aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Bounds on Invisible Higgs Boson Decays Extracted from
LHC tt[over "]H Production Data
Ning Zhou, Zepyoor Khechadoorian, Daniel Whiteson, and Tim M. P. Tait
Phys. Rev. Lett. 113, 151801 — Published 10 October 2014
DOI: 10.1103/PhysRevlLett.113.151801


http://dx.doi.org/10.1103/PhysRevLett.113.151801

Bounds on Invisible Higgs boson Decays from ¢tH Production

Ning Zhou,! Zepyoor Khechadoorian,! Daniel Whiteson,! and Tim M.P. Tait!
! Department of Physics and Astronomy, University of California, Irvine, CA 92697

We present an upper bound on the branching fraction of the Higgs boson to invisible particles,
by recasting a CMS search for stop quarks decaying to tf + E2*5. The observed (expected) bound,
BF(H —inv.) < 0.40(0.65) at 95% CL, is the strongest direct limit to date, benefiting from a down-
ward fluctuation in the CMS data in that channel. In addition, we combine this new constraint with
existing published constraints to give an observed (expected) bound of BF(H —inv.) < 0.40(0.40) at
95% CL, and show some of the implications for theories of dark matter which communicate through

the Higgs portal.

PACS numbers:

The particle nature of dark matter stands as one of the
most pressing open questions in modern physics. The
discovery of the Higgs boson [1, 2] creates a new oppor-
tunity to probe this question. Despite the accumulation
of evidence which suggests the Higgs boson has Standard
Model (SM) properties, decays of the Higgs directly into
dark matter particles with order one probabilities remain
consistent with experimental measurements.

Interactions between the Higgs boson and dark matter
particles exist in a broad set of theories of physics be-
yond the standard model, including supersymmetric ex-
tensions in which Higgs bosons decay to neutralinos [3],
models in which the Higgs boson mediates an interaction
between dark matter particles and SM particles [4-7],
models of graviscalars [8] and models where the Higgs
boson plays an important role in the early Universe [9].

Direct experimental searches for invisible decays con-
strain the invisible branching fraction. The ATLAS ex-
periment searched for Vh — jj + ERsS V = W, Z [10];
see Fig la. Stronger limits come from the ATLAS
Zh — 00 + Emss mode, giving BF(H — inv.) < 0.75 at
95% CL [11]. The strongest limits currently come from
CMS, which uses the Zh — €¢ + ERisS Zh — bb + Exiss
and vector-boson-fusion mode g¢H — jj+ ERs (Fig 1b)
to achieve a constraint of BF(H — inv.) < 0.58 at 95%
CL [12].

The LEP experiments placed constraints for Higgs
bosons below mpy = 118 GeV [13], and indirect con-
straints at the level of BF(H — inv.) <0.13-0.19 [14-16]
are available from studies of the visible decay modes [17].
These are typically stronger than direct constraints, but
rely on imposing specific assumptions about the coupling
to various visible particles which are not currently re-
quired by data (otherwise no useful bound on BF(H —
inv.) is obtained [14]). Clearly, direct limits on the
branching ratio to invisible modes offer important infor-
mation that circumvents such theoretical bias.

In this Letter, we report the first direct phenomeno-
logical limits using the t¢H production mode. The fi-
nal state of tf + EX has been studied by CMS in

FIG. 1: Diagrams for the production modes used in searches
for invisible decay of the Higgs boson. Left, the V H mode;
center, the vector-boson-fusion mode; and right, the ttH
mode considered here.

the context of a search for supersymmetric top quarks
(t — bW + Emiss) [18]; we demonstrate that these data
provide powerful bounds on the invisible Higgs boson
branching fraction. In addition, we combine all available
direct experimental results into a global LHC result.

The CMS analysis searches for both # — ¢} — bW {9
and £ — bxyT — bW Y, both of which give a final state
of BWbBW + Emiss. The search uses the single-lepton
mode, requiring that events have exactly one electron
or muon, at least three jets (at least one of which is b-
tagged), and the transverse mass of lepton and EMisS gys-
tem M7 > 120 GeV. Each of the two searches is divided
into low-AM (= m; — mg) and high-AM categories,
which are further subdivided into four EXsS thresholds
optimized to target various mass regions. In all, there
are sixteen signal regions. Some include requirements on
min(A¢[EXiss 1), the minimum angle between the EXiss
and any jet; M}, the minimal particle mass compatible
with all the transverse momentum and mass-shell con-
straints of ¢f topology as defined in Ref. [19]; or xZ,4, the
compatibility of a triplet of jets with the t — Wb — gqb
decay hypothesis.

We apply the results of the CMS ¢ search to invisible
Higgs boson decays by calculating the expected yield of
ttH in each of the signal regions. We generate simulated
samples with Madgraph5 [20], perform showering and
hadronization with Pythia [21] and simulate the CMS de-
tector response using Delphes [22], with additional 20%
relative smearing of the EX to account for multiple in-



teractions. We validate our calculations by reproducing
the predicted yields for the two dominant backgrounds,
SM tt — fvbgq’b and SM tt — fvbl’vb, in each of the sig-
nal regions. Distributions of reconstructed quantities for
an example signal sample and ¢t backgrounds are shown
in Fig 2. Note that the M}% distribution demonstrates
significant power in discriminating between SM tf and
ttH.

We calculate upper bounds on o (ttH) X BF(H —inv.)
using a one-sided profile likelihood and the CLs tech-
nique [23, 24|, evaluated using the asymptotic approx-
imation [25]. For each of the sixteen signal regions,
we calculate the median expected limit on o(ttH) %
BF(H —inv.). The region with the strongest expected
limit is that targeting £ — ¢y in the high-AM regime,
with EX5 > 250 GeV. This region has the additional re-
quirements of min(A¢[ER j]) > 0.8, MP, > 200 GeV
and X%ad < 5.0. The expected background is reported to
be 9.5+£2.8. With our simulated sample, we calculate an
expected ttH yield of 11.4 events if BF(H — inv.) = 1.0.
The efficiency of this selection for ttH — ttyY events
with myg = 125 GeV is 0.45%, with no appreciable de-
pendence on m,, up to m, =ms/2.

In this particular signal region, the data have fluctu-
ated quite low, Nops = 3 events, giving an observed upper
bound considerably stronger than the median expected
results; see Fig 3. Dividing by the predicted rate of ttH
production in the SM [26] gives a limit on BF(H — inv);
the observed (expected) result is < 0.40 (0.65) at 95%
CL for my = 125 GeV.

It is worth mentioning that by quoting a limit directly
on BF(H — inv), we have made the strong assumption
that the rate of ttH is unchanged with respect to its SM
value. The ttH production mode has been searched for
by CMS in a variety of decay modes [27], and while con-
sistent with the SM expectation, it does currently show
an excess. Similarly, ATLAS finds an excess in the four
lepton decay mode that is consistent with a slight ex-
cess in a combination of the gluon fusion, vector boson
fusion, and ttH channels, but is consistent with the SM
[28]. In the case that the t¢H rate turns out to be larger
(smaller) than the SM expectation, our limits will be-
come correspondingly stronger (weaker). The situation
clearly highlights the importance of an independent di-
rect determination of the t£H rate through a visible Higgs
boson decay mode.

We combine all current published results to calculate
the global limit from direct searches; a summary of the
datasets are given in Table I. We treat each channel
as a simple counting experiment from the total signal
yields reported, as per-bin estimates and uncertainties
are not provided. We divide the uncertainties into cate-
gories which are correlated or uncorrelated across chan-
nels. Assumptions about the fraction of correlated versus
uncorrelated uncertainties has a minor (< 5% relative)
effect on the observed limit.
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FIG. 2: Kinematics of ttH with H —invisible and all tf de-
cay modes, compared to the two dominant backgrounds, SM
top quark production with either single lepton (fvbgq’'b) or
di-lepton (fvbf'vb) decay modes. Distributions are shown of
My, the transverse mass; My%, as defined in Ref. [19]; x£.q,
the consistency of the jjb system with a top quark hadronic
decay; and min(A¢[MET, jet]), the minimum angle between
the F2ss and any jet . Distributions are shown after requiring
exactly one lepton, at least four jets and one b-tag.

We attempt to reproduce the results quoted by the
experiments in each channel; see Table II. In channels
where multiple bins have been used, not enough infor-
mation has been provided to reproduce the results. Our
treatment, which groups all of the bins together, suf-
fers from some degradation of statistical power as ex-
pected. However, even in cases where the experimental
result is done with a single bin, for example the CMS
vector-boson-fusion ggH which is the most powerful sin-
gle channel other than t#H, we are not able to exactly
reproduce the results quoted in the paper due to some
unreported correlations of systematic uncertainties in the
publication; the difference is less than 20%. As the ttH
channel is the strongest result, these discrepancies have
essentially no impact on the final result.

The final combination yields an observed (expected)
result of BF(H — inv.) < 0.40 (0.40) at 95% CL for
myg = 125 GeV.

If the primary interaction of dark matter with the
SM is via the Higgs boson (the “Higgs Portal” [31]),
the bound on invisible decays of the Higgs boson can
be translated directly into the properties of dark matter
such as its elastic scattering with nuclei [4-6]. The bound
on the partial width into invisible states implies an up-
per bound on the Higgs boson coupling to dark matter,
and thus the scattering cross section. In Figure 4, we
show the translation of the bound BF(H — inv.) < 0.40
onto the spin-independent scattering cross section with



TABLE I: Summary of datasets used in combined limits. The expected backgrounds, uncertainties and observed yields are
taken from the experimental results. The expected signal yields are quoted for o(mg = 125), BF(H —inv.) = 1.0. In all cases
other than ttH expected signal yields are taken from the experimental results; for t£H, it is due to our calculation in simulated

samples.
Exp. Mode Dataset Background Obs. Signal
ATLAS [11]  Zh — 60+ ER™ 7 TeV 24+19 28 89
Zh — U+ B 8 TeV 138 210 152 44
CMS [12] Zh — € + By 7 TeV 19.74£98 19 54
‘ 8 TeV 89.0+8.5 82 25.0
Zh — W+ j+ EF™ 7 TeV 544+1.6 5 0.9
8 TeV 24.44+10.0 28 4.1
CMS[12] Zh — bb + Episs 8 TeV, low p¥  405+41 38 16
8 TeV, med p¥f 64.8+181.3 61 3.6
8 TeV, high p¥ 181.3+£9.8 204 12.6
CMS[12] qqH — jj + E™= 8 TeV 332458 390 224
CMS recast[18] ttH — 14+ 45 + ERSS 8 TeV 95+28 3 114
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FIG. 3: Top pane gives 95% CL upper limits on o(ttH) x
BF(H — inv.), including both expected and observed lim-
its. Also shown is the SM rate of o(ttH) [26]. The bottom
pane shows the ratio of the constraint to the SM o (ttH) cross
section.

and the dashed lines show the envelope within these un-
certainties. Also shown for comparison are the current
limits on ogr from the LUX [29] and Xenon-10 [30] ex-
periments. The comparison shows the familiar behav-
ior where high energy searches very effectively probe low
dark matter masses, whereas the direct searches are more
effective for larger mass dark matter [33-35], particularly
for Mpy > mp /2, where on-shell Higgs bosons are too



TABLE II: Observed and expected limits at 95%CL on
BF(H —inv.) in each channel and combinations. Note these
are our analysis of the reported results as single-bin exper-
iments, and so in some cases are slightly weaker than the
reported results.

Exp. Mode Obs. (Exp.) limit
ATLAS [11]  Zh — £l + EX™ 1.04 (0.81)
CMS [12] Zh — 0 + ERis 1.02 (1.19)
CMS [12] Zh — bb + Emiss 3.15 (2.69)
CMS [12] qqH — jj + Emiss 0.76 (0.57)
CMS recast[18] tTH — 104j 4 Emiss 0.40 (0.65)
CMS[12, 18]  qqH + ttH 0.45 (0.47)
All[11, 12] All but ttH 0.63 (0.46)
All[1T, 12, 18] Al 0.40 (0.40)

light to decay into dark matter.

The limits presented here rely on the reinterpretation
of a tt + EX sample originally selected in order to opti-
mize sensitivity to ¢t rather than ttH. A dedicated study
may yield stronger limits, but we expect such improve-
ments to be modest for two reasons. First, the variables
used to search for ¢ also have power to discriminate be-
tween ttH and the major backgrounds; see Fig. 2. Sec-
ond, a rough optimization for t¢H has already been done
here, with respect to the large number of signal regions
provided in the CMS result.

To summarize, we report the first limit on invisible
Higgs boson decays in the ttH production mode, which
currently yields the strongest individual limit on the
Higgs decay to dark matter particles. In addition, we
provide a combination of all available experimental limits
and show the implications for theories where dark matter
interacts with the SM primarily via the Higgs boson.
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