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Abstract We develop a phenomenological formalism for
mixing effects between the Standard Model and hidden-
sector fields, motivated by dark matter in the Universe as
well as string theories. The scheme includes multiple Higgs-
portal interactions in the scalar sector as well as multiple
gauge-kinetic mixings in the abelian gauge sector. While
some of the mixing effects can be cast in closed form, other
elements can be controlled analytically only by means of
perturbative expansions in the ratio of standard scales over
large hidden scales. Higgs and vector-boson masses and
mixings are illustrated numerically for characteristic pro-
cesses.

1 Basics

A large fraction of matter in the Universe is invisible [1].
This hidden sector may have structures at least as complex
as matter and interactions in the visible Standard Model
[SM] sector (see e.g. [2—-4]), unlike one-component theories
as realized in supersymmetry approaches to the dark sec-
tor. Opportunities to explore structures in this hidden sector
are offered by mixing effects with fields of the SM. Cou-
plings between the two sectors are provided by Higgs-portal
interactions [5-31, 34-43] and gauge-kinetic mixings [10,
32-43]. Higgs-portal interactions couple the invariant bilin-
ear product of the Higgs field in the Standard Model with
Higgs SM-singlets in the hidden sector [HS], the strength
of the interaction measured by 7. Kinetic mixing couples
abelian hypercharge B, V-field tensors in both sectors with
strength s. The coupling 1 can be varied in the analysis in
a large range [44], |n| < 1, and the kinetic coupling s in the
most general scenario in a similar range |s| < 1, depend-
ing strongly, however, on the underlying microscopic pic-
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ture of the mixing mechanism.! If in field-theoretic mod-
els loops of mediators link the hypercharge B, V fields in
the two sectors, the size of |s| is expected to be restricted
to |s| ~ gsmepm/6m> x mass logs < 1072, set in detail
by the gauge couplings, the hypercharges and the masses
[32]. On the other hand, the kinetic coupling as mediated
by string states is less stringently restricted in general, and
it can be quite large depending on the type of string theory
realized, see e.g. [45]. We will not delve into building a de-
tailed model of the joined [SM] & [HS] system, nor of dark-
matter candidates. However, the HS system may be taken
as a SM-type system [46], properly extended to accommo-
date the dark-matter properties. The lightest fermion field,
among others, could be a stable candidate in such a scenario
for the dark-matter field. The hidden-sector scales will be
assumed of TeV size, contrasting approaches in which fields
are assumed super-light. The present analysis aims at ex-
ploring the potential of high energy colliders, LHC and LC,
for shedding light on the structure of a heavy hidden sector.

The SM electroweak gauge interaction of the B-field is
unaltered by kinetic mixing to leading order and the proce-
dure of high-precision SM analyses is modified only to sec-
ond order. Also, the Higgs-portal interactions have been in-
troduced in renormalizable form. As a result, well-explored
low-energy physics is not dramatically affected, and changes
are just restricted to potentially small corrections.

It turns out that the re-diagonalization of the gauge sec-
tor after switching on kinetic mixing is surprisingly straight-
forward and the results can largely be presented in trans-
parent analytic form. However, the re-diagonalization of the
effective mass matrix of the gauge fields, parallel to the re-
diagonalization of the mass matrix in the Higgs sector, can in
general be carried out analytically only by expanding mass
eigenvalues and field eigenvectors in the ratio of SM masses

'We are very grateful to J. Jaeckel for valuable advice on field- and
string-theoretic models of kinetic mixing and consequences for the po-
tential range of |s|.
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over dark masses, the latter assumed to be large, i.e. in the
TeV regime [47, 48].

First we will discuss both Higgs-portal mixing and
gauge-kinetic mixing quite generally. Thereafter we will
turn to numerical examples for Higgs and vector fields in a
hidden sector coupled either by one or two links to the SM,
ie. 1 @ 1 and 1 @ 2 mixing scenarios. Specifically we will
address the problem of how to encircle parameters such that
the structure of the combined system can be tested. We will
analyze the problem of how to extract, at LHC and LC, the
basic mass parameters and the mixings between the hidden
sector and the measurable SM.

1.1 Higgs portal: multiple couplings

In the extended Higgs sector we will assume that the SM
iso-doublet Higgs field ¢ is complemented by a set of n
complex scalar fields S; that generate the hidden gauge-
boson masses, including the » U(l) gauge bosons V =
{Vi,.... V,}, which are mixed with the hypercharge SM
gauge boson. Expanding the fields about the minimum of the
scalar potential, the real SM Higgs field Hy and n hidden-
sector Higgs fields H = {H\, ..., H,} will emerge, corre-
sponding to scalars located primarily in the visible SM sec-
tor and the invisible hidden sector, respectively. The two
sectors are coupled weakly and they are linked by bilinear
quartic couplings, leaving the system renormalizable.

Cast into the standard formalism of spontaneous symme-
try breaking, the Higgs potential is introduced as

n
Vi = [1d1017 + roll*] + Y [1d1Si1* + ailSi[*]
i=1

n
+ ) nilel*ISi1%. (1.1)
i=1

The u? parameters are negative, shifting the ground states
to non-zero vacuum values, and the A parameters are pos-
itive to stabilize the system. As we focus primarily on the
direct coupling of the SM Higgs field and the hidden-sector
Higgs fields, quartic interactions among the hidden-sector
Higgs fields can be ignored to leading order in this context
if the couplings of the mixing terms are taken to be small.
Their impact on any physical observables will be suppressed
when passing the Higgs portal. For illustration, the analysis
including small quartic mixing in the hidden sector is sum-
marized in Appendix A.

Introducing the vacuum Higgs values v at the minimum
of the potential,
¢o=(o+ Hoo)/~v2 and S;= (v + Hio)/v2 (1)

where ¢o is the neutral component of the SM iso-doublet
Higgs field ¢ etc., they can be expressed by the potential
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parameters after solving the minimum conditions:
1 n
2 2 2
vy=|—ung— — v A —
0 |: Ko B kE_l Nk k:|/ 0

—ud/ho + 5 3 mkud /Ao
1= 5> 02/ hcho

(1.3)
2 2 Lo
Vi =|—pui — znivg [/Ai —

—12/h; + Snipd ok — 5 S Inipnd — nend e/ rickoki
1= 3202/ hcho

fori=1,...,n. (1.4)

Inserting mutually vg into v; and v.v., the set of two equa-
tions has been solved for vy and v; supplementing the orig-

inal values of the individual sectors, v < —u3/Ao and

v} < —pu2 /A, before they are coupled by 7;.
The bilinear kinetic terms and the mass terms of the phys-

ical Higgs fields are described by the effective Lagrangian:

1 (H\" . (H 1 (Hy\" .., (Ho
EH—E (H)CE)(H C—E HCMHC HC

M2 xT
: 2 _ Oc
WlthMHC—< % Mc2>

(1.5)
The parameter Mozc denotes the mass of the SM Higgs boson
in the current basis, the matrix Mg denotes the n x n mass
matrix of the Higgs bosons in the hidden sector [for simplic-
ity assumed to be diagonal], and the n-dimensional column
vector X accounts for the couplings of the scalars in the SM
and the hidden sectors:

M3, =203, (1.6)
M? = diag(2x1v7, ..., 20,02, 1.7
X" = (mvovi, ..., navova) (1.8)

expressed by the basic parameters of the potential. [In the
general case with quartic terms of hidden-sector Higgs
fields, the matrix M, CZ is non-diagonal but symmetric so that
it can be diagonalized by an orthogonal transformation. The
mixing vector X is changed slightly as a result, see Ap-
pendix A.]

The mass matrix in the current [c] representation will be
transformed to the diagonal mass matrix in the mass [m] rep-
resentation by applying the orthogonal transformation Op:

M3 = M3y, = Oy M3, O} = diag(Mg,,, MZ) (1.9
while the Higgs fields transform as

Ho\ _ 7 ( Ho
() =0 (%) 10
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For n =2 and higher, the eigenvalues and eigenfunctions
of the mass matrix cannot be written in closed or transparent
form anymore. But they can be expanded consistently for
small mixing up to second order in the expansion parameter
X [47, 48]:

1

2 2 2 2\~
MG, = Mg, — X" (M7 — M§,)” X (1.11)

M2 =M§+%diag{xxT,(Mf—Mgc)*‘} (1.12)

while the orthogonal transformation matrix up to second or-
der reads

on-(
1

with 2 = —(M? — M,)” X.

1
— 3252y 2k
2y 1-1eyel
(1.13)

The corrections of the heavy hidden Higgs masses M, ,%, are in
general not diagonal. However, re-diagonalization gives rise
to changes of the eigenvalues and mixing matrices only be-
yond the order considered so that the off-diagonal elements
can simply be truncated [see the proof in Appendix D].

By assuming the mass parameters in the hidden sector
to be heavy compared with the SM sector and the mixing
parameters, the norm of the vector || 2g] ~ I XN/ I1M2| is
small and serves as an expansion parameter, in parallel with
[ M31l/1IM?||. The SM Higgs mass parameter M3, = M{,
however, could be modified sizably if the mixing parame-
ter is not much smaller than the SM parameter [consistent
with the expansion]. To lowest order, the modifications of
the masses and the mixing matrix,

-1
Mg, ~ M5 — X" (M) X (1.14)
M2~ M? (1.15)
and
T
Oy =~ ( ! 'QH) and
-2y 1 (1.16)
Hom >~  Hpc + ‘Q[E H.,
H,, ~ —Ho: 2y + H,

are particularly simple. This set of transformations of the
wave-functions generates the reduced couplings of the SM-
type Higgs boson and the couplings of the hidden Higgs
bosons with the SM gauge and matter fields to first order
in the mixing.

In the 1 & 1 Higgs scenario the solution can be recon-
structed analytically without any expansion [44, 49-53].
The mixing matrix is the standard 2x?2 matrix built up by
sin x and cos x of the rotation angle y. After reducing the
vector 2y to the small mixing angle 2y =~ yx, the above

relations are readily recovered from the (1 4+ n) x (1 + n)
system, as will be recalled later.

Starting from the lowest order, masses and mixings can
iteratively be constructed to arbitrary order in the expansion
parameter € ~ | M3 ||/I|M>|l, | X||/|| M|, both of which are
small for large masses in the hidden sector, compared to SM
masses and mixings. The perturbative recursion formulas
are derived in Appendix C.

1.2 Kinetic mixing
The interaction between the SM hypercharge B-field and the

set of n gauge {V1, ..., V,} fields concentrated in the hidden
sector, is described by the Lagrangian

. N w
Ly=—7 B| 1+si| B
1% 1%
C C
A r 1%
+5| B My | B
1% 1%
c C
00 0
withS=[0 0 sT (1.17)
0 s O

where M%,C is the current (2 + n) x (2 4+ n) gauge-boson
mass matrix given by

) ) C%,V —cwsw O
2

My =Mz | —cwsw S 0

0 0 A

with A =My, /M3 (1.18)
in terms of the mass parameter Mz, = /g% + g'*vo/2, the
sine/cosine of the electroweak mixing angle sy = sinfwy
etc., as well as the n x n dimensionless matrix A, after in-
cluding the mixing of the SM neutral isospin W-field and the
hypercharge B-field due to electroweak symmetry breaking.
While the field vectors are denoted by V = {V1,..., V,},
the field tensors are denoted by V= {‘71, e ‘7,,}; s is the
n-dimensional vector accounting for the kinetic B—V mix-
ings. For the sake of notational simplicity we have refrained
from introducing mixing among the fields in the hidden sec-
tor, which can easily be added.

Applying an SL(2 + n,R) matrix transformation, con-
sisting of a kinetic transformation [KT] Z and a rotation,
to the gauge fields, the kinetic mixing of the field strengths
can be absorbed in the redefinition of the fields. There-
after, the mass matrix must be diagonalized by a matrix
split into the block-diagonalization matrix Oy and the ro-
tation matrix Uy re-diagonalizing the mass submatrix in the
hidden sector. The block-diagonalization can be performed

@ Springer
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only approximately; the expansion parameters being ||s||
and ||M% /M‘2,||, with the norms assumed to be small. The
final result of this procedure can be written as follows:

N2 (A A
v/), v/), v/, v/,
W A
with | B | =z2ToTul' | z (1.19)
V c V m

leading to the massless photon field A,,, and the massive
vector fields Z,, and V,,. The KT matrix and the block- and
re-diagonalization matrices read

Z=lcw —sw 0],
0 —os o
1 0 0
ov~|o0 1 ], (1.20)
0 —Q2y 1
1 0 O
U;=10 1 0
0 0 Uy
with the n-dimensional column vector 2y
Qy ~ —sw(M7 /M3)s (1.21)

to lowest order in the mixing. [{; actually proves ineffective
to lowest order, as derived in Appendix D.]

The submatrix o in Z is a symmetric n X n matrix defined
by the dyadic product ss” of the mixing parameters s,
o=(1 —ssT)_% =uloqu (1.22)
which can be diagonalized by the n x n orthogonal matrix u,
generating the diagonal matrix o,. The set of eigenvalues of
the dyadic matrix ss” consists of one non-zero value ||s |
followed by n — 1 zero values, giving rise to the n x n diago-
nal matrix oy = diag[(1 — ||s||2)_%, 1,..., 1]. The spectrum
and the eigenvectors are derived in Appendix B.

Switching from the current [c] basis to the mass [m] ba-
sis, the mass matrix is transformed, up to second order, to the
diagonal (2 4+ n) x (2 + n) mass matrix M%,m in Eq. (1.19),
representing the zero photon mass and the non-zero mass
eigenvalues up to second order as

M =0, (1.23)

ML~ ML —sZsT (MY /M2 )s > M2, (1.24)
1

M3, ~ UaM3,Uj + 3 diag{ss”, M7, | (1.25)

@ Springer

where U, diagonalizes the matrix M ‘2,( up to the second-
order approximation of the mixing.

Special attention should be payed to the peripheral null-
vector in the matrix Z. This form is essential to keep the SM
gauge interactions intact to leading order. This is apparent
by noting the covariant derivative which transform as

iD=id—gTsW,—g'YB. — gy Y] V.
~id—eQAn—8z(T3 = Y)Zn

—(gvYy —&'YsT)Vy (1.26)
with Yy = {Yy1,..., Yy,} and up to linear approximation
in the kinetic mixing; as usual, e = gsw, Q = T3 + Y and
gz = [g>+g"*1"/?. The coefficients of the A and Z fields are
not altered preserving the standard structures in the original
electroweak sector after electroweak symmetry breaking at
this level.

2 Analysisof 11

The simplest example of portal models combines the SM
with just one new degree of freedom in the hidden sector.
With some elements worked out already a while ago, cf.
Refs. [5-9], we extend the analysis in this section at the level
of phenomenology as well as analytical solutions based on
perturbative expansions. Note that the Higgs and the gauge
sectors are entangled, the connecting link being the trans-
formed vacuum expectation values of the Higgs fields af-
fecting the current mass parameters of the gauge fields.

2.1 Higgs system
Specifying the notation in the previous sections, the phys-

ical Higgs masses Mo /1, and the Higgs mixing angle x,
derived from the current Higgs mass matrix,

2)»01)2 1VoV]
M3 = o 7 5 2.1
nvovy  2A1v
are given by
2
Mg, = hovg + hvi — \/(lez — aovd)” + (nvovr)?
~ 2h0v8 — nivd /201, (2.2)
2
M@=Mﬁ+Mﬁ+JWﬁ—M%)+Wmmﬂ
=~ 2007 + 1195 /2M1, (2.3)
tan2y =—n1vov1/(klv12—kov(2)) >~ —n1vg/ A V1 24

up to the second-order approximation in 7 for the masses.
It should be noted that the leading mass corrections are not
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suppressed by the large hidden scale vy, in contrast to the
mixing angle. The current Higgs fields {Hy., Hi.} and the
mass Higgs fields { Hy,,, H1,} are related by the orthogonal

transformation OZI:
(H()) _ (cosx —sinx) (H())
Hi ), siny cosy Hi ),
where cos x can be assumed non-negative without loss of
generality. These three observables can be exploited, in re-

turn, to extract the individual vacuum parameters )Lovg, A vf
and njvgv; according to

2.5)

2}\.01)5 = Mgm cos? X+ Mlzm sin? x> (2.6)
2k1v12 = Mgm sin’ X+ M]2m cos? X, 2.7
2nvovy = — (M}, — MZ,) sin2x. (2.8)

While the measurement of the two Higgs masses, My,
and My, is self-evident, the mixing parameter cos x can be
determined from the Higgs—gauge-boson vertex, i.e.

g[Hom WW1=2M3, cos x /vo (2.9)
where vy is given by the W mass
My = guvo/2 (2.10)

with the SU(2); gauge coupling g derived from the mea-
sured W-width in a model-independent way to leading
order. [The hypercharge coupling g’ is derived corre-
spondingly from combining the electron electromagnetic-
magnetic coupling e = gsw and with the hypercharge rela-
tion g’ =e/cw.]

The quartic couplings Ag, A1, or equivalently the vacuum
expectation values vy, vy, can be separated only by measur-
ing the triple Higgs couplings. Denoting the current triple
H;.Hj.Hy. Higgs couplings by ticjk [i, j, k = 0.1], they can
be expressed by the physical Hp,, Hym Hym couplings ¢7,

par

[p,q,r =0, 1] in the mass basis as

°=0L ®0f ® 05", (2.11)

The tensor components can be written as
1

oo =" 5 Man(cy/v0+sy/v1), 2.12)
1

1001 =—g(2M§m+M12m)(cx/vo—sx/v1)cxsx, (2.13)

1

o =g (M2, +2M%,) (sy /v0 + cx /v1)cy sy, (2.14)
102 (3 3

i = =3 Min (53 /v0 = ¢ /v1) (2.15)

with the abbreviations ¢, = cos x etc.; they are symmetric
under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a com-
binatorial factor that counts the number of identical external
legs. The parameter vy of the hidden sector is naturally as-
sociated either with [small] mixing coefficients or with cou-
pling/mass suppressed H; degrees of freedom.

For illustration purposes, we pick, with Mo, = 125 GeV,
a representative parameter point

cos® x =0.9, Mim/Mom = 2.5, vi/vo=2 (2.16)

from the scan of the allowed points depicted in Fig. 1
[choosing a SM-like width of Hy,,]. Identifying the mass
of Hy,, with 125 GeV, the global area of the two unknown
parameters, i.e. the second Higgs mass M1, and the mixing
sin” x, is tightly constrained by future precision measure-
ments of the Hy,,, boson. For a numerical investigation of the
above parameter point we adopt the extrapolations to 3 ab™!
for LHC at 14 TeV and adopt an energy of 250 GeV for ILC
as provided in Ref. [56]. A measurement of cos? x and the
masses My, and My,,, which will be well established at the
quoted LHC luminosity, is not enough to separate vacuum
expectation values from quartic couplings in the most gen-
eral and complete analysis of the 1 & 1 system. We need (at
least) one additional measurement in order to reconstruct all
the parameters individually.

There are two independent approaches to this problem,
depending on the size of the invisible Higgs branching ra-
tios. For large values, we can use an invisible Higgs mea-
surement to constrain the parameter sin” x as described in
Ref. [44].

Since recent measurements of Hy,, point towards a SM-
like total width (at least when SU(2); doublets are in-
volved [57]) we investigate a different possibility in the fol-
lowing, assuming no direct partial decay width of Hy,, to the

excluded by 126 GeV signal strength

o L e ——

m: excluded by S,T,U and unitarity
z currently allowed by LHC
0.01 | -
allowed projection by ILC
0001 Il I L Il Il Il Il
200 300 400 500 600 700 800 900

M- 1im [GeV]

Fig. 1 Scan over the parameter points of the 1 @ 1 including cur-
rent Hp,, measurements and exclusion limits for Hy,,. Kinetic mixing
is switched off for transparency of the result; invisible Higgs widths
are included in the scan. Also included are constraints from unitarity
and oblique corrections [54, 55]. We show projections of the Mj,, and
sin? x region that is currently allowed by the LHC and the parameter
region where there will be no constraint from a combined ILC+LHC
measurement
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hidden sector. Then phenomenology is dominated by mixing
only and we can use an experimentally measured region of
sin? x to constrain the system of mass relations in Egs. (2.6),
(2.7) and (2.8) as shown in Fig. 2. The additional informa-
tion to reconstruct the individual parameters should then be
made available from the measurement of the trilinear Higgs
couplings in Egs. (2.12)—(2.15) [44, 58], which can be phe-
nomenologically accessed via light dihiggs production, i.e.
predominantly gg — Ho,, Hoy, at the LHC [59-66]. [Recall
that in 1 @ n scenarios vg is known from the W mass and the
SU(2); gauge coupling g measured by the W width, both of
which are not affected by U(1) mixings.]

Recent analyses [67] indicate that a variation of the trilin-
ear Higgs coupling is only feasible in the context of the SM
in the bbt 7~ channel [68] if possible at all. Rare Higgs de-
cays such as Hoy, Hym — bl;yy [69] are clean [S/B = 0.7
for 12 signal events in 3 ab~! [67].] Nevertheless the in-
volved uncertainties are too large and the signal yield is
too small to obtain a more fine grained picture. In contrast
to the SM, however, the 1 @ 1 scenario offers the possibil-
ity to discriminate the Hy,, — Hom, Hop signal region from
the “continuum” Hy,, Hy,, production. Upon correlating the
two regions we can constrain v in different channels: Elec-
troweak precision measurements, even for rather small mix-
ing angles sin? x ~ 0.1, indicate that the mass splitting be-
tween the 125 GeV boson and Hj,, must not be too large.
Observing a cascade decay Hy,, — Hon Hom therefore im-
plies small boosts of the Hp, bosons and the analysis of
the Ho,, Hon — bbtt T~ final state is not applicable any-
more. On the other hand, Hy,, Hy,, — bl;yy is inclusive in
this sense and we can extract a limit on v in this channel
when selecting invariant masses m(Hoy, Hom) ~ m(Hip).
The complementary phase space region can again be tackled
in the boosted selection using the methods of Ref. [68].

1L 9 \ [ 1 ,

2)\01)[;—‘ ‘ ‘ ‘

2)\11}1 - | |

2|njvovs \ [ }

@0l ke — L L1
Z | T T~
i // \
‘ \ N
0.01 b \ I } i

\ I

\ [ 1

\ [ ]|

0.001 — Ll
0.001 0.01 0.1 1

sin? y

Fig. 2 The system of mass relations in Egs. (2.6), (2.7) and (2.8) for
the parameter point in Eq. (2.16). The wide band gives the expected
lo interval for an LHC measurement of Hy,, at the luminosity of
3 ab~!. The narrow band corresponds to the parameter range allowed
by an lILC measurement at /s = 250 GeV with the same luminosity of
3ab™

@ Springer

In both analyses interference plays an important role. We
therefore use a complete leading-order calculation keeping
the full top mass dependence following Ref. [58]. The result
for the two signal regions including the expected measured
lo interval at 14 TeV and 3 ab™! is shown in Figs. 3(a)
and (b). The dip structure of Fig. 3(b) highlights the im-
portance of the interference effects: for vy ~ vg/tan x ~
80 GeV the resonant production has a global minimum
due to the vanishing of #;;,. For values v; < wvp/tan x
the gg — Hi,u — Hom Hom diagrams interfere destructively
with the gg — Hom Hom box contributions, but the 75,
grows quickly to outrun the suppression. For the away-from-
resonance region this interference is always destructive, i.e.

the smaller v, the larger #y,, and the smaller the resulting

0.1
g oot |
g
= 0.06
L
%
£ 004
5
0.02
pp — H(]mHOm — bET+7'_
0 ! \
10 100 1000
U1 [GGV}
(a)
10
9 r i
= 8 r pp — HomHom — 5577 B
=
o7
2 6
<O
2 5
£ 4
3]
3
2
1
0 ‘ ‘
10 100 1000
v [GeV]
(b)

Fig. 3 (a) Dihiggs production cross section for the parameter point
in Eq. (2.16) as function of v; excluding the Hy,, — Ho,, Ho,, signal
region by cutting out the Hj,, resonance via an invariant mass cut on
the dihiggs system m (Ho,, Hom). We use the efficiencies of Ref. [68].
The vertical line represents the benchmark value of v; that can be ex-
tracted from the vector-boson masses in concrete models. (b) Dihiggs
production cross section for Eq. (2.16) as function of v; selecting the
Hy,,, — Ho,, Hy,, signal region by cutting out the Hj,, resonance via an
invariant mass cut on the dihiggs system m (Ho,, Ho,,). We use the effi-
ciencies of Ref. [67]. The vertical line represents the benchmark value
of vy that can be extracted from the vector-boson masses in concrete
models
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30 T T
= 25 r o h
=, ete™ — HypnHomZ — bbbl 1~
S 90t V5 = 500 GeV 1
g
2 15
8

0 - __ L ______ e

5 1 1

10 100 1000

v1 [GeV]

Fig. 4 Double Higgs-strahlung at a 500 GeV e e~ collider as a func-
tion of vy for the chosen parameter point. The band corresponds to the
parameter range allowed by a measurement with a 2 ab~! sample. We
adopt efficiencies from Refs. [71, 72]

pp — Hom Hom cross section until the trilinear coupling 75,
compensates the enhanced destructive interference of 7,
with the box contribution and the propagator suppression for
very small values of vj. In this sense Hy,, “leaks” into the
Hy,, measurement region and must not be discarded in the
actual analysis.

The region of large v; values is determined by the cos? x
pieces of 7y, and 7y, and the asymptotic cross section set-
tles at a smaller cross section with respect to the SM, mostly
as a consequence of the cos* x suppression. By contrast,
given the small mixing and the kinematic suppression, it is
impossible to observe ¢}, and 1], at the LHC [58].

Depending on the scenario, systematics etc., either the
peak or the continuum analysis can perform better. In any
case, both analyses can be used for cross checks and for lift-
ing the degeneracy, if present, of the peak analysis. Using
the currently known results we find a lower limit of

v1 > 200 GeV 2.17)

with the bbt+ 7~ analysis to be compared with the slightly
larger bound for the chosen parameter point. This inter-
val can be mapped onto the allowed region of Fig. 2 con-
straining 7, A1, Ao. However, as can be seen from Figs. 3(a)
and 3(b), the model-independent separation of the A param-
eters and the vacuum expectation value v is in general not
feasible for the planned luminosities at LHC as an upper
bound on v is very loose if it can be established at all. Even
at an eTe™ collider running at /s = 500 GeV (Fig. 4) we
can only extract a lower limit on vy at an integrated lumi-
nosity of 2 ab~! [see Ref. [70] for a general discussion of
measuring the trilinear Higgs coupling at a linear collider].
However, given that at this luminosity the uncertainties are
still statistics-driven, there might be the possibility to extract
an upper limit on v in the far future. In fact, the quoted un-
certainty band is entirely dominated by the statistical un-

certainty of the signal counts as the search is essentially
background-free [71, 72].

However, in theoretical scenarios which predict the val-
ues of the gauge coupling and the hypercharge in the hidden
sector, the vacuum expectation value vy can be determined
from the two vector-boson masses:

vi/vo =[g/2]/[gvYv] x Myc/Mw. (2.18)

Thus, the fundamental current parameters Ao, /,L%; MM, /,L%;
n in the Higgs potential can, in principle, be extracted from
experimental data, the combinations Ag v%; A v%; N1VoV]
easily extracted from masses and mixings, and the v’s sep-
arately bounded from trilinear Higgs couplings or derived
from vector-mass measurements in specified theories. When
the gauge couplings and charges are predicted theoretically,
all the fundamental Higgs parameters can be extracted.

2.2 Kinetic mixing

Analogously, the mixing of the gauge sector can be worked
out explicitly. The kinetic term and the mass term are diago-
nalized by a SL(3, R) kinetic transformation and an orthog-
onal 3 x 3 rotation matrix Oy as

w Sw  Cw 0 1 0 0
B =|lcw —-sw -—so 0 cosf@ —sinf
\% . 0 0 o 0 sinf cosf
A
x| Z (2.19)
V m

with 0 = 1/4/1 — s2. The masses, in the current basis,

My, = &> T35 = g°v /4, (2.20)
Mg, =g Y55 = g"vj/4, 2.21)
M =[g*+¢"]vi/4, (2.22)
My, =gy Yyvi (2.23)

are defined by the gauge couplings, the vacuum expectation
values, and the SU(2) 73 and the U(1) Y charges of the
Higgs fields. Since the charged W-field does not mix with
the vector field in the hidden sector, the measured values of
the W-mass and width determine the parameters g and vg
and the SM relations g = e¢/sw and g’ = e¢/cy define sy,
g, gz =g + ¢1'/? and Mz, before mixing. The [neu-
tral] current masses are transformed to the vanishing pho-
ton mass M4, = 0 and two physical non-zero gauge-boson
masses Mz, , My, by the rotation angle 6. The exact and
the approximate forms, expanded up to second order in s

@ Springer
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Table 1 3-vertices of gauge bosons, fermions, and Higgs bosons. The vertices are expanded up to non-vanishing first/second order in the kinetic
and Higgs mixings. [Standard tensor and fermion bases are not noted explicitly]

Vertex Type Exact Expansion in mixing
3 gauge bosons A, WW e e
ZnWW gzc%‘,ce gZC%V
Vi WW fgzca/se gzc%VsWsMél /M‘z,(
gauge boson—fermion Anff eQy eQy
Znff g2(T5 —s3,0)co — g'Yrosse )
Vi ff —82(T{ —s3,04)50 — g'Yposco ~8'Yrs+g2(T —s3,0p)swsM% /M3,
Higgs—gauge boson Hon WW 2M‘%Vccx/vo 2M€V([l — %(771 vo/A1v1)?1/v0
Hi,WW —2M3 sy /o M3, (i /an)/vi
HowZnZn — 2M3 [(co +swosse)*(cx/v0) + 07 Asj(sy /v1)] 2M3 [1 = 3 (mvo/Aiv)*1/vo
HinZnZn — 2M7 [(co +swosse)*(=sy/vo) + a2 Asjley /o0l MG (n1/aD)/vi
HomZ Vin 2M3 [(co + swossp)(—sg + swoscg)(cy /vo) 2M7 swsll — M /M5, 1/v
+ 02 Acysg (s /v1)]
HiwZy Vi 2M%C[(09 + swossg)(—sg + swosce)(—sy, /vo) M%st[Z-i—m/)q]s/v]

+ 0% Acgso(cy /v1)]

and ||M§C/M\2,C ||, may be denoted as

My = M%C{(l + 53,0257 +024)

— (1 + 30252 + 024) - 4024} /2

~MG (2.24)
M3, =M | (1+550%7 +022)
+ (1 + 3,022 + 024) - 402A}/2
~ My, +*My + - (2.25)
tan26 = 2swas/(l - sa,a2s2 - (TZA)
~ =25y (M3 /My )s+ -+, (2.26)

with A = Mg, /M7 .

The vertices relevant for measuring the parameters of the
theory, are collected in Table 1.

The direct measurement of the W, Z,,, V,, mass param-
eters [see e.g. Refs. [73, 74] for V,, searches as performed
by ATLAS and CMS] in the mass basis together with the
indirect determination of the mass parameters in the current
basis in Eqgs. (2.24), (2.25) and (2.26) allows for a complete
analysis of the fundamental vector parameters, including the
KT parameter s and the rotation angle 6. From the two rela-
tions

S
M2 /M3 =1+ sy ———— tan#, (2.27)
Il V=52
S
M2 /M2 =1 — sy ———— cotf (2.28)
Yt NI

@ Springer

the mixing parameters, s and tan 6 can be extracted, Fig. 5(a).
[Note that due to pure U(1) mixing the weak couplings and
vo are fixed and measurable quantities, as outlined above,
and Mz, is known.] These values can be exploited to derive
the third mass parameter My, in the current basis:

My /My = (1—s*)M5 /M3
=1—5>+swsv1—s2tan®

cf. Fig. 5(b). These results can be cross-checked for internal
consistency by experimentally analyzing vertices collected
in Table 1. Note that oblique corrections due to kinetic mix-
ing are typically less important as compared to Higgs mixing
since they scale ~ s2M§m / M%,m [75]. Explicit calculation
proves that they lead to bounds which are comparable to the
limits currently set by ATLAS and CMS (see below).
Current constraints on anomalous triple gauge-boson ver-
tices, obtained by ATLAS [76] and CMS [77], restrict sin® 6
to < 0.1, Fig. 6, which becomes comparable to the LEP
combination [78]. The WW analysis is highly sensitive to
modifications denoted in Table 1, in light of a tree-level radi-
ation zero in the SM [79, 80]. There exists a completely de-
structive interference between the W radiation diagrams and
the Feynman graph involving the ZW W vertex in the SM.
Any (non-global) deviation from the SM-predicted coupling
pattern destroys this characteristic angular dip structure re-
sulting in an increase of the total cross section.? Therefore,
the integrated cross section [supplemented by a jet veto in
the actual analysis] is very sensitive to the suppression of

(2.29)

2This is strictly true at tree level. Gluon induced channels of the higher-
order-corrected cross section lift the radiation zero.
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Fig. 5 (a) Extraction of the kinetic mixing parameters s and tan
from a sample of measured values Mz, and My, from Egs. (2.27)
and (2.28). (b) Shift of the mass My, from My, in the hidden sec-
tor, depending on the kinetic mixing parameter s for a representative
rotation parameter tan8, from Eq. (2.29)

0.4 7

-
e — ——

0.2 + pp — WW ATLAS, 4.6 th~! .

0.15 :
0.01 0.1 1

sin 6
Fig. 6 pp — WW cross section as reported in Ref. [76] and the cross

section as a function of sin?@ for s neglected after removing the V,,
resonance contribution

the Z,, WW coupling, which can be used to extract an upper
limit on sin?@ even if the V,, is too heavy to be measured
directly.

0.1

0.01

1 L L L L L L L
200 300 400 500 600 700 800 900 1000
]va [G6V]

0.00

Fig. 7 95 % exclusion limits in the [My,,, s| plane for the 7 TeV AT-
LAS V,, analysis (for V,, — u™pu~ and V,, — ete™ [73, 74, 81])
and a projection based on the extrapolation of these results to 14 TeV
and 300 fb~!. The LC limit corresponds to ete~ — visible excluding
top quarks and Bhabha scattering. We have chosen center-of-mass en-
ergies of 500 GeV and 1 TeV (dotted curves) with a bremsstrahlung
spectrum modeled as reported in Ref. [82]; the full line predicts the
maximum sensitivity to the mixing parameter s for a scan at the c.m.
energy /s > My, . Note that these exclusion limits are sensitive to the
dynamics in the hidden sector via the V,,, branching ratio; we only take
partial decay widths to SM matter into account in this plot

Note that the Hy,, WW coupling is not affected by gauge-
kinetic mixing so that it can be used to measure cos x indi-
vidually.

Subsequently, the measurement of the Hy,, Z,, Z,, vertex
can in principle be used to measure the allowed range of the
shift of Table 1. Some concrete models of U(1) mixing in
the field and string theories [10, 33—43] predict the mixing
parameter to be < 1073, but string models in general allow
for rather large s values well in the sensitivity range of LHC
(and ILC). A hierarchy s < 7 then results in modification
of the Hy,, couplings dominated by the Higgs mixing. This
leaves Drell-Yan-like production of V,, as probably the best
search strategy in the mass region that can be covered by
the LHC and future colliders, Fig. 7. Once the vector-boson
mass range is known from LHC, LC scans can improve the
sensitivity to measurements of the kinetic mixing parame-
ter s.

3 Analysis of 1 ® 2

To exemplify the analytic and numerical analyses of the pre-
ceding sections further, we shall discuss next a more com-
plicated system where the SM Higgs sector is connected by
portal interactions with two Higgs systems in the hidden sec-
tor, and the U(1) hypercharge field B is mixed kinematically
with two abelian U(1) fields V; 2 in the hidden sector with
charges Yy, ,. Such a system may be generated quite easily
in superstring theories.

@ Springer
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The microscopic parameters in the Higgs sector are cho-
sen such that physical masses are centered around 125, 300,
1000 GeV before mixing. For illustration purposes we take
these mass parameters to derive vy, v for quartic Higgs-
coupling values Ag = A1 = X, and set 2 = 11/2, such that
n = np is the only free parameter left. The B mass asso-
ciated with the Standard Model is fixed at Mg = }T g’ZU(%,
the gauge masses in the hidden sector are chosen as 300 and
1000 GeV. The kinetic mixing vector in the gauge sector, de-
fined as s = |s|[cos ¢, sin¢], is varied by running |s| from O
to 1, with sing = 1/+/2 kept fixed. This choice of free pa-
rameters is chosen minimal for the sake of transparency.

3.1 Higgs system

Reading off the bilinear mass terms from the Higgs-portal
Lagrangian, the Higgs mass matrix turns out to be

2)»01)(% Nivov1  N2vQU2 —
M%‘Ic =1 MvoV1 2)»11)% 0 = ( }?c MZ) )
n2v0v2 0 2103 ¢

3.1

This 3 x 3 matrix could in principle be diagonalized analyti-
cally, but the result is not transparent anymore. In the case of
small mixing the approximate results of the previous section
can be applied. In general, however, numerical methods will
be adopted and the results will be illustrated in figures.

The three eigenvalues of the mass matrix M%, . are dis-
played in Fig. 8(a) for the fixed parameters as defined ear-
lier, but the mixing parameter n parameterizing the value of
X is varied. For small mixing, and large scales of the hidden
sector, the masses are given analytically by

M3, =2xovd — 303 /201 — 35 /24, (3.2)
M} =207 + nfvd /20, (3.3)
M3, = 2hv3 + n3vE /200 (34)

in second-order approximation of the mixing.

The orthogonal matrix Oy in Eq. (1.10) is most elegantly
parameterized by the three rotation angles 1, 602, 012 as-
sociated with the rotations of the 01,02, 12 planes, i.e.
Oy = R2(901)R1T (602) Ro(012). The sine-functions of the
angles are shown in Fig. 8(b) for varied mixings X as de-
fined above. For small mixing the sines of the rotation angles
read

sinfp; >~ —n1vg/211v2, 3.5)
sinfpy >~ —nav0/21202, 3.6)
sinfj, ~0 3.7

up to linear order in the mixing.
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Fig. 8 (a) Eigenvalues of the matrix Eq. (3.1) as a function of
the Higgs mixing. The choice of parameters before mixing is de-
scribed in the text. (b) Sines of the rotation angles that diag-
onalize the mass matrix in Eq. (3.1) via the orthogonal matrix
Oy =R (901)R1T(902)R0 (612). The parameter choices are described
in the text and are identical with (a)

10000

Given the parameters, masses, and mixings, of the phys-
ical states, the production cross sections and the decay
branching ratios can be predicted in the standard way.

The mixing modifies the couplings of the original SM
Higgs boson to the W-gauge bosons and it generates the
corresponding couplings to the original Higgs bosons in the
hidden sector:

{HOm; Hip; HZm}WW

= ZM%VC/vo{cos 6p1 cos Bgz; — sin By cosBpo; —sinbpo}.
(3.8)

The coupling to Z-boson pairs is more involved if the kinetic
mixing modifies the current Z eigenstates to mass eigen-
states as discussed later.

In the same way as above, the triple Higgs couplings in
the potential can be derived from the triple Higgs couplings
of the mass eigenfields which are accessible, in principle,
from experimental data of multiple Higgs production cross
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sections; in self-explaining notation for small mixing:

M2
1000 = 2—3’5’ cos® g1 cos® Bpa, (3.9)
1001 = (2M§m +M12m) sinfor _ 1 and {1 < 2}
001 = 6 o % ,
(3.10)
(M2, +2M2 ) (sinfy; 1
011 = L 5 u ” +v_1 and {1 < 2},
(3.11)
M2 + M2 4 M2
t(’)nlzz( O 6;: 2m)SiIl@ol sin 62, (3.12)
M2
" :ﬁcoé@m and {1 <2}, (3.13)
M2 (2M? + M?
i, =~ 0”’(2 Lm 5 n) sinfp; sinfpy and {1 < 2}
6(M;{,, — M5, )1
(3.14)

symmetric under permutations of the Higgs indices.

Thus, three Higgs masses, the couplings of the Higgs
bosons to SM pairs and the triple Higgs couplings allow the
determination of the current parameters in the Higgs poten-
tial.

3.2 Kinetic mixing

The mixing in the gauge sector can be illustrated in a similar
fashion. Disregarding potential mixing of the two abelian
gauge fields Vj > within the hidden sector [which could be
implemented with no problem], the kinetic mixing of the
hypercharge B-field with the abelian gauge fields, and its
weak mixing with the neutral SU(2) W-field, affect masses
and couplings of the mass vector-eigenstates.

The 2 x 2 KT matrix o introduced in Eq. (1.22) is diag-
onalized by the orthogonal matrix

_( cosgp sing\ 1 s1 82
“ \ —sing cos¢ _|s_| —52 51

with |s| = (sl2 + s%)l/2 for s = (s1, s2). The KT matrix o
turns into a diagonal matrix diag[o’, 1] with o/ = (1 —

(3.15)

|s|2)_%. The Z matrix, transforming the current gauge
vector fields {W, B, Vi, Vb}. to the mass vector fields
{A, Z, V1, Vol is given by

Sw cw 0 0
cw —SW 0 0
Z=10 —(0?-1"2%, o'ch+s3 (0 = Degsy

0 —(0?=1D"2s4 (6= Degsy G/sé—{—ci

Sw Cw 0 0

~ cw  —Sw 0 0

0 —si 14532 sis/2 (3.16)
0 —s2  s152/2 1+S22/2

up to the second order of the mixing |s|, with the abbre-
viations ¢y = cos¢ = s1/|s|, etc. The Z matrix affects the
vector-boson masses and the charges when varying the KT
factor o’ and the angle ¢ in the mixing column vector s.

For a small mixing parameter |s| < 1, the three massive
gauge-boson masses, in addition to a vanishing photon mass
My, =0, are given approximately by

M3, = M3, 3.17)
My, :M%,IC—}—M%,ICS%, (3.18)
My, =My, + My, s; (3.19)

up to the second order in the mixing. By construction, the
isospin 73 and hypercharge Y are not changed a priori to
leading order, while the generalized V charges can be de-
rived from the transformed covariant derivative

T3W, = swT3Am + cw T3 Zm, (3.20)
YBe = cwYAm — sw¥ Zm, (3.21)
YyiVie + YvaVae = (Yvi — [¢'/8gv]Ys1) Vim

+ (Yva —[¢'/8v]Ys2) Vam (3.22)

to leading order in the mixing.

The exact mass eigenvalues of V,, are illustrated in
Fig. 9(a) as a function of the kinetic mixing parameters
Is| and cos¢ = 1/+/2. The charge components are, respec-
tively, in Fig. 9(b) for couplings gy /g’ and Yy /Y = 1.

The |s|-dependence in these figures is easy to understand.
For large enough |s| — 1 the 4 x 4 mass matrix approaches
the limit of two 2 x 2 system with only weak coupling. The
masses in the hidden sector grow for |s| — 1, leading to
strong |s| dependence of the heavier hidden mass eigenvalue
as a consequence of the diagonalization of the hidden 2 x 2
symmetric submatrix. The coefficient (1 — |s|>)~! approxi-
mately cancels for the lighter eigenvalue. The cross-talk of
the visible and the hidden sector gives rise to a larger over-
lap of the light hidden state with the visible sector. Since
the V,, is orthogonal to V1, the overlap of the former state
with the visible sector becomes minimal in the limit where
mixing in the hidden sector dominates for |s| — 1. In this
limit the coupling of V1, to SM matter saturates, while V5,
decouples.

The intertwining of the SM and hidden sectors may be
illustrated by noting the diagonal Higgs-vector couplings
2M§y sz,

Vo

HyoWW/ZyZ, = cosBp1 cos by, (3.23)
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Fig. 9 (a) Exact V,, and Z,, masses as a function of |s| for
My, My, =300 GeV, 1000 GeV. (b) Exact V,, and Z,, couplings
as a function of |s| for My, My>, =300 GeV, 1000 GeV

Hom Vim Vlm/ Vo Vom
2M?2 5%
= T ZW 5721612 cos By cos Hpp cos? ¢/sin>¢p  (3.24)
vo
and the non-diagonal Higgs-vector couplings
Hom Z, Vlm/Zm Vom
ZM% Sw .
= —2°5'|s| cosfy; cosby, cos ¢/ sin ¢, (3.25)
vo
2 (2
Hom Vim Vam = —2W 521512 cos 01 cosfpa sin2¢  (3.26)
Vo

in which the W couplings are modified only by Higgs mix-
ing while the Z,, and Vj,, 2, couplings are affected by the
superposition of Higgs and vector mixings.

4 Summary

In this report we have taken a first modest step in analyz-
ing scenarios in which the SM is coupled to a hidden sector

@ Springer

comprising more than one degree of freedom. The difficulty
of the analysis rises enormously with the complexity of the
hidden sector that can only be accessed through mixing ef-
fects with the SM fields. The simplest structures of the hid-
den sector are abelian or [extended] SM-type gauge theories
broken by the Higgs mechanism. The Higgs fields interact
with the SM Higgs field by means of bilinear quartic cou-
plings, the vector fields by means of kinetic mixing with the
SM hypercharge field.

In the first part we have analyzed quite generally the
mixing effects within the Higgs system and within the vec-
tor system for an arbitrary number of degrees of freedom.
Closed and transparent analytical solutions can only be ob-
tained for 1 @ 1 configurations. Approximate solutions, how-
ever, can be obtained quite generally to leading non-trivial
order of small mixings. In the Higgs as well as gauge sector
the mass matrix can systematically be diagonalized to arbi-
trary order.

Two examples illustrate the abstract analysis. For the
1 @& 1 system we have studied a complete set of observ-
ables which allow to reconstruct the set of fundamental pa-
rameters in the Lagrangian, in principle. Higgs and vector-
boson masses and their trilinear couplings, supplemented by
fermion couplings, generate such an ensemble. Since all the
Higgs and vector-boson states which are identified experi-
mentally, are mixed mass eigenstates, the effective vertices
are complicated mixtures in which Higgs mixing and kinetic
mixing are intertwined. If the mixing is too small the associ-
ated cross sections may, partly, not be large enough to mea-
sure the vertices involved, but blocks of essential elements
in the Lagrangian can nevertheless be isolated.

Precision analyses of the electroweak sector allow to con-
strain the 1 @ 1 system at present and future colliders. Di-
rect detection limits at the LHC in Drell-Yan-type produc-
tion will give upper production limits on the additional neu-
tral vector boson. Other channels like WW production and
the search for anomalous ZW W interactions will (and in
fact already do) constrain the associated mixing via modi-
fying the SM coupling pattern, resulting in a phenomenol-
ogy sensitive to the described coupling modifications. A pre-
cise measurement of the Higgs self-interaction facilitates a
complete determination of the extended Higgs-sector pa-
rameters. Current extrapolations suggest that only a lower
limit on the hidden-sector vacuum expectation value can be
established. The potentially clean environment of a lepton
collider, however, might be able to amend this conservative
statement at high luminosity.

The study has been extended to the system in which the
SM interacts with a hidden sector comprising two Higgs and
vector-boson degrees of freedom. It could be shown that
for small mixing, in addition to the numerical evaluation,
this system also can be analyzed analytically. Furthermore,
the measurement strategies that we have outlined in Sect. 2
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can be directly generalized to the 1 @ 2 analysis. The situa-
tion, however, becomes less transparent due to the increase
in parameters while the number of phenomenologically ac-
cessible measurements [especially in the Higgs sector where
large mixing effects could be present] stays the same.

In toto. If the Standard Model is coupled weakly to a
complex hidden sector, essential elements of this novel sec-
tor can be reconstructed, though the experimental analysis
may turn out very difficult, and partly incomplete, if mix-
ings are too small.

Acknowledgements C.E. thanks Joerg Jaeckel, Valya Khoze and
Michael Spannowsky for helpful discussions. The work of S.Y.C. was
supported by Basic Science Research Program through the National
Research Foundation (NRF) funded by the Ministry of Education, Sci-
ence and Technology (NRF-2011-0010835).

Appendix A: Mixing in the hidden sector

If quartic [bi-bilinear] mixing terms in the hidden sector are
included, the Higgs potential is generalized to

n n
Vy = -25i2+)\,'5i4~|-l i'S,'zS‘z
" g[m 1? + ail Sif*] 2,;_0”]' 715;1
= [u2T|S|2+|S|2T?»|S|2]+%|SI2T77|SI2 (AD)
in obvious vector/matrix notation in the second row. The in-
dex i = 0 represents the Higgs field in the SM sector, i.e.
So=¢ andno; =n; [j =1,...,n]etc., while indices j > 1
refer to hidden-sector scalar fields.
The visible and hidden components v of the vacuum
Higgs fields are defined by the vanishing of the derivative
of the Higgs potential,

1 —1
2 2
m—_— _
v = { +21’]} M

1
~ —{rl — Erlnrl }Mz (A2)
for small off-diagonal mixing parameters n and O(1) diag-
onal parameters A.
The term bilinear in the physical fields defines the masses
of the Higgs particles,

1
M3, :2UT{A+ En}v

20003 mvovr  Mavova 1Nn V0 Vn
200 navivs M0 V1V
{symmetric} :
2002
(A.3)

Restricting the n x n symmetric mass matrix Mf to the com-
ponents of the hidden sector in the notation of Eq. (1.7), the
matrix can be diagonalized by an orthogonal transformation
O., modifying subsequently the phenomenological mixing
vector X in Eq. (1.8):

M? — M?

2T
c/diag = OCMC Oc ’

(A4)
X — O:X.

Notice that the off-diagonal O, mixing elements change X
only to higher order so that the portal interactions between
visible and hidden sector fields are essentially not affected
by the quartic mixing in the hidden sector.

Finally, the self-interactions among the Higgs fields, SM
and hidden, can be derived from the potential

1 I
Viper=\r+on¢ |viHicHj. + - Hi Hj, (A.5)
ij
in terms of the physical Higgs fields in the current [c] repre-
sentation.

Appendix B: Dyadic matrix

It is straightforward to diagonalize the n x n dyadic ma-
trix D formed by a n-dimensional column vector x =

(x1,...,x,)T and its transpose x” as

Dij = (xxT)l.j =XiXj. (B.1)
Making use of the rules for calculating determinants, one
eigenvalue emerges as positive and the other (n — 1) eigen-

values as zero:

n
d1=in2 and d;=0 [j=2ton]. (B.2)
i=1
The eigenvectors associated with the eigenvalues read
v = dl_l/zx, and vj—> ., orthogonal to v (B.3)

normalized to unity.

Appendix C: Block-diagonalization: Higgs and vector
masses

1. The eigen-masses and mixings in the Higgs sector, when

block-diagonalizing the real and symmetric matrix M? =
/\/lfn by an orthogonal transformation O,

o (M5 XT\ _(0 0 M xT
M_<XM2_OM2+XO =

@ Springer
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MZ

M2 = OMPOT = ( 0 132> .1

can iteratively be constructed from the lowest order to ar-
bitrary order in the expansion parameter € ~ || MZ||/|M?],
1X1/11M 2||. The first, large part of the mass matrix will be
called ./\/1(2), the second, small part £ which is order € com-
pared with ./\/l(2). Thus, the expansion is valid for masses in
the hidden sector large compared to SM masses and the mix-
ings.

The conditions which determine the mixing matrix O for
block-diagonalization of the mass matrix M? are orthogo-
nality and diagonality:

o
O:ZON with op =1 and oy ~ €,

N=0
0 2
~\ o 3

> (0 0 M; 0
Mm_(o M2)+<0 0) "2
(C.3)

(C.2)

The first two matrices in M2, will occasionally be identified
with indices j =0 and 1, respectively.

(i) The orthogonality condition for O determines the
symmetric part of the component oy from oy as

N-1
ON +01T\, =- Zojofl_j.

j=1

(C4)

(ii) The diagonalization condition of the mass matrix de-
termines the antisymmetric part of o from the off-diagonal
block elements, and at the same time the expansion of the
mass eigenvalues from the diagonal block elements:

2 0 N N-1
2. T T
N j=0 j=0

2 T
With./\/l2=<8 182) and5=<A;[(0 2) (C.5)

for N > 1.
To simplify the notation we switch from indexed symbols
to one-letter symbols by denoting

T
X
ON = ( N yN ) .
—YN 2N
The matrix z = z! is taken symmetric, the antisymmetric
part of oy is defined in the y column and row. To unify the

mass dimensions and express all the formulas in compact
form, we introduce three dimensionless and two dimension-

(C.6)

@ Springer

ful matrices as

pw=M"*Mg, Y+ =My,

y=MX, Y- =My, (C.7)

A -2 2
IN=M""zynM

where y+, however, always come as dimensionless combi-
nations.

The simplified recurrence relations of the matrix blocks
may be cast in the following form for the block-diagonal
components:

xo=1
X1 =0
1 7
X2 = _Ey y
x3=—y"ny
1 N-1
IN=Ty (ijN—j + ijyN—j)
j=1
C38
=1 (C.8)
71=0
1 7
2= _Eyy
— 2"
3= 3 Yy . p
=
INF 5 > (ejan—j+yivi-;)
j=1
and for the off-diagonal components:
yo=0, yI=-y, y2 ==y,
1
yy=—1ly = (v vy —yiyy)
(C9)

N-1
N = Z{(M)’j — ZjY)XN—1—j — IN—jYj
=0

+yiy1v—1—jyj—}-

The block-diagonal components of the mass matrix M2,
are given by

o ~o a0
Mg =0, Mg, = My,
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2 T 52 2 2. T
My, =—y M~y, My3=—Myy'y,
W=M, M=o,

~ 1 ~
M3 = E{ny, M2, MZ=MmEyyT,

(C.10)
N N—-1
MGy =Dy MPyn—j+ ) [Mixjan-1-;
j=0 =0

+ (y]TX + XTyj)xN_l_j]

N

—

v _

~9 2 2 T

M} = E ZiM*zn—j+ ) [Myyjyn_1-;
j=0 j=0

— (2 Xy{oioj Hyv-1-5XT2))]-

2. In the same way the mass matrix in the gauge sector
can be diagonalized recursively for small gauge-kinetic mix-
ing s. After applying the KT matrix Z, given in closed form
by

Sw cw 0
Z= cw
0 —os o

—sw 0 (C.11)

with the symmetric matrix o = (1 — ssTY~1/2 the trans-
formed (2 + n) x (2 + n) mass matrix

0 0 0
Mi=zM22T = M%C 0 1 swslo

0 swos G(A—G-S%VSST)U

with A =My, /M3 (C.12)

has the characteristic properties which allow the recursive
diagonalization according to the algorithm developed in the
previous subsection. Disregarding the photonic null-vectors,
we can identify, in symbolic notation,

Mi~Mz:  M*~My: X~Mjs (C.13)
for the (1 +n) x (1 + n) mass submatrix with ||M?| >
Mg > || X||. However, the kinetic mass matrix includes
additional s-dependent terms which can be expanded for
small s. They add contributions ¥ &X to the matrix £ in
Eq. (C.5). Since they affect the matrix oy only by already
known matrices 0j-n-1, they are easy to incorporate. This
procedure is straightforward, though technically cumber-

some, and we will not present the additional terms in detail.

Appendix D: Re-diagonalization

After the block-diagonalization the mass matrix M? =
M? + A in the hidden sector is not diagonal anymore. Here,

the correction term A is of the second order or higher in €.
It may be re-diagonalized M? - [diagl\/} 21 = M? + A% by
the orthogonal transformation U = 1 + u. Expanding all the
matrices, A = > Ag\[,l) and u = ) uy, systematically in
terms of the power N > 2 of ¢, the diagonal mass matrix
and the orthogonal transformation matrix can easily be con-
structed recursively, as worked out before.

The orthogonality condition determines the symmetric
part of uy in terms of the predetermined lower-order ma-
trices ux<y—2 by the relation

N-2
uy fuy=— Y wuy ;. (D.1)
k=2
Introducing the symmetric auxiliary matrix
N-2
Ay = Z |:ukM2u%k + (MN—kAk + AkulT\,fk)
k=2
N-2—k
+ ukA,u{,_k_,} (D.2)
=2
the diagonalization condition
Ay = Ay +uyM? + M*ul, + Ay (D.3)

can be exploited to project out the antisymmetric part of uy,

1
[uy —ul], = 2Iub[ANub 3 (M2, M) + ],

+ ANab:| la #b] (D.4)

with the abbreviation I, = 1/(M2, — M?,) and the sym-
metric part calculated before by means of the orthogonality
condition. The diagonalized eigenvalues are given by the el-
ements of the matrix A;{, in Eq. (D.2), which, at this point,
includes only predetermined matrices uy, Ay on the right-
hand side. In this way the re-diagonalization of the mass ma-
trix in the hidden sector is completed.

These solutions may be illustrated for the first three non-
trivial cases. The second- and third-order terms read

N=2,3: AY3,,=A23a. (D.5)
U3 3aa = 0, (D.6)
uz3ab = lapA23ap  [a # b]. (D.7)

The transformation matrix u 3 is apparently antisymmet-
ric. As a result, the newly diagonalized mass matrix in the
hidden sector is found by just truncating the mass matrix af-
ter block-diagonalization to the diagonal elements up to the
third order. However, starting from the fourth order, there

@ Springer
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appear non-trivial contributions to the diagonal elements
from the lower-order terms. The fourth-order terms read

N=4 Al =Dsga+ Y lacA3y. (D.8)
c#a
1
Udaa = =5 > 1A (D.9)
c#a

2
Udap = lap Agap — IabAZaa Adab

+ D lablacAsacAope [a#b]. (D.10)
c#a

Note that the fourth-order matrix u4 is not antisymmetric
anymore.
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