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Higgs boson decays to four fermions through an Abelian hidden sector
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We consider a generic Abelian hidden sector that couples to the standard model only through gauge-
invariant renormalizable operators. This allows the exotic Higgs boson to mix with the standard model
Higgs boson, and the exotic Abelian gauge boson to mix with the standard model hypercharge gauge
boson. One immediate consequence of spontaneous breaking of the hidden sector gauge group is the
possible decay of the lightest Higgs boson into four fermions through intermediate exotic gauge bosons.
We study the implications of this decay for Higgs boson phenomenology at the Fermilab Tevatron
Collider and the CERN Large Hadron Collider. Our emphasis is on the four-lepton final state.
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L. INTRODUCTION

The fundamental theory may be significantly richer than
the standard model (SM) world that we have directly
probed. Copies of many other gauge theories may be
inaccessible to us because the particles that form our
bodies are not charged under them. Is there a method to
explore such hidden worlds given the limited collection of
charges that we can directly probe? The answer is not
assured, but an opportunity can be identified [1-5].

The SM has two gauge-invariant, flavor-neutral opera-
tors that are relevant (dimension <<4): the hypercharge
field-strength tensor B, and the SM Higgs mass operator
|®gp|?. Hidden sector (i.e., non-SM states with no SM
charge) Abelian gauge bosons X and Higgs bosons @ can
couple to these operators in a gauge-invariant, renormaliz-
able manner [6]:

X,U,VB#V) and |(I)H|2|(I)SM|2' (1)

These couplings give us the opportunity we are looking for
to see the effects of a hidden sector by virtue of their
interactions with states we can observe.

In this paper we investigate the implications for Higgs
boson phenomenology of the simultaneous existence of the
two operators in Eq. (1). We do not tie ourselves to any
particular model of the hidden Abelian sector. We note
that, if the kinetic mixing between the gauge bosons is
large, precision electroweak and dedicated -collider
searches may see the effects [4,7-10]. For our purposes,
we only need the kinetic mixing to be nonzero and large
enough to allow prompt decays of the exotic gauge boson
eigenstate. We also note that the pure mixing effects of @
and ®g); can be probed well by colliders [1,2,11-13] even
if no exotic decay modes are kinematically accessible.
However, it would be more difficult in that circumstance
to know what the origin is of the shift in Higgs boson
phenomenology at colliders. For related discussion on the
phenomenology of a hidden sector, see Ref. [14].
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Instead, what we focus on here is the prospect of the
exotic gauge boson being sufficiently light such that the
lightest Higgs boson decays into a pair of them [15]. The
decay of the Higgs boson into two X bosons is through
Higgs boson mixing. The X boson will then decay into SM
fermions if there is even a tiny amount of kinetic mixing,
which we assume to be the case. The X bosons could have a
competing branching fraction into other exotic states po-
tentially leading to invisible decays or even more
background-free topologies than considered here. We ne-
glect these possibilities in order to keep our analysis simple
and our assumptions to a minimum. We are particularly
interested in leptonic final states. Thus, the subject of this
paper is to provide the details of how pp — h — XX —
III'I" is possible within this theoretical framework, and to
explore the detectability of this channel at the Fermilab
Tevatron and CERN LHC.

II. THEORY FRAMEWORK

We consider an extra U(1)y factor in addition to the SM
gauge group. The only coupling of this new gauge sector to
the SM is through kinetic mixing with the hypercharge
gauge boson B,,. The kinetic energy terms of the U(1)x
gauge group are

1,

L §E == Z v

where we take the parameter y < 1 to be consistent with

precision electroweak constraints. Hats on fields imply that

gauge fields do not have canonically normalized kinetic
terms.

As an example, we note that heavy states that are
charged under both U(1)y and U(1)y can typically induce
a y at the loop level [16] given by xy ~ g'gx/(1672) ~
1073, Tree-level mixing, although possible, will be absent
if the U(1)y is the remnant of a spontaneously broken non-
Abelian gauge symmetry. If the scale of U(1)y breaking is

X% Br, )

X+ 2Ry
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not too far above the electroweak scale, a radiatively
generated y will be quite small. We take the U(1)y break-
ing vacuum expectation value £ ~ 1 TeV.

We introduce a new Higgs boson @4 in addition to the
usual SM Higgs boson Pgy. Under SUQ2), ® U(1)y ®
U(1)y we take the representations ®Pgpy: (2,1/2,0) and
®y: (1,0, gx), with gy arbitrary. The Higgs sector
Lagrangian is

‘["(I’ = |D/1,(I)SM|2 + |D,LL(I)H|2 + m%I)Hl(I)le
+ m(szMl(DSMlz = ADgyl* — p|Dyl*
— k| Ogml*| Py l%, (3)

so that U(1)y is broken spontaneously by (@) = £/+/2,
and electroweak symmetry is broken spontaneously as
usual by (®gy) = (0, v/V/2).

One can diagonalize the kinetic terms by redefining X w
B, —X,, B, with

()= ("5 0)G)

The covariant derivative is then
D,u = a,u + l(gXQX + ganY)X,u, + ingYB,u + lgT%W;u
4)
where 7 = /41 — x°.
After a GL(2, R) rotation to diagonalize the Kinetic
terms followed by an O(3) rotation to diagonalize the 3 X

3 neutral gauge boson mass matrix, we can write the mass
eigenstates as (with s, = sinf,, ¢, = cosf,)

B Cw —SwCa  SwSa A
w3 ) =|\|sSw cwCa —CwSu ) zZ\|, O
X 0 Sq Co V4

where the usual weak mixing angle and the new gauge
boson mixing angle are

! —2s
Sy = g4; tan(260,) = 5 v;/”’) , (6)
,g2+gl2 l_SW’T] _AZ
with Ay =M}/M%, M} = &gy, M3, = (¢*+

g?)v?/4. My, and My are masses before mixing. The
photon is massless (i.e., M, = 0), and the two heavier
gauge boson mass eigenvalues are

M%o 2 2
Mz = T[(l + sym” + Ay)

== sy = A Akl (D)

valid for A, < (1 — s3,m?) (Z — Z' otherwise). Since we
assume that 7 << 1, mass eigenvalues are taken as M, =~
Mz, =91.19 GeV and My ~ My.
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The two real physical Higgs bosons ¢ g and ¢ mix
after symmetry breaking, and the mass eigenstates i, H are

(o) =5 2)a)
bu —sp cpJ\H
The mixing angle and mass eigenvalues are

kvé

tan(20,) = ———
an( h) pfz_sz

®)

M; = (WP + pé?) = «/()w2 — p&)? + KPV2E (9)

Although the mixing angle depends on the many unknown
parameters of Eq. (3), we will treat the resulting 6, as an
input along with the Higgs boson masses.

Now we are able to present the couplings of the Z' to
various SM states.

Fermion couplings.—Couplings to SM fermions are

(1 - fa’?/sw) 2

(B

(ta + T]/SW) 2

(ta + T]SW) W ]’
(10)

where we have used Q = T; + Qy and 1, = s,/c,. The
photon coupling is as in the SM and is not shifted.

Triple gauge boson couplings.—Denoting the coupling
relative to the corresponding SM coupling as R, we find
RAW*W’ =1, RZW*W’ = Cqu» and RZ’W*W’ = —S, (the
last is compared to the SM ZW™* W~ coupling). In our case,
to leading order we have ¢, = 1, 5, < 1.

Higgs couplings.—The Higgs couplings are

lr/_“/fZ Z:%[Ca(l - SWtan)]l:Ti -

Gz —Bleat + nsw)][Ti -
Cw

my M
hff: —ic,—L,  hWW: 2ic, ¥,
v v
M2 M3
hZZ: 2icy, —22(—cy + Nswsy)? — 2ish?xs‘21,
v
M2 M3
hZ'Z': 2iCh %(Sa + nSWCa)z - 2ish ?Xc%u (11)

]’l 7. ; M%O
YAVA 210117(_% + Nswsa)(sq + NSwcy)

2
— 2is, —X5,C,

3

III. PARAMETERS AND PRECISION
ELECTROWEAK CONSTRAINTS

Electroweak precision observables such as My, I',, and
A;r constrain the theory. These constraints have been
discussed in greater detail in Refs. [4,7-10]. For our theory,
given the experimental accuracy [17] of precision electro-
weak observables including those mentioned above, we
find the constraint
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n

=102
\/|1 - M2, /M|

This is expected given that the fractional accuracy of
electroweak precision measurements are at the 10~* level,
and in our model the deviations appear at O(n?).

Fits to electroweak precision observables [18] constrain
the SM Higgs mass to be log(Mp;ee/1 GeV) = 1.93%015.
This can be turned into a constraint on our model by noting
that all couplings to SM fields involving /# have an addi-
tional factor of ¢; while those for H have s;,, which results
in

12)

M
c? log< 2

Equivalently, one can state the constraints in terms of the S
and T parameters, following the discussion in Ref. [19].
Since we do not specify the value of the heavier Higgs
mass, we have the freedom to choose it such that there is
minimal difficulty with precision electroweak constraints.
Even if we choose a much heavier Higgs boson for our
second eigenstate, there are well-known ways the theory
can be augmented to be compatible with the data [19].

My
) + 57 log(m) =1.93*015.  (13)

IV. DECAY BRANCHING FRACTIONS

We now turn to the actual decay branching fractions of
the Higgs boson and Z' mass eigenstate. We are particu-
larly interested in the frequency of h — Z'Z' and the
leptonic branching fractions of Z'.

h— Z'7Z" decay—In Fig. 1 we show the h — Z'Z'
branching ratio as a function of s7, computed using
HDECAY [20]. A 120 GeV (250 GeV) Higgs boson has total
width of ~10 MeV ( ~ 2.1 GeV) when M, = 5 GeV and

1.0

0.8F

0.6F

041

Branching Fraction

0.2F

0.0

FIG. 1 (color online).

Branching ratio of & — Z'Z’ as a func-
tion of 52 for various M, and M, with n = 10~*. Benchmark
points are shown in Table I.
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FIG. 2 (color online). Branching ratio of Z’ into two body final
states as a function of M with ¢2 = 0.5 and 5 = 10™*.

c7 = 0.5. We do not include any heavy exotic states that
the X, couples to, which would require either considering
the additional invisible decay modes, studied well else-
where, or much more spectacular and model-dependent
decay chains to SM particles.

Z' decay—The Z' coupling to the SM sector is propor-
tional to the tiny 7, making the width rather small, but
these are the only modes kinematically allowed for the Z’
to decay into. The Z' total width for n = 10™* is 5.8 X
10719, 2.7 X 107%, 82 X 107°, and 2.0 X 10”7 GeV for
Mz =5, 20, 50, and 100 GeV, respectively. This decay
width is too small to be resolved by LHC experiment, but
large enough to yield prompt decays. The total width for
any other 7 can be obtained by scaling the above width by
n?. Displaced vertices begin to be allowed when 7 <
1073, which would be another interesting sign of exotic
physics in the Higgs boson decays. In Fig. 2 we show the Z’
branching ratio into two body final states as a function of
M.

V. FOUR LEPTON MODES AT THE TEVATRON
AND LHC

We focus on the mode 7 — Z'Z' — 4€ in our analysis
with € = e, u. In presenting results in this section, we will
choose 7 = 1074, £ = 1 TeV, and unless mentioned oth-
erwise, take c% = (.5. For illustration, we choose six
benchmark points as shown in Table I for which we com-
pute the differential distributions, make cuts, and find the
significance at the Tevatron and LHC. We make use of the
narrow width approximation and analyze in succession:
pp — h followed by h — Z'Z' followed by Z' — €7 ¢~.

The gluon fusion process gg — h is the largest produc-
tion channel at the Tevatron (y/s = 1.96 TeV) and the
LHC (4/s = 14 TeV). For instance, at the Tevatron, next-
to-leading-order (NLO) o(gg — h) = 0.85 pb for M, =
120 GeV while the sum of the other channels gives
0.33 pb; the corresponding cross sections at the LHC are
40.25 and 7.7 pb respectively [21,22]. We include only
gluon fusion computed at NLO using HIGLU [21].
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TABLE 1. Six benchmark points that we study.

Point A B C D E F
(M), M) (GeV) 120, 5 120, 50 150, 5 150, 50 250, 5 250, 50

The main sources of background are the SM processes
pp—h—ZZ— 4€, and pp — VV — 4€ where VV de-
notes ZZ, vy, and yZ channels. The pp — 7 production
cross section is large and 4-lepton events from this process
can be a source of (reducible) background at the LHC, but
we take it that this can be adequately suppressed (for
details see Ref. [23]).

We use MADGRAPH [24] to obtain all matrix elements,
and generate event samples using MADEVENT [25] with
CTEQ6L1 PDF [26]. The cross sections for the process
pp — h— Z'7Z' — 4€ at the LHC without any cuts are

1000
500

Cross Section (fb)
g 3

[T

)
N Qh

FIG. 3 (color online). Total cross-section of the process pp —
h— Z'Z' — 41 at LHC as a function of sin’§,. From top to
bottom, lines correspond to points A, C, B, D, E, F. No cuts have
been applied.
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FIG. 4 (color online).
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shown in Fig. 3, and the corresponding ones at the Tevatron
while similar in shape, are smaller by about 50, and will be
discussed later in this section. We present the eeu p chan-
nels here, but this can be extended to include 4e and 4 u
channels. The cross section approaches zero as ¢2 — 1
because # will not couple to the X boson, and also as cﬁ —
0 because & does not couple to the gluon in this limit. In
these limits our analysis can be applied to probe the second
Higgs mass eigenstate H.

To help in distinguishing signal from background, we
make various kinematical cuts. We pair two opposite sign
leptons with AR,+,- << 2.5 to ensure that they come from
the same Z', and for this pair, form the dilepton invariant
mass My+,-. We also form the 4-lepton invariant mass
My+¢-¢+¢-. In Fig. 4, we show 4-lepton invariant mass
plots for point A at LHC and point F at Tevatron, for
reference.

Based on the differential distributions, we impose the
following cuts in order to maximize signal over back-
ground:

Basic cuts: pr, = 20, 10, 10, 10 GeV;
AR cut: 0.05 < AR+~ < 2.5,
M;; cuts: M,, = M, , =10 GeV,
M;jy cut: M, = M, £ 10 GeV.

(14)

eepp

The four-lepton cut around “M},” is achieved by hypothe-
sizing a Higgs boson resonance and scanning across that
hypothesis. Such a scan is realizable in our case since the
signal stands clearly above the continuum background. The
signal and background cross sections are shown in Table II.
We find that the 4-lepton invariant mass cut is most effec-
tive in reducing the background. The §/B is good for all
the benchmark points, but can be improved further by the
additional cut: M+, # M, £ 10 GeV, which removes
on-shell Z bosons surviving in the data sample.

10l

Number of events
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250 300 350
J\fe+e—”+#— (GeV)

M,+ -+, (in GeV) versus number of events (arbitrary luminosity) for benchmark point D at the Tevatron

(top), and point F at the LHC (bottom). No cuts are applied yet. Black solid line represents 7 — XX — 41 signal, red crossed ZZ(y) —

41, and blue circled h — ZZ — 4l.
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TABLE II.
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Signal and background cross-sections in fb (only #ZZ in ab) for the Tevatron and LHC in the form: (basic cuts, all cuts).

“Basic cuts” refers only to the py, and 7, cuts in the first line of Eq. (14). VV denotes the contributions from ZZ, yy and yZ.

K-factors have not been included.

Tevatron A B D E F
Z2'7 8.8, 4.3 3.9, 0.8 42,24 2.3, 0.8 0.05, 0.02 0.03, 0.01
hZZ (ab) 08,0 14,0 74,0 12.8, 0 17, 1.6 21.4,1.8
vv 97,43 x 1073 9.7,3.5x 1073 9.7, 0.01

LHC A B C D E F
Z2'7 631, 245 236, 44 348, 173 212, 57 12, 5.6 6.5,22
hZZ (ab) 0,0 130, 1.2 630, 2.3 1280, 2.5 3440, 850 4840, 846
vv 67, 0.02 67, 0.03 67, 0.3

VI. CONCLUSIONS

In our chosen example cases with large mixing among
the SM and hidden sector Higgs bosons and light-enough
M for h — Z'Z' to be on-shell, the prospects for seeing
the signal at the LHC are excellent. The signals for the
various examples are well above background after all cuts
have been applied. The Tevatron is also beginning to
achieve the sensitivity required to see the signal; however,
there the key challenge is not signal to background, but
overall signal rate and luminosity to collect enough events
to reconstruct a resonance. Once sufficient luminosity is
achieved, and after more tailored techniques are applied to

the problem, such as those to search for SM ZZ events [27],
the Tevatron should be in a position to probe well a light
Higgs boson decaying in the manner proposed here.
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