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We present a method for searching for associated production of the standard model (SM) Higgs
boson and a Z boson where the Z boson decays to two leptons and the Higgs decays to a pair
of b quarks, pp — ZH — 171Tbb. We use a matrix element weighting technique to construct the
likelihood functions of the Higgs content of the data sample. In 2.7 fb~! of CDF data we observe a
95% C.L. of 7.8 times the SM prediction while the median expected 95% C.L. is 12.3 times the SM
prediction for my =115 GeV/cQ.

I. INTRODUCTION

Discovery of the Higgs boson remains one of the highest priorities of the Tevatron program. At high masses,
sensitivity to a standard model (SM) Higgs boson can be achieved by searching for direct production gg — H of the
Higgs as its decay is dominated by relatively clean decays to diboson final states, WW and ZZ. For low masses,
however, background swamps the dominant decay channel of bb making it necessary to rely on associated production
of the Higgs boson with a W or Z boson. Of these, ZH production where the Z decays to two charged leptons offers
a clean final state with no neutrinos but has a very small branching ratio. The size of the potential signal in this
channel makes a simple counting experiment prohibitive. We utilize a method that uses leading-order matrix element
calculations to form per-event likelihoods. We further increase our sensitivity by modeling the dominant background
processes in a similar fashion. By combining these per-event likelihoods we obtain a sample likelihood of its signal
content. This is one of two complementary techniques used at CDF for a search in this channel, the other being a 2
dimensional neural network [1].



Source ee o i
7 — ee 70.7 +18.8 0.0+0.0 70.7+£18.38
Z —ee+hf 63.0+11.4 0.0+0.0 63.0+11.4
Z — up 0.0£00 589=£14.9 589+14.9
Z — pp+ hf 00+00 442+81 442481
Z =TT 0.1£0.1 0.0+0.1 0.1+0.1
Z — 1T+ hf 0.0+0.1 0.0+0.1 0.0£0.1
WWWZ,ZZ 6.6+ 1.0 50+08 11.6+£1.3
Fakes 128+ 6.4 3.1+1.2 159+6.5
tt 77+1.5 6.2+1.2 13.9+20
ZH(mpg =115 GeV/c®) 07401 05401 1.3+02
Total 161.6 = 23.0 117.9 £ 17.1 279.5 £ 28.6
Data 152 106 258

TABLE I: Expected yields with the > 1 tight b—tag requirement, and the corresponding number of observed data events.

Source ee o l
7 — ee 294+0.7 004+0.0 29+0.7
Z —ee+ hf 114428 0.04+0.0 11.4+2.8
Z — pp 0.0£00 26+£06 26+0.6
Z — pup+hf 0.0+£0.0 81+19 81+1.9
WWWZ,ZZ 1.7+03 1.2+0.2 29+04
Fakes 024+01 02401 0440.2
tt 44409 33+07 7.7+1.1
ZH(my =115 GeV/c?) 04401 04401 0.740.1

Total 20.8 £3.0 15.5£2.1 36.3 £3.7
Data 16 16 32

TABLE II: Expected yields with the > 2 loose b—tag requirement, and the corresponding number of observed data events.

II. EVENT SELECTION
A. Dataset and Trigger

This analysis is based on an integrated luminosity of 2.7 fb~! collected with the CDF II detector between March
2002 and April 2008. The CDF II detector is a general purpose detector described elsewhere [2]. The data are
collected with an inclusive lepton trigger that requires events to have a lepton with Er > 18 GeV (for an electron) or
pr > 18 GeV/c (for a muon).

B. Final Sample

The event selection used in this analysis closely follows that of the first ZH — [~17bb analysis performed at CDF
IT [3]. Following the trigger requirement outlined above, events with two leptons are selected where the invariant
mass of the leptons falls within 76 < my < 106 GeV/c?. Events are then required to have at least two jets with
Er > 15 GeV and nje¢ < 2.0 where at least one jet has Er > 25 GeV. Validation of the data with these cuts is shown
for a variety of kinematic variables in Fig. 1. Finally, events are required to have either 2 loose SecVtx [4] b-tags or
> 1 tight SecVtx b-tags. Validation of the data with all cuts is shown for a variety of kinematic variables in Figs. 2
and 3. After event selection, the remaining sample is dominated by several sources of background: Drell-Yan with
associated jets, which are modeled separately for sources with real heavy flavor and sources where light flavor mimics
heavy flavor; WW, WZ and ZZ events with heavy flavor; tf; and events with one real lepton, and an object such as
a jet mimicking a lepton (Fakes). The predicted number of events for each source of background and for signal for
our data sample as well as the total number of events observed in data are shown in Table I for events with > 1 tight
SecVtx b-tags and in Table II for events with 2 loose SecVtx [4] b-tags.
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FIG. 1: Validation of dilepton invariant mass my;, dijet invariant mass m;;, missing transverse energy Fr, jet
multiplicity, number of tight b-tags and number of loose b-tags for events passing all selection cuts prior to tag
requirement.

III. METHOD

A. Likelihood Determination

We denote the ZH signal probability by Pzp(x|mp) where the Higgs boson mass my is an input parameter and
x is a vector of event kinematics. Similarly we denote the background probability as Py(x). We then construct the
likelihood for event % as

L(s,xilmpg) = sPzu(xilmm) + (1 — s)Py(xi) (1)

where s denotes a possible value of the signal fraction. To formulate Pzy and the P,, we utilize leading-order
matrix-element calculations. Thus, Pz is given by

1 do(mp)
o(myg) dx

Pzp(ximpg) = (2)
where do/dx is the differential cross section evaluated with respect to the event measurements contained in x. We
evaluate the differential cross section by convoluting a leading order matrix element for the process with detector
resolution functions and integrate over unmeasured quantites. Thus, the probability density can be expressed as

Pzu(ximp) = @/CKMMZH((],Z); m)|? H[W(pi7X)]fPDF(Ql)fPDF(Q2) (3)

g
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FIG. 2: Validation of dilepton invariant mass my;, dijet invariant mass m;;, missing transverse energy Fr, jet
multiplicity, and number of tight b-tags for events with > 1 b-tag.

where My is the leading order matrix element for the process q§ — ZH — 1~1Tbb evaluated for a set of incoming
partons ¢ and outgoing partons p, W (p;, x) are transfer functions linking the outgoing parton momenta p; to measured
quantities x and the fppp are parton density functions for the initial state. We calculate probabilities for the signal
process and for three dominant backgrounds: Drell-Yan with associated jets, ZZ with associated jets and tf. Validation
of these four probabilities is shown in Fig. 4.

The sample likelihood is obtained by taking the product over all events 4 in the sample

L(s|mpg) = HL(s7xi|mH). (4)

L(s|mpr) is evaluated for all values of s and the value of s = s,,, is evaluated for which £ attains its maximum value.
Thus s,, denotes the maximum-likelihood estimate of the Higgs signal fraction in the event sample.

We further enhance our statistical sensitivity by splitting our sample into events with 1 b-tag and events with 2
b-tags. Thus, in a sample of N events, where N; events have 1 b-tag and N, events have 2 b-tags, we define the 1-tag
and 2-tag signal fractions s; and s; such that the likelihood for the sample of n-tagged events is

Lo(snlmu) = [ [lsn Pz (xlme) + (1 = 81) Py (x)] (5)

i

where s, = Nzp /N, is the signal fraction in the n-tagged sample and the final sample likelihood is given by
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FIG. 3: Validation of dilepton invariant mass my;, dijet invariant mass m;;, missing transverse energy Fr, jet
multiplicity, and number of loose b-tags for events with 2 loose b-tags.

E(s|mH) = Ll X LQ (6)

In our data sample, we expect backgrounds from different sources. The dominant backgrounds are due to the Zjj,
tt and ZZ processes, in the expected proporti(.)r.ls d.eno.ted by )\TZL;jtag, )\Z;tag and A’ ,"*® respectively for events with
n =1 or 2 tags. Thus, the background probability is given by

Pyn(x) = Ny "8 Pji(x) + Al 8 Pi(x) + Ny ¥ Pz 2(x) (7)

where Pz;;j(x), Piz(x) and Pzz(x) are the respective probabilities for the Z + jj, tt, and ZZ background processes.
The sample likelihood of Eq. 4 can thus be expressed as

L(simu) =[] frsPzu(xlmu) + (1 - fls) (N5 8 Py (x) + A7 8 P(x) + Ay " Prz(x)]}

“ (8)
) TT fosPan(xlmun) + (1= fos ) N5 Py () + Ay "8 Pa(x) + A3 P22 (x)]}

where the products are over all 1-tag and 2-tag events respectively and the constant f,, are defined as

f _ Nzpn N
" N, Nzu
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FIG. 4: The distributions of each of matrix-element probabilities logP, evaluated on the final selected sample
of data events, and on simulated samples.

All the P are defined as probability distributions functions, i.e.

/P(X)dx =1. (10)

B. Limit Calculation

We utilize the Feldman-Cousins [5] prescription to extract a limit on ZH — [~I*bb production in data. We utilize
the test statistic

L(sm|st)

_ 11
B= i) 1

where s%¢5! is the most likely input signal fraction that results in a given measured signal fraction, s,,.

IV. SYSTEMATIC UNCERTAINTY

We separate systematic uncertainties into shape-based and rate-based categories. Shape-based sources of systemat-
ics are estimated by performing pseudo-experiments with simulated events that vary the specific source of uncertainty.
These sources of uncertainty are Jet Energy Scale (JES) uncertainty and Initial State (ISR) and Final State (FSR)
Radiation. Rate-based sources of systematic uncertainty include heavy flavor scale factors (k-factors), luminosity, and
tagging uncertainty. A summary of rate-based systematics and their magnitude is shown in Table IV.



Source Magnitude Samples Affected
Luminosity 6% All
ALPGEN k-factor 40% Z+jets
PYTHIA k-factor 20% tt, Diboson
Mistag uncertainty 8% Samples with b quarks

16% Samples with ¢ quarks

13% Samples with no heavy flavor
Fake uncertainty 50% Fakes

TABLE III: Summary of rate-based systematics
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FIG. 5: Feldman-Cousins intervals for 68%, 95% and 99.7% coverage for mpg = 115 GeV/c?.

V. RESULTS

We run the data sample of the selected 290 events through the matrix-element likelihood fitter (Eqn. 4) and obtain
the value s9%*¢ = (.124, as shown in Fig. 6. For this value of s2%'¢ the Feldman-Cousins band of Fig. 5 yields the limit
sdata < (0.049, corresponding to the ZH cross section limit o < 7.78 X ogpr at my = 115 GeV/c?. The distribution
of measured limits for background-only pseudo-experiments for mg = 115 GeV/c? is shown in Fig. 7.

My (GeV/c?) —20 —1o0 median 410 420 Observed

100 4.33 5.72 8.44 12.27 16.13 6.36
105 4.59 6.05 8.91 13.01 16.91 6.17
110 5.77 7.67 11.19 16.33 21.37 7.40
115 6.23 8.38 12.30 17.89 23.44 7.75
120 6.87 9.11 13.48 19.86 25.79 8.55
125 9.63 12.73  18.77 27.25 35.66 11.94
130 12.69 16.74 24.68 35.95 46.89 15.75
135 15.70 20.55 30.04 44.16 57.01 19.51
140 22,72 29.79 43.08 63.14 83.13 27.31
145 32.60 42.27 61.69 90.60 117.76 37.26
150 53.57 69.45 101.65 148.66 192.47 59.07

TABLE IV: Expected and observed limits for mz = [100, 150]GeV/c* at 5 GeV/c® increments. Limits are in units of osar.



1.0

ZHlIbb: My = 115 GeV: Data Likelihood Curve

‘vd(z/u
meas CDF Il Preliminary 2.7fb"
Sineas =0-124 Nyqy, =290
0.8f
0.6
@
Q
0.4f
0.2
0'90.2 0.0 0.2 0.4 0.6 0.8

Signal Fraction (5)
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FIG. 7: The distribution of measured upper limits for background-only psuedo-experiments for
mpy = 115 GeV. The measured limit in data is shown as the red line.

VI. SUMMARY

We have searched for the SM Higgs process ZH — 1lbb using 2.7 fb~! of Gen6 data, through period 17. We use
standard model matrix elements to calculate probability distributions for event kinematics, which are then used as
inputs to a maximum-likelihood fitter for the ZH signal fraction in the data. We have used the Feldman-Cousins
approach to convert the measured signal fraction into a ZH cross section limit. The expected cross section limit is
12.30 x o5as and the observed limit is 7.75 x ogas for mg = 115 GeV/c? at 95% CL.
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