IT1.29)

The equation of motion for the Fourier transform <;~SR(p) in momentum space is

[p* = M — S ()] or(p) =0, (I11.30)

since & #(p?) EN/}% < 1 in perturbation theory the solution is p? = MQ%R + (9(171%) therefore for
single particle states of momentum k we write pg = Ej + 0wy, with dwy }7}% the equation of motion

([IL.30) becomes to leading order in }7}%

~ - Sy (p? = M2
Swi or(p) = H ¢r(p) ; H = W. (IIL31)
k

In terms of the Fourier transform in time, dwp — i% namely dwy is associated with the slow

time evolution of the amplitude through the perturbative self-energy after taking out the trivial

phase e~*Frt. Therefore equation ([IL31) becomes a Schroedinger-like equation for the slow time

evolution of the single particle amplitude,

; 09n(h,1)

or = Hor(kt) i H=Re S = MEg)| +itm [S(p* = MZp)] (I11.32)

H is a non-hermitian effective Hamiltonian. Because we renormalized on-shell it follows from

(II2IMTI6 MT26) that the slow time evolution of the amplitude obeys

O¢r(kt) i Mgr | ~
7 ot = B —Ek P¢ ¢R(k,t), (11133)

namely

~ Ly (k)
or(k,t) =e "2 °, (IT1.34)

which coincides with ([IL28) after restoring the fast phase e~*#k!. This formulation of the time
evolution is equivalent to the Wigner-Weisskopf method ubiquitous in the treatment of the time

evolution of neutral meson mixing[30]-[37].
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IV. MIXING: EFFECTIVE HAMILTONIAN

Our strategy to treat the kinetic mixing now begins by writing the total effective action (IIL22])

as

IS N d4p 1~ _ 2 a2 17 1~_ 2 a2~ _ ~( 27
erfld,x] = / @) 2 or(=p) [P” = Mgr]or(p) + 5 X(=p) [p° — MY]X(p) — er X(=P) P” b (P)
—~ %53(-19) Sr(p?) 53(1))}- (IV.1)

treating the term ¢p(—p)S f(pz)gR(p) as a perturbation and diagonalizing the first line in (I1.22)
by following the same procedure described in section ([I)) for the case where Y = 0 but now in
terms of the renormalized mass, field and mizing parameter. The diagonalization of the first line
in (VI follows the same steps as in section (Il with the final result for this contribution to the
effective action given by eqn. ([L19) but now M;, My and b1, do are all in terms of ép, My R, €R-

The “interaction term” ¢r(—p)% f(p2)qz~5R(p) is now written in terms of the mass eigenstate fields

51, 52 using the relation ([L21]), namely

or(p) = Y161 (p) + y22(p) (IV.2)

where y1,y2 are given by ([L.22]) but in terms of the renormalized parameters Myg,er. The total

effective action in momentum space in the renormalized ¢ — ¢ basis is given by

S b1 ol = 1 ﬂ o 2 a2\ 7 T 2 2217
il = 5 [ s 1) 2 = M) + () [87 — 3] ) (v.3)

— o1 (—p) 2 ()1 (p) — ¥ D2(—p) S5 (P2 02(p) — 291 2 <z~51(—p)§f(p2)¢~52(p)} :

The effective action ([V.3) is fully renormalized and general up to quadratic order in the fields,
with the only condition that [eg| < 1 to avoid tachyonic instabilities and negative norm states. In
this article we focus on the case when the kinetic mixing is very small, and the Higgs and the Dark

scalar are nearly degenerate, namely we consider

Mjp~DM? ; ep<1. (IV.4)

It is convenient to introduce the following parameters

. MZp+ M M2, — M
MZ—=_9¢R " x . 5__¢R "~ x . ,_ )2 5 . 5 <1 IV.5
5 ; M£R+M>% ;N €Rp T ) 777| |<< ’ ( )
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in terms of which we find to leading order in eg,§

M{ = MZ%[1+4n] ; M;=M2[1-n] (IV.6)

MZp = M2[1+6] ; M} =DM2[1-4] (IV.7)
ER . 1)

20) = =%, 20) = — . V.8

cos(20) , sin(26) ; (IV.8)

For fixed § as eg — 0 it follows that § — sign (0)7/4.

At this point one can proceed to obtain the 2 x 2 propagator matrix in momentum space, the
time evolution is then obtained by diagonalizing this matrix and finding the complex poles of the
diagonalized propagator. The time evolution is then obtained by performing the Fourier transform
in pg, just as described in the previous section. The complex poles at Ey(k) — iI'£(k)/2 with

E% (k) = k* + M? yield a sum of exponentials e~ "+ k)t g=T(k)t/2

with coefficients determined by
the residues at the poles. In the nearly degenerate case one can take a common rapid phase by
writing E4 (k) = E(k) + AE+(k) in terms of the average mass with |AFL (k)| < E(k) and I'y(k)
thus describing the slow time evolution. Instead of this procedure, we obtain directly the time

evolution from the equations of motion, following the steps of the previous section.

The equations of motion now become

(02 — ME] ¢1(p) — 1255 (0%) b1 () — 1 922, (P2 da(p) = O (IV.9)

[0? — MZ] o (p) — 35 (032 (p) — y1 925, (P 1 (p) = O. (IV.10)

The fast time evolution is associated with the scale M2, therefore it proves convenient to write
M} = M2 + AM? ; M2 = M? — AM? with AM? = Wn and write pg = E + 0wy, ; Ej =
V k2 + M? where dwy, o< AM?2, 5. f(p? = M?) describes the slow time evolution. Just as we argued
in the case without mixing, taking dw, — i0/0t the equations of motion ([V.9IIV.10) become a

Schroedinger-type equation for the slow time evolution of coupled channels, namely

b (k. t o1 (k,t Hy, H
z% iﬁi1( ) _m fl( ) CH- 11 Hio | (IV.11)
P2 (k, ) p2(k,t) Hyy Ho
where
1 SO
i = o [AM2+yf zf(M2)} (IV.12)
_ o 2s.ar
Ha = & [ AM? + 25 (M )] (IV.13)
= (M2)

Hiy = Hyu =1y (IV.14)

2F,
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This is an equation for the amplitudes, akin to the effective evolution with a non-Hermitian
effective Hamiltonian for amplitudes obtained in the Wigner-Weisskopf formulation of neutral
meson mixing@, @Q, @] The equivalence between this formulation in terms of the effective
non-hermitian Hamiltonian for the amplitudes (Wigner-Weisskopf) and the time evolution obtained
from the diagonalization and Fourier transform of the mixed propagator has been established in
refs.[29, 131].

With the definition of 3 #(p) given by ([IL2I) and with the on-shell renormalization conditions
leading to ([ILI6) it follows that

Re [i f(W)] x Y252 M2, (IV.15)
where we used ([(V.Z). Since AM? = M2 it follows that for |§| < 1 the contribution from
Re [i f(W)] can be neglected, furthermore for M2 > mfp we find from ([IL.13)

Im [i f(W)] - —38—?W. (IV.16)

Hence, defining

V3Yg
= , v.17
91,2 = Y1,2 ( N > ( )
the matrix elements of H simplify to
M? .
Hy = — [n—igi] (IV.18)
2E},
2 2
2E
M? .
H12 = H21 = T[—Zglgg] . (IVQO)
2F}

where 7 has been defined in ([V.5]). In obtaining ([V.I8IV.19) we neglected contributions of the
form ([V.15) which are subleading in the near degeneracy limit |§| < 1, however they can be
incorporated straightforwardly away from this limit.

The effective Hamiltonian H can be written as

1 1 2 ,15 [C S
= (HH + H22) I+ [(HH - H22> + 4H12] . (IV.21)
where
Hy — H 2 H
C= Ho . §= L2 S 2482 =1. (IV.22)



16

Introducing
1
Y e + ¢ _1, (IV.23)
\/2 1 + C
the effective Hamiltonian H can be diagonalized,
Ar 0O
H=u"'|"" U (IV.24)
0 M
where the complex eigenvalues are
1 1 2 3 r
Ay = §(H11 + H22) + 5 |:(H11 - H22) + 4H122} *=AFE; - Z% : (IV.25)
and
c s . c —s
U= DU = , (IV.26)
-5 ¢ s ¢

because H is non-hermitian, it follows that U/~ # UT. The solution of the effective Schroedinger
equation ([V.I1J) is given by

k,t c —s Vi (k,0) e~
Akt ) _ +(5:0) | , (IV.27)
¢2(k77t) s c V—(k70) —At
where
Vi(k,0 c s & k,0
+E0 Y _ Ak 0) ) (IV.28)
V_(k,0) —s c $2(k,0)
Therefore the slow time evolution of the amplitudes is given by
d1(k,t) = ¢1(k,0) [62 e Mt g g2 e_i)‘*t] + ¢o(k,0) cs [e_i)‘” - e_i)‘*t] (IV.29)
52(k, t) = 52(/c, 0) [32 et 4 (2 et t] + 51(k, 0)cs [e‘”‘*t — e_“‘*t] . (IV.30)

The full time evolution is obtained by multiplying the above amplitudes by the common overall

~iEkt These expressions are similar to those of two-flavor oscillations in neutrino mixing,

phase e
with two major differences: i) the eigenvalues A\ are complex, indicating decay of the amplitudes
and ii) the amplitudes <;~51(k:, 0), qz~52(k‘, 0) are not independent, they are determined from the initial

amplitudes for the Higgs and dark scalar.
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From the relation ([L2I]) we find the amplitudes as a function of time of the original Higgs and

Dark scalar fields, namely

Sk, t) = y1 o1 (k,t) +y2 da(k, 1) (Iv.31)

X(k,t) = hyi(k,t) + ho ga(k,t). (IV.32)
Finally, we must obtain the initial amplitudes 5172(/@ 0) from the initial amplitudes of the Higgs ¢
and Dark scalar x fields. This is achieved by inverting the transformations (ILSILI0ITI9). We

consider the case in which 25(%;, 0) #0; X(k,0) = 0 to describe an experimental setting in which a

collision has produced a Higgs particle as an initial state, we find

\/ ! ;ER cos(0) + 1/ ! —;ER sin(@)]
\/ ! —;ER cos(f) — 1/ ! ;ER sin(@)] . (IV.33)

Combining (IV29IV30), ([V-33) with ([V3TIV-32), and restoring the fast phase e P+t we
find

¢1(k70) = ¢(k770)F1 ;o =

¢2(k70) = ¢(k770)F2 ;o Iy =

o

¢ kf,t) — e_iEkt |:A¢ e—i)urt + B¢ e—i)\, t] (IV34)
¢(k,0)
X(k,t = ~ ~
>~<( ,t) = ¢ Bkt {Ax et 4 By, e_”\*t] , (IV.35)
¢(k,0)
where
Ay = i i +ya Fos® +es (y1 Fo + y2 ) (IV.36)
By = i Fis* +ya Fo? —es (i Fa + 42 ) (IV.37)
Ay = hi Fic® + hg Fy s* + cs (hy Fy + hy FY) (IV.38)
By = h F1s* + ha Foc? —cs(hy Fa + ha FY). (IV.39)
One finds the identities
nhi+yfo=1; hFi+hyF2=0, (IV.40)
which yield
Ay+By=1; A +B,=0. (IV.41)
The “disappearance” Py_,4(t) and “appearance” Py_,, (t) probabilities are given by
ok, 1) |2
Poso(t) = \ = ( (IV.42)
¢(k,0)
X(k,t) |2
Py (t) = | XD ( . (IV.43)

¢(k,0)
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It is convenient to use eg and n = 4/ 6% + 02 as parameters, furthermore taking ¢ as the standard
model Higgs with My = 125 GeV it decays into quark-antiquark pairs via the Yukawa couplings to
the lower mass quarks, hence the largest Yukawa coupling consistent with Higgs decay is that of
the bottom quark, with 3 EN/I%/SW ~ 4 x107°. We consider e < 1, and the degenerate § = 0 or the
near degenerate cases |0| < 1, therefore n < 1. Furthermore, for 6 # 0 we will also consider the
case where the dark scalar y is heavier than but nearly degenerate with the Higgs, namely ¢ < 0.

In this case we find, in terms of ep,n

cos(f) = 1/%(1 + %Q) ; sin(f) = —/ % (1 - %) , (IV.44)

therefore, for fixed § < 0 it follows from ([L22) that yi,y2 are odd and even functions of ep
respectively, consequently, for  # 0 (namely n > ) it follows that y; < yo.

If ¢ is heavier than x then sin(f) changes sign and the odd/even properties of y1, y2 as functions
of e are reversed.

Before studying particular cases, we note that e = 0 ; § # 0 corresponds to § = —x /4, yielding
y1:0,y2:1; hlzl,hQZO;Flzo,ngl, (IV45)

which leads to 52 = ¢ ; 51 =xand g =0; =0 ; ¢c=1, s =0. These values yield
Ay =0, By =1 ; A, =B, =0. Clearly this is simply the limit in which the kinetic mixing
vanishes, the mass eigenstate 52 is the Higgs field and 51 is the uncoupled dark scalar field. The

rotation by 6 = —7 /4 obviously un-does the (unitary) transformation ([LS).

V. TIME EVOLUTION: LONG AND SHORT LIVED MODES, OSCILLATIONS AND
DISPLACED VERTICES

It is straightforward to study the general cases numerically, however, there are two relevant

cases that can be studied analytically and offer detailed insights into the dynamics.

A. Casel: > g7,

more precisely this case corresponds to
3Y7

8—7T:4><10‘5<<n<<1 = gi,/n<1 (V.1)
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where g 9 are given by ([V.I7). To leading order in g;2/n we find

2 3?2

$ ~ —if ; cx14+ 2 o p=TE SRy < (V.2)
2 n 8Tn
2

sz—z'g ; czl—i—%, (V.3)

along with the eigenvalues

M? 3Y2
Ao ~ — [n—ig?] : 2 =2"R,2 V.4
+ = g (n—igi] 5 9i=="wi (V.4)

M2 3Y2
T [—n—ig] i o= (V.5)
With AEL, 'y defined by eqn. ([V.25]), these are given, in this case by
M? M?

+ ol n +(k) T, 91 (V.6)

M2 M?2
AE_ = —— 7 F_ k = — 2, V7
5" (k) 77, % (V.7)

the inequality (V.I)) physically means that AE. (k) > I'y (k), namely in terms of the poles in the
propagator, the difference in the real part of the poles is much larger than the individual (and sum
of the) widths. Therefore the complex poles in the propagator are spectrally resolved and describe
well separated resonances.

It is convenient to introduce the dimensionless variable

M2 VM2
Ej, Yk

¢ (V.8)

where 7, is the average Lorentz time dilation factor, in terms of which the probabilities are given

by
P(b—mc(t) = ‘Aa‘2€_g%7—k + ‘Ba‘2e_g§7—k + 26—(9%‘1'9%)77@/2 >

{ [ARQBRQ + AIaBIa] COS(?]Tk) + [AIQBRQ - ARaBja] Sin(?]Tk)} s (VQ)

where R, I stand for the real and imaginary parts respectively and a = ¢, x respectively. We
note that nr, = [(M{ — M3)/2E;]t and gi, 7, = Ty _(k)t where I'+(k) given by (VGIV.7) are
the decay rates of the corresponding mass eigenstates including the (average) time dilation factor.
The oscillations in (.9)) are a result of interference between the mass eigenstates, reflecting the
fact that mixing between the Higgs and the Dark scalar entails that the Higgs field is a coherent

superposition of mass eigenstates, just like “flavor” states in neutrino oscillations.
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In the limit (V1)) described by Eqns. (V.2HV.3), the terms with s%, ¢ are real and only the
terms with the product c¢s ~ —i/3/2 are imaginary. This substantially simplifies the expressions for
the probabilities.

Before we engage in a numerical study of time evolution of the probabilities, it is illuminating
to understand analytically some limiting cases. We consider the case Mi > Mdz) corresponding to

0 <0.

1. ep<k1,6=0.

This case corresponds to the Higgs and Dark scalars being degenerate, we refer to this as the
resonant case. With n = e < 1 we find to leading order in ep that y; = yo = hy = ho = I =
Fy = 1/4/2 yielding g1 = go. Kinetic mixing splits the degeneracy of the mass eigenstates because
n = er # 0 but in this case with n > 9%2 both mass eigenstates feature the same decay rate
'y =T_ =T4/2 where I'y = 357}% Mpy/8m is the Higgs decay rate into the ff channel. While
this resonant case is interesting because it results in an enhancement of the kinetic coupling as the
degenerate mass eigenstates feature the same decay widths, it is experimentally ruled out because

in this case the Higgs mode features half the lifetime of the Standard Model Higgs.

2. ep< 1, |0 ~er.

In this case the Higgs and Dark scalars are nearly but not degenerate. For || ~ g it follows
that  ~ ep, this intermediate parameter range must be studied numerically. As an example, the
probabilities Py_,4 and Py_,, for ep = 1073, n = 2 x 1073 are displayed in figs. (I2)). These
parameters describe the almost degenerate case with M, /M, = 1.002. Figs. () reveal the short
and long time scales along with the oscillatory behavior, with g7 = 2.7x107% ; g3 = 3.73x107°, the
time scale for decay of Dark-like mode (51) is ~ 14 times longer than that of the Higgs-like mode
(qz~52) For these parameters we find |4,|? = 4.88 x 1073 ; |By|? = 0.871, namely the probability
for the Dark-like mode (|44|?) is much smaller than that for the Higgs-like mode (| By|?) .

For comparison, figure ([I)) for Py_,4 also displays Higgs decay without kinetic mixing corre-
sponding to eg = 0. Fig. (2] shows In (P¢_>¢(t)> vs. T3 to display more clearly the separation of
scales in the almost degenerate case. Note the scale on the horizontal axis, the oscillation period
corresponds to 07 ~ 27/n ~ 103, with 7 given by eqn. (8] this oscillation time scale is > 103
longer than the Higgs oscillation time scale ~ 1/ \/ﬁ . On this scale the natural Higgs oscillation
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occurs on a scale 7, ~ 1 and the Higgs lifetime (without mixing) is 75, ~ 10%. This is precisely the

nature of the slow time evolution captured by the effective Wigner-Weisskopf Hamiltonian with

matrix elements ([V.ISHIV.20).

1.0 0.025
C ~~
~ -3 -3
= .. €=10" n=2x10 = 3 3
R 08 4 o 0.020 e=10" n=2x10
' A
= _ _ -3
A, 06 e=0 n=2x10 < 0015 e=0 mn=2x10
r =D
04l 0.010
02[ 0.005
0.0L P 0.000 L | L I " n
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o
&
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0.00 ol
2x10* ax10* 6x10* gx10' Ty 1x10°

Figure 1:  Py_,4(t), the solid line corresponds to e = 1072 |, n = 2 x 1073, the dashed line shows Higss
decay without mixing (eg = 0). The rightmost figure displays the dynamics on the longest time scale. The

lowest figure displays Py (t).

3. er K| K 1:

This nearly degenerate case describes a broader region of parameters with e < 1 < 1 allowing
us to implement useful approximations and provide an analytic treatment. As an example of

this case, we note that for M, = 130 , 135GeV and er = 103 one obtains 1 ~ 0.039 , 0.077
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Figure 2: In (qu%qb(t)), the solid line corresponds to eg = 1072 , n = 2 x 103, the dashed line shows

Higss decay without mixing (¢g = 0).

respectively. We find

ER
M:EQ%<1;WQBSLWMQW

hi~14+0E%/n) ; ho~ _‘;—’; <1, (V.10)

thus we refer to ¢y as the Dark-like (x-like) mode and o as the Higgs- like (¢-like) mode, with

372 oo
2 )R R
~ n V.11
91 8 (277) ( )
3Y2
2 R
~ V.12
92 oy ( )

The result (.I1]) is important: just on the basis of mixing with a parameter e one would expect
that the decay rate for the x-like mode would be suppressed by a factor E% with respect to that
of the ¢-like mode, however, when the Higgs and Dark scalar are nearly degenerate and ep < 1
there is an enhancement of the y-like rate by a factor 1/n? > 1.

In this limit there is a wide separation of the time scales of decay of the mass eigenstates because
g7 = g5 % (er/20)* < g5.

Fig(B]) shows In (73¢_>¢(t)> vs. 7 for eg = 1073 with = 0.077 corresponding to M, = 135 GeV.

For this case g2 ~ 2 x 1079 ; g3 ~ 4 x 107°. Larger values of 7 lead to a wider separation of the
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time scales but also to faster oscillations which average out the oscillatory component. In the
case of Fig@]) with eg/n = 0.013 < 1 and |Ay|? = 1.8 x 1079 << |By|? ~ 1 the main features
of the persistence probability (V.9) with @@ = ¢ are much easier to understand: at early time
the Higgs-like mode represented by the direct term proportional to ]B¢]2 dominates until a time
7 ~1In (‘qu /A¢‘2) /g% at which this term becomes of the same order as the oscillatory term. For
7, > 7}, the oscillatory term dominates, this is the interference between the Higgs and Dark-like
modes, but this oscillatory contribution decays with e~ 9378/2 since g3 > g3, finally for 7, > 2/g3 the
Dark-like mode, represented by the direct term ]A¢\2 e~ 9Tk dominates, this term is nearly constant

up to 7, ~ 1/g? ~ 10'°. In the units displayed in fig. [@3]) the Higgs lifetime is 7 ~ 2 x 10

10° 1=0.077

™
Il

Ln(Py->¢ (t))

T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
/

A
vy

0 2x10°  4x10°  6x10°  8x10°  1x10°
Tk

Figure 3: In (P¢H¢(t)), the solid line corresponds to eg = 1072, = 0.077, corresponding M, = 135GeV,
g1 ~2x 1079, g% ~ 4 x 107°, the dashed line shows Higss decay without mixing (eg = 0). At early times
the Higgs-like mode dominates, at intermediate times the interference between Higgs and Dark-like modes

dominates and the Dark-like mode dominates at late times (see text).

Consider an intermediate time scale such that
1/g < 7, < 1/4% (V.13)

during this time scale Py_,4 ~ |Ay|* ~ (¢/2n)? is nearly a constant and begins to decay on the much

longer time scale 1/g?. This delay translates into a spatial pattern as a displaced decay vertex.
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This is similar to the phenomenon of regeneration in the neutral Kaon system which features a

short and a long lived mass eigenstate|36].

B. Case II: n < g7, 93.

This case corresponds to

~4x107° 14
o x 1077 >n, (V.14)

this inequality also implies that both eg, || < 107°. Unless there is a fine tuning that makes
M, # M, but keeping |M, — Myg|/(M, + Myr) ~ 1075, we assume that this parameter range
corresponds to the degenerate case § = 0, namely 1 = ep, again allowing useful approximations
and an analytic treatment. We note that with n = eg # 0 although M, = Myg, the mass
eigenstates are split by the kinetic mixing. With 6 = 0 and n = e < 1 we find to leading order
that y; = yo = Fy = F» = 1/4/2, and

3Y2
R=d=nn=g=" (V.15)
We recognize in this degenerate case that M =M d2> R E,=Ep= /K + Mdz) r and
M?  Ty(k)
2 ¢
I 1
2E) 4 (V.16)

where I'y (k) is the Higgs decay rate into ff in the laboratory frame. It is convenient to introduce

€R

K= 7 <1, (V.17)
in terms of which we find to leading order
_ L Ls(®) K\ Ly (k)
Ay =—1 —5 (1 — Z> AL = —1 —s (V.18)
along with
iR 1
V1 — k2 V1 — K2 ( )
leading to
K2 K2
Ay ~1+— ; By~——. 2

Therefore, Ay corresponds to the Higgs-like mode and A_ to the Dark-like mode.
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To leading order in x the real part of the eigenvalues A+ vanish, in terms of the poles in the
propagator, this means that the real part of the complex energies is the same for both, in this case
the resonances are spectrally unresolved because the difference in the real parts is much smaller
than the widths. This situation is similar to that in the K0 — K0 system where the real part of

the difference in complex energies is of the same order as the sum of the widths|36].

Space-time evolution: displaced vertices Consider that in a collision a Higgs particle is
created at an initial time ¢ = 0, this state will evolve in space and time as a coherent superposition
of the (unstable) mass eigenstates. In order to study the space-time evolution let us restore the
fast evolving phase e~“Frt in eqn. ([V.34) so the Higgs amplitude (IV.34) in momentum space is
given by

Iy (k)

~ ~ . . _ (k)
o(k,t) = &(k, 0) [A¢e_ZE+(k)te_ 2 t+B¢e_ZE*(k)te_FTt}, (V.21)

where

Iy (k) .

Fk—i-)\iEEi(k)—i 9

(V.22)

The space-time evolution is best understood in terms of a wave packet description@]. Consider
that the initial amplitude describes a Gaussian wave packet narrowly localized in momentum space
around a wavevector E(], namely
(F—Fg)?
o(k,0)=Ne 2P (V.23)
where op < |ko| is the width in momentum space and N a normalization factor. For a narrow
wavepacket the Fourier transform in k is performed by expanding the various quantities around E(]

up to second order and carrying out the Gaussian integrals. We find

- T (ko) _ @V, (ko)t)? r_ (ko) _@EV_(kg)t)?
O(Z,t) ~ Netko® [A¢ e B+ ko)t gm0t T 20k + By e B-(ko)t ;———1t 202,
(V.24)
where vi(k‘o) are the group velocities given by
- ko
Vi = : V.25
B (ko) (V.25)

N is a normalization factor, ox = 1/op is the localization length in coordinate space. To obtain
([.24]) we have neglected the time dependence on ox from dispersion and spreading, as well as sub-

leading terms proportional to }7}% This space-time amplitude describes two localized wavepackets
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moving with slightly different group velocities, the amplitude of each decays with the corresponding

lifetimes 'y (kg). The space-time persistence probability is given by
P(j)—)(b(fv t) = |¢(f7 t)|2 = |¢+(f7 t)|2 + |¢— (3?7 t)|2 + I(fv t) (V26)

where in obvious notation |¢ (&, t)|? are the direct terms and the interference contribution is given

_@-Vik)t)?  (F-V_(kg)t)?
= 2 2
I(Z,t) = N?%e % e X e

_F+(k0)+F+(k0)t
2

[AR¢BR¢ + A[¢B[¢] COS |:(E+ - E_) t] + [AM)BRd) - AR¢B[¢] sin |:(E+ - E_) t] (V27)

This interference term is a hallmark of coherence, which is suppressed by two sources of decoherence:
i) the decay with the average of the rates of the two mass eigenstates and ii) decoherence from
the separation of wavepackets and suppression of their overlap. This latter effect arises from the
fact that the wave packets evolve with slightly different group velocities separating as time evolves.
The overlap vanishes when the distance between the centers is larger than the width of the wave

packets, this happens for t > t..; where

toop = IX . (V.28)

V_ (ko) — Vy (ko)

This latter source of decoherence is similar to the decoherence of neutrino oscillations in the

wavepacket formulation @@] .

Case I: (7 > 107°) In this case the results (V.4I[V.5]) imply that to leading order E, (k) =
VE2+ ME ; E_(k) = \/k?* + M3, therefore the difference in group velocities becomes

- ko M2
—Vilko)| = =—2———1. (V.29)

7-00) E(ko) B (ko) |

The time scale for decoherence by wavepacket separation is given by

ox E3(7€0)

~ (V.30)
ko M2n

tcoh =~

Therefore the interference term vanishes at a time scale tg.. given by the smallest between t..p
and the inverse of the average decay rate of the two mass eigenstates. For ¢t > t4.. only the
direct contribution from the mass eigenstate with the longest lifetime survives in the persistence
probability. For ep < n this is the mass eigenstate corresponding to A4, namely for ¢ >> ..

_ (@-Vy (kg)t)?

Poosp(@ot) = o4 (B 1) = N* [AgPe % e Trlho)t, (V.31)
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For I'y <« I'_ this probability describes a decay vertex displaced from the origin by a distance

Vi (ko)
Ax ~ |7 . V.32
'y (ko) (v-32)
In the broad parameter range with |§| > ep we can use the results (V.11]) to find that
N Y(ko) (212
Az ~ |V (ko) . (ER) : (V.33)

where I'y, is the Higgs decay rate (at rest) in the ff channel and we used eqn. (V.I0) in the limit
er/n < 1. This spatial separation suggests a potential telltale signature of kinetic mixing: two
well separated decay vertices into the same channels, the first corresponding to the decay of the
Higgs-like mode <;~52 and the second displaced by a distance given by (V.33) from the decay of the
Dark-like mode qz~51. Taking I'y, = 4 MeV as the total decay width of the Standard Model Higgs (see
section ((VI)), we find

Azr ~ 2

.34
10 10-1 €R (V3 )

|V+(ko)|7(k‘o)] [ 9] r [10_6}2@&1.

In the limit ep/n < 1, namely n ~ |J], the relative probability for the Dark-like component to

decay with a displaced vertex is given by

R o (][] <o v

Thus we see that a larger displacement of the vertex implies a much smaller probability, this trade-
off between the decay length and the probability suggests a challenging observational scenario for
displaced vertices. As an example consider M, = 135GeV ; V7 ~ 10 and e = 107% yielding
n =~ |8 ~0.077, Az ~ 1cm and R ~ 1072,

Case II: (n < 107°) Considering the degenerate case § = 0, the results (V.I8) and (.20)
yield to leading order

_@=T(k)t)? 2 T (ko) K2 12T 4 (ko)
s — -0 ——

Pooss(@t) = N2 e~ ox (1+%)e e (V.36)

The first and second terms in the bracket are identified as the Higgs-like and Dark-like modes
respectively. In this case the interference term is not oscillatory because to leading order in x the
eigenvalues Ay are purely imaginary. To this order the difference £, — E_ ~ 0. This case is similar
to KoK mixing where the real part of the difference in the eigenvalues is smaller than (or of the

same order as) the difference in the imaginary parts and the interference term does not feature an
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oscillatory component B, @, @] For k < 1 the Dark-like mode dominates for t > —4(Inx)/T'4(ko)
leading to a late decay with a vertex displaced by

2
Vi (ko) |7V (K 10710
Az ~ 8 [V (ko) [7(ko) Y cm, (V.37)
10 €R
with a ratio of probabilities (for ep < 2 x 1077)
4
€R

Again, as in the previous case there is a trade-off between a larger displacement and a smaller

probability.

VI. RADIATIVE CORRECTIONS FROM RADION-(SM) COUPLING.

As discussed in section ([I) within the radion model, the radion features couplings to the
standard model degrees of freedom, its coupling to fermions and gauge vector bosons is given
by eqn. ([[LH). We now extend the discussion of the previous sections by including the radiative
corrections from this coupling. Following the steps in section ([IIl) leading to the effective action

we now find up to one fermionic and vector boson loop in momentum space,

4 o _ _ o
0Sesslel = —%/(;ZT];{M—}?) Z60(p) #(p) + X(=P) Exx (P) X(P) + 2 ¢(=p) T (p) %(p)}, (VL.1)
where

See(0) =5(0) 1 S @) =V ED) 5 Sen(p) =7 E(p), (V1.2)

and now i(p) is the one loop self energy including fermions and vector bosons. Anticipating the
necessity for an off-diagonal mass term for renormalization, we add a counterterm —y mix ¢ to the

bare action, leading to the the total one loop effective action given by

4 ~ ~ ~ ~
SersldsX] = / (;17]))4{% o(=p) [p? = M§ — Sgs(p)] (p) + %%(—p) [P* = M = Z (p)] X (p)
—X(=p) [é?pz +m3, + iﬁx(?)} 5(1})} - (VL3)

As discussed in section ([II)) the real part of the one loop self energy requires two substractions, for

the diagonal self-energies we subtract on the (renormalized) mass shells (before mixing), namely

Re[Sgs(p?)| = Re[Sos(Mp)| + (07 = MZp) Re[ Ty (MZp)| + Re[S,(0%)] (V14

Re[Su@?)] = Re|Su(M2p)| + (07— MEg)Re[S, (M25)| + Re[SL (07|, (V15)
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whereas for the off-diagonal term we subtract at p? = M2,
Re[iz (pQ)} :Re[i (W)] + (p? — M?)Re [i:/ (W)] +Re[§:f () (VL6)
ox ox p 0 ox\P )| :

so that Re [iéx(m)} = 0 and is finite for all p?. The self energies £/ = ReX/ + iIm¥ are finite.
The renormalization conditions for the diagonal components follow eqns. ([ILIZHIILIS)) for ¢, x
respectively, whereas for the off-diagonal component they become

i+ e[S (0F2)] — D2 Re [, (112)] = i,

£+ Re [N;X(W)] =£. (VL.7)

The first equation in (VLT) justifies the addition of the off-diagonal mass counterterm to absorb a
divergence of the one loop self energy, and € is an intermediate renormalization. The interesting
aspect of this analysis is that including radiative corrections suggests that the most general tree level
action must include an off-diagonal mass term to renormalize the divergences in the self-energies.
Since our focus is in understanding the consequences of kinetic mixing, we set the intermediate
parameter mix = 0 by adjusting the counterterm to cancel this self energy subtraction. The
possibility of a non-vanishing off-diagonal (renormalized) mass term while interesting is beyond
the scope of this article and is postponed to further study. Finally the renormalization of the

kinetic mixing is achieved by

ER:\/Z¢ZX . (VI8)

Renormalizing the couplings by multiplicative renormalization with the wave function renormal-
ization constants also suggests a renormalization of the parameter v that determines the couplings
of the radion to the (SM) degrees of freedom, which is neglected to the order that we study. The

final form of the effective action after renormalization of couplings is now given by

d'p |1~ 2 2 17 L 2 2 1= ~ 27
Sersld, x] = / W{5 or(=p) [P* = Mip|or(p) + 5 Xr(=p) [p* = M{p|Xr(p) — cr Xn(—p)P* ¢r(p)
—% or(=p) £,(") Or(p) — 5 Xr(-p) EL,(0°) Xr(p) — Xn(-p) £F, (") 53(19)} : (VL9)

We now proceed in exactly the same way as in section ([V]) by diagonalizing the first line (renor-

malized tree-level) and writing the second line in terms of

Sr(D) = y161(p) + y2d2(p) ; Xr(D) = h161(p) + haXa(p) (VL10)
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where y1 2, h12 are given by the same expressions as in section (@) in terms of the renormalized

parameters. We note that
i(];(b(pz) xY? a2 iiqb(pz) o« Y2 va? i{cx(ﬁ) o« VY2 722, (VL.11)

therefore to leading order in v < 1 we neglect the term in xp ifcx Xr in the effective action. We
obtain the effective Hamiltonian following the same steps as in section ([V]). The renormalization
prescriptions described above entail that the real part of the diagonal self energies are subleading
as in section ([¥)) and that of the off-diagonal term vanishes when evaluated at the scale M2. Using

(see eqns ([L22IL23])) which to leading order in ep become
hi=y2 ;5 ha=—-u (VL.12)

and that the imaginary part of the one-loop self-energy on the (near) mass shell scale M? only

receives a leading contribution from the fermion-antifermion loop, it follows that

Im[igd)(m)} __3Viim : Im[igx(m)} zylm[iéd)(m)]. (VL13)

™

To leading order in v we find that the matrix elements of the effective Wigner-Weisskopf Hamilto-

nian ([V.I8),([[V.19),([[V.20) now become

B

Hyy = — [n—iG? VI.14
n=oE [ — iG] ( )
M? .
M? .
H12 = Hgl = T[— ZGl GQ] . (VIlG)
2Fy,
where to leading order in y
G1=91+%92 ; Gzzgz—%gl- (VL.17)

We are now in position to assess the contribution from the radion couplings to the standard model
degrees of freedom in the cases analyzed in section (V]) in the parameter range e ~ v < 1 as
suggested by the analysis of LHC data in ref. ] For ep ~ n <« 1 it follows that g; >~ go and the
terms proportional to v < 1 can be safely neglected. In the case egp < n < 1 the results from
eqn. (V.I0) along with g1 /g2 = eg/2n yield Go ~ go and Gy = g1 (1 + 1 /2er) which for v ~ ep
and 17 < 1 entails that to leading order G; = g1, thus in this case the contribution from ~ can
also be neglected. Finally in the case 1 < g3, g5 with y; =~ y5 the contribution from + can also be
neglected. Therefore we conclude that in all the cases of interest analyzed in the previous section,
and in the parameter range ep ~ v the contributions from the couplings between the radion and

the standard model degrees of freedom can be safely neglected.
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VII. DISCUSSION:

i:) Generalization. We have obtained the effective action and effective Hamiltonian by
considering solely a Yukawa coupling between the Higgs and fermionic degrees of freedom of the
Standard Model to highlight the main conceptual steps. In the previous section we also included the
coupling of the radion to (SM) degrees of freedom. However, we can simply generalize the one loop
effective action by integrating out all the degrees of freedom that couple to the Higgs and contribute
to the Higgs self-energy. All of these will contribute to mass and wave function renormalization,
however, only those corresponding to intermediate states with multiparticle thresholds below the
position of the renormalized mass of the Higgs will contribute to the imaginary part of the effective
Hamiltonian. We can simply include these in the one loop effective Hamiltonian by replacing

% — ]\I;—ZIR (VIL.1)
where ' = 4MeV is, now, the total Higgs decay width. At the level of the propagator, it is
tantamount to replacing the one-loop self-energy with the full self-energy, in principle to all orders

in Standard Model couplings.

ii:) Effective action vs. Wigner-Weisskopf method: In the Wigner-Weisskopf approach
to neutral meson mixing, one obtains a Schroedinger like equation for the amplitudes in the interac-
tion picture by taking transition matrix elements of the interaction Hamiltonian (in the interaction
picture) ]—Q] Truncating the hierarchy of equations to the states that are connected to the
initial state by the interaction Hamiltonian at a given order (typically second order) yields an ef-
fective Schroedinger equation for the amplitudes with a non-Hermitian Hamiltonian (for a detailed
discussion see refs.[32, 134, 137]). The interaction via kinetic mixing does not lend itself directly
to such treatment. One can perform a field redefinition and diagonalization of the resulting mass
matrix as described in section ([Il) above, in which case the Standard Model vertices in terms of the
mass eigenstates can be taken as the interaction Hamiltonian. However, while it is straightforward
to extract mass renormalization in this description, it is less clear how to include wave-function
renormalization, which is a consequence of the momentum dependent ultraviolet divergence of the
fermionic self-energy. Furthermore, as discussed in section ([II) renormalization is more cumber-
some in the mass basis since there are several renormalization conditions. The method described
in sections ([II, [V]) in terms of the equations of motion from the effective action unambiguously
and straightforwardly leads to the Schroedinger-like equation for the renormalized amplitudes in

terms of a non-Hermitian Hamiltonian with the fully renormalized masses, field amplitudes and
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decay widths.

iii:) Kinetic vs. mass mixing: After the transformation ([L8) and the field redefinition
(ILI0) the Lagrangian at the quadratic level is identical to two massive fields coupled bilinearly
with a mass mixing term ([LII). Diagonalizing the mass matrix yields the mass eigenstates.
Although at first sight one would infer that kinetic mixing is equivalent to mixing with an off-
diagonal mass matrix, in fact they are different. The main difference is that in the case of kinetic
mixing, the mass eigenstates are not unitarily related to the original fields because of the rescaling
([LIQ), whereas in mass mixing, the fields that create the mass eigenstates are unitarily related to

the original fields.

iv:) Bounds on radion-Higgs mixing: Earlier analysis of LHC data, ] revealed that
the constraints for radion-Higgs mixing with near degeneracy loosen substantially for very small
mixing and v/A, < 1. The most recent constraints@] confirm and tighten the earlier bounds,
showing an allowed region of parameter space for small mixing and v/A, < 1. In particular
the most interesting region for displaced vertices discussed in the previous section corresponds to

7

e/n < 1, which when combined with v/A, < 1 corresponds to the “conformal point” investigated
in detail in ref.[20]. For this region of parameters, ref. ] finds a wedge of allowed region for
radion-Higgs mixing which widens as A, increases. This is precisely the region of parameters in
which our theoretical analysis focused, thus lending support to the possibility that the dynamical
effects found in the previous sections could be experimentally relevant.

v:) Displaced vertices at the LHC: The Atlas detector at the LHC reported results of
a search program for the decay of long-lived neutral particles with displaced vertices at /s =
7,8 TeV]. No significant excess of events over background were found. The benchmark scenario
used for the analysis which is more relevant to the discussion here, is that of ref. ] In this
scenario the Higgs mixes with a scalar (but not kinetically) which in turn decays into a pair of new
hadronic states, each one finally decaying into bb pairs via a new gauge boson Z’ with a displaced
vertex.

The scenario studied in the previous sections is very different in that the initial Higgs is a
coherent superposition of a Higgs-like and a Dark-like state, with nearly the same masses but
very different lifetimes. This model is defined by only two parameters: the strength of the kinetic
coupling er and the mass of the Dark scalar (radion) (encoded in the degeneracy parameter 0).

The benchmark model used for analysis of the LHC data] features a much richer dark sector

with various new hadronic resonances and gauge bosons with various new couplings and masses,
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therefore introducing more parameters, interactions and model dependence than in the model that
we study here.

Although experimentally both scenarios may yield the same final state (bb — jets), physically
the processes are very different, hence using analysis based on the benchmark model of ref. E] may
not be suitable for the mixing/oscillation case studied here. The results for the displaced vertex

[V.34) or (V.37) and relative probability (V.35]) or (V.38) for cases I, II respectively, suggest that

detection of displaced vertices will be very challenging.

VIII. CONCLUSIONS AND FURTHER QUESTIONS:

Motivated by higher dimensional extensions beyond the Standard Model, in this work we stud-
ied the dynamical aspects of kinetic mixing between the Higgs particle and a nearly degenerate
SU(3).xSU(2)x Uy (1) singlet Dark scalar field. This is an alternative portal to degrees of freedom
beyond the Standard Model that may possibly be suitable Dark matter candidates. We focused on
very small kinetic mixing (motivated by weakly interacting Dark matter) and a Dark scalar field
nearly degenerate with the Higgs field, a region of parameter space that has not yet been excluded
and is weakly constrained by LHC data|20, [23, 25].

A further motivation is the realization that kinetic mixing offers a fundamentally different
scenario of mixing phenomena which, by itself, merits a deeper study as a complement to more
phenomenological studies.

One of the main results of this work is the implementation of the renormalization program
directly from the effective action. This is a new method that yields straightforwardly and unam-
biguously fully renormalized Schroedinger-like equations of motion for the amplitudes in terms of
a non hermitian effective Hamiltonian similar to the treatment of neutral meson mixing.

Although we focused on a Yukawa coupling of the Higgs field to fermionic degrees of freedom
of the Standard Model we argue that the method is more general.

Kinetic mixing of the Higgs with a nearly degenerate Dark scalar implies that the Higgs field is a
coherent superposition of the mass eigenstates leading to oscillations and a common decay channel,
again similarly to neutral meson mixing. Small kinetic coupling and nearly degenerate Dark and
Higgs scalars imply that while the mass differences of the mass eigenstates are small, their lifetimes
are very different. These features have important implications: in a collision experiment producing
a Higgs particle, the initial state evolves as a coherent superposition of the mass eigenstates,

leading to interference as a consequence of mixing an decay of the different components with a
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wide difference of the decay rates. The large difference in the lifetimes of the mass eigenstates
implies a delayed decay of the Dark-like component with a displaced vertex into the same channels
as those available for Higgs decay.

There are two relevant dimensionless parameters: g is the renormalized kinetic mixing pa-
rameter ([L3) and § given by ([[V.4]) is a degeneracy parameter from which the combination
n = \/6% + 02 plays a fundamental role in the description of the dynamics. We find two dis-
tinct regions of parameters, i) for n > T'y /My, where I'y, My are the width and mass of the
Higgs, interference between the Dark-like and Higgs-like components give rise to oscillations in the
“persistence” probability to find the Higgs-like mode, and for ep < 1 < 1 there is an enhancement
of the effective kinetic coupling as a consequence of the near degeneracy. ii) for n < I'yr/Mp the
interference term does not feature oscillations as the oscillation frequency is much smaller than
the average width. In both cases we find a wide separation of lifetimes between the Higgs-like and
Dark-like modes. A wave-packet treatment yields a space-time description of the delayed decay of
the Dark-like mode with displaced vertices albeit with large vertex displacements correlated with
very small probabilities presenting a challenging observational scenario.

The phenomena discussed in this study, namely interference effects and displaced vertices, must
be input in the analysis of collider data to establish more firmly in forthcoming experiments the
possibility of Dark scalar mixing kinetically with the Higgs sector in the region of parameter space
studied here. While no excess signal over background has yet been found for displaced vertex
events at the LHC, the search will continue with Run II and future linear colliders.

Kinetic mixing provides a novel scenario for mixing, oscillations and displaced vertices opening

new theoretical and experimental possibilities.
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