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Anomaly
• Found in CDF’s             channel

• In          ,    significance is

• Updated to         in

• Consistent with the decay of a 
narrow resonance at 147 GeV 
into a pair of jets

• Required cross section of

2

W± + jj
�ν + jj

4.3 fb−1 3.2σ
4.1σ 7.3 fb−1

3.0± 0.7 pb

(before BR & kinematic cuts)
V. Cavaliere Thesis

http://www-cdf.fnal.gov/physics/ewk/2011/wjj/7_3.html
arXiv:1104.0699
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Weighs In
• Analysis of

• Disagrees with CDF at  

• Cross section             at 
95% confidence

• Some differences in the 
two analyses: jet      , and 
out-of-cone corrections
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FIG. 1: (color online) Dijet invariant mass summed over elec-
tron and muon channels after the fit without (a) and with (b)
subtraction of SM contributions other than that from the SM
diboson processes, along with the ±1 s.d. systematic uncer-
tainty on all SM predictions. The χ2 fit probability, P(χ2), is
based on the residuals using data and MC statistical uncer-
tainties. Also shown is the relative size and shape for a model
with a Gaussian resonance with a production cross section of
4 pb at Mjj = 145 GeV/c2.

In Fig. 1 we present the dijet invariant mass distri-
bution after a fit of the sum of SM contributions to
data. Other distributions are available in the supple-
mentary material [21]. The fit minimizes a Poisson χ2-
function with respect to variations in the rates of individ-
ual background sources and systematic uncertainties that
may modify the predicted dijet invariant mass distribu-
tion [23]. A Gaussian prior is used for each systematic
uncertainty, including those on the normalization of each
sample, but the cross sections for diboson and W+jets
production in the MC are floated with no constraint. The
fit computes the optimal values of the systematic uncer-
tainties, accounting for departures from the nominal pre-
dictions by including a term in the fit function that sums
the squared deviation of each systematic in units normal-
ized by its ±1 s.d. Different uncertainties are assumed
to be mutually independent, but those common to both
lepton channels are treated as fully correlated. We per-

TABLE I: Yields determined following a χ2 fit to the data,
as shown in Fig. 1. The total uncertainty includes the effect
of correlations between the individual contributions as deter-
mined using the covariance matrix.

Electron channel Muon channel
Dibosons 434 ± 38 304 ± 25
W+jets 5620 ± 500 3850 ± 290
Z+jets 180 ± 42 350 ± 60
tt̄ + single top 600 ± 69 363 ± 39
Multijet 932 ± 230 151 ± 69
Total predicted 7770 ± 170 5020 ± 130
Data 7763 5026

form fits to electron and muon selections simultaneously
and then sum them to obtain the dijet invariant mass
distributions shown in Fig. 1. The measured yields after
the fit are given in Table I.
To probe for an excess similar to that observed by the

CDF Collaboration [1], we model a possible signal as a
Gaussian resonance in the dijet invariant mass with an
observed width corresponding to the expected resolution
of the D0 detector given by σjj = σW→jj ·

√

Mjj/MW→jj .
Here, σW→jj and MW→jj are the width and mass of
the W → jj resonance, determined to be σW→jj =
11.7 GeV/c2 andMW→jj = 81 GeV/c2 from a simulation
of WW → #νjj production. For a dijet invariant mass
resonance at Mjj = 145 GeV/c2, the expected width is
σjj = 15.7 GeV/c2.
We normalize the Gaussian model in the same way as

reported in the CDF Letter [1]. We assume that any
such excess comes from a particle X that decays to jets
with 100% branching fraction. The acceptance for this
hypothetical process (WX → #νjj) is estimated from a
MC simulation ofWH → #νbb̄ production. When testing
the Gaussian signal with a mean of Mjj = 145 GeV/c2,
the acceptance is taken from the WH → #νbb̄ simula-
tion with MH = 150 GeV/c2. This prescription is cho-
sen to be consistent with the CDF analysis, which used
a simulation of WH → #νbb̄ production with MH =
150 GeV/c2 to estimate the acceptance for the excess
that they observes at Mjj = 144 GeV/c2. When probing
other values of Mjj , we use the acceptance obtained for
WH → #νbb̄ MC events with MH = Mjj + 5 GeV/c2.
We use this Gaussian model to derive upper limits

on the cross section for a possible dijet resonance as a
function of dijet invariant mass using the CLs method
with a negative log-likelihood ratio (LLR) test statis-
tic [24] that is summed over all bins in the dijet invari-
ant mass spectrum. Upper limits on cross section are
calculated at the 95% confidence level (C.L.) for Gaus-
sian signals with mean dijet invariant mass in the range
110 < Mjj < 170 GeV/c2, in steps of 5 GeV/c2, allowing
the cross sections for W+jets production to float with no
constraint. Other contributions are constrained by the
a priori uncertainties on their rate, either derived from

4.3 fb−1

p = 8× 10−6

< 1.9 pb

∆R
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Where do we go next?
• No clear error in either CDF or       

•          discrepancy between two mature 
experiments not an acceptable resolution

• New physics not likely to exist only in one 
channel; can look elsewhere

4

DØ
∼ 4σ

�ν + jj �� + jj νν + jj γ + jj
2400 fb 840 fb 840 fb 420 fb

Z � left-handed 41 fb 6.1 fb 23 fb 2.1 fb
S/
√

N = 6.6 S/
√

N =2.5 S/
√

N = 1.7 S/
√
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√
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LHC to the Rescue
• LHC does not yet have sufficient luminosity 

to test most new physics scenarios

• This will not be true for much longer!

5arXiv:1107.5799

�ν + jj �� + jj νν + jj γ + jj
11400 fb 3400 fb 3400 fb 3450 fb

Z � left-handed 145 fb 13.7 fb 99 fb 5.3 fb
6.4 fb−1 75 fb−1 6.5 fb−1 170 fb−1

11400 fb 3800 fb 3800 fb 6900 fb
Z � universal 143 fb 14.4 fb 106 fb 11.9 fb

6.6 fb−1 67 fb−1 5.7 fb−1 34.4 fb−1

7970 fb 2200 fb 2200 fb 1870 fb
Technicolor 188 fb 18.8 fb 75 fb 6.9 fb
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New Physics

• If the CDF signal is really new physics, we’ll 
know within the year (maybe sooner)

• If not, then something subtle has gone wrong 
with CDF background modeling, figuring this 
out is important.

• Let’s consider the implications of the new 
physics explanation

• Lots of options, I’ll concentrate on one...
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New Gauge Boson
• Introduce new broken          which couples 

to quarks with ~SM gauge strength

• Resulting in     that can be produced in 
association with

• Problems with precision EW

• Assume no             mixing

• Anomaly cancellation?

• We’ll come back to that
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U(1)

W±
Z � 4

number of W± → lν plus two jet events is plotted as a function of the invariant mass of the two jets, mjj , a broad

peak is found at the masses of the W± and the Z. The existence of a Z � with significant couplings to Standard Model

quarks could lead to the appearance of an additional peak at the mass of the new boson, through processes such as

those shown in Fig. 2.

FIG. 2: A representative Feynman diagram contributing to events containing a lepton, missing transverse energy, and two jets.
When plotted as a function of the invariant dijet mass, this process will produce a peak at the mass of the Z�.

The recent CDF analysis [15], which makes use of 4.3 fb−1 of data, reports the presence of a feature consistent with

such a peak, consisting of 253 events (156±42 in the electron sample and 97±38 in the muon sample) above expected

backgrounds in the sum of the electron and muon channels. The center of the peak is located at a dijet invariant mass

of 144± 5 GeV. Relative to searches for dijets resulting from s-channel Z � exchange, the requirement of an associated

lepton and missing energy (assumed to come from a decaying W±) drastically reduces the background. Indeed, this

channel is exactly where one would expect to see the first indications of a relatively light leptophobic Z �.
To examine whether the observed excess can be explained by a Z � boson, we have performed simulations using

MadGraph/MadEvent, together with Pythia 6 [44] for parton showering and hadronization and Delphes [45] as a

detector simulation. The kinematic cuts described in [15] are applied. For simplicity, we use a generic set of input

parameters for Delphes. That is, we did not implement the actual detector parameters of the CDF experiment, as we

find that using the generic parameters already provides a description of the diboson background that is acceptable

for the purposes of this study, implying that the detector efficiency and energy resolution are adequately modeled.

We find that the observed excess of events can be explained by a Z � boson with a mass of ∼ 150 GeV and with

coupling gddZ� ∼ 0.25 (for guuZ� = 0) or guuZ� ∼ 0.25 (for gddZ� = 0), leading to a cross section σ(pp̄ → Z � +W±) ≈
1.8 pb. This is illustrated in Fig. 3, where we compare the prediction of such a Z � model to CDF data. Note that for

the events considered here, only couplings to left-handed quarks are relevant due to the presence of a W±.
The W± + dijet cross-section (before cuts) as a function of guuZ� and gddZ� is shown in Fig. 4 (as computed using

FeynArts and FormCalc [46]). It should be noted that the cross-section is actually reduced if guuZ� and gddZ� are

equal, due to the presence of interference terms between the two diagrams with ūd and d̄u initial states (see Fig. 2).

On the other hand, if the two couplings are taken to have opposite sign, then the interference enhances the W±+dijet

cross-section. The value σ(pp̄ → Z � +W±) ≈ 1.8 pb leading to the results shown in Fig. 3 can be obtained with e.g.

guuZ� = −gddZ� ∼ 0.13.
We note that evidence of such a Z � could also come from other channels including two jets plus missing energy, two

jets plus a photon, or two jets plus two leptons. At the current level of precision, these channels do not yet impose

a strong constraint, but in the future could provide interesting avenues for testing leptophobic Z � models. If the

coupling guuZ� is responsible for the majority of the CDF W± plus dijets signal, however, there may be some tension

in the photon plus dijets channel [47].

IV. MULTI-b EVENTS AT THE TEVATRON

Feynman diagrams similar to those leading to the production ofW±Z � at the Tevatron could also provide potentially

observable signals in other channels. In particular, if we allow the Z � to have large couplings to b quarks, collisions at

Z − Z �
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Fitting the Excess
• Mass fixed, couplings to left-

handed quarks derived 
directly from CDF data

• This coupling not in violation 
of the UA2 bounds

• (Tevatron dijet bounds 
weaker)

8

1103.6035 and 1107.5799

qZ�qL ∼ 0.2− 0.3
8

TABLE I: Observed 95% C.L. upper limits on the new particle
production cross sections times branching fraction to dijets
times the acceptance for both jets to have |y| < 1 obtained
with the signal shapes from W ′, Z′, RS graviton (G∗), and
q∗ production.

Mass 95% C.L. σ · B · A [pb]
(GeV/c2) W ′ Z′ G∗ q∗

260 1.1 × 102 1.1 × 102 1.5 × 102 1.5 × 102

280 8.1 × 101 8.3 × 101 1.2 × 102 1.1 × 102

300 4.5 × 101 5.1 × 101 8.3 × 101 6.3 × 101

320 2.8 × 101 3.1 × 101 4.4 × 101 4.2 × 101

340 1.8 × 101 1.9 × 101 2.8 × 101 2.4 × 101

360 1.0 × 101 1.1 × 101 1.6 × 101 1.5 × 101

380 8.0 × 100 8.6 × 100 1.1 × 101 1.0 × 101

400 7.2 × 100 7.3 × 100 9.2 × 100 8.6 × 100

425 7.1 × 100 7.0 × 100 8.2 × 100 7.8 × 100

460 5.8 × 100 6.3 × 100 7.4 × 100 7.4 × 100

500 3.9 × 100 4.0 × 100 5.5 × 100 5.0 × 100

540 1.9 × 100 2.0 × 100 3.0 × 100 2.6 × 100

580 1.0 × 100 1.1 × 100 1.4 × 100 1.3 × 100

620 8.0 × 10−1 8.5 × 10−1 1.0 × 100 1.0 × 100

660 7.2 × 10−1 7.6 × 10−1 8.8 × 10−1 8.4 × 10−1

700 6.0 × 10−1 6.4 × 10−1 7.8 × 10−1 7.3 × 10−1

750 4.3 × 10−1 4.6 × 10−1 5.7 × 10−1 5.6 × 10−1

800 2.7 × 10−1 2.9 × 10−1 3.9 × 10−1 3.7 × 10−1

850 1.8 × 10−1 1.9 × 10−1 2.3 × 10−1 2.3 × 10−1

900 1.3 × 10−1 1.4 × 10−1 1.7 × 10−1 1.6 × 10−1

950 1.2 × 10−1 1.2 × 10−1 1.4 × 10−1 1.4 × 10−1

1000 1.1 × 10−1 1.1 × 10−1 1.3 × 10−1 1.2 × 10−1

1050 8.9 × 10−2 9.4 × 10−2 1.1 × 10−1 1.0 × 10−1

1100 6.7 × 10−2 7.1 × 10−2 8.5 × 10−2 8.2 × 10−2

1150 5.8 × 10−2 5.9 × 10−2 7.1 × 10−2 6.9 × 10−2

1200 4.6 × 10−2 4.8 × 10−2 5.8 × 10−2 5.7 × 10−2

1250 3.6 × 10−2 3.6 × 10−2 4.4 × 10−2 4.5 × 10−2

1300 2.6 × 10−2 2.7 × 10−2 3.3 × 10−2 3.4 × 10−2

1350 1.8 × 10−2 1.9 × 10−2 2.3 × 10−2 2.4 × 10−2

1400 1.4 × 10−2 1.4 × 10−2 1.6 × 10−2 1.8 × 10−2

µi ≡ σsigLiεin
sig
i /nsig

tot +nQCD
i is the predicted number of

events, εi is the event selection efficiency in the ith dijet
mass bin, and nsig

i /nsig
tot is the predicted fraction of signal

events in bin i. We model the QCD dijet mass spectrum
with Eq. (2) and use Eq. (1) to extract nQCD

i from the
differential cross section dσ/dmjj . For each value of σsig

we maximize the likelihood with respect to the four pa-
rameters in Eq. (2). We integrate this profiled likelihood
over Bayesian priors for the parameters describing the
systematic uncertainties [41], and we use a flat prior on
σsig to extract Bayesian upper limits on that parame-
ter. Although this procedure uses Bayesian techniques,
we verified that the resulting upper limits have good fre-
quentist coverage.

The obtained 95% confidence level (C.L.) limits us-
ing the W ′, Z ′, RS graviton, and q∗ signal resonance
shapes are shown in Fig. 4 and Table I as a function
of the new particle mass. Also shown in Fig. 4 are the
theoretical predictions for the various models. For the
W ′, Z ′, q∗, and RS graviton, the mass exclusion is de-
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FIG. 4: Observed 95% C.L. upper limits on new particle pro-
duction cross sections times the branching fraction to dijets
obtained with the signal shapes from (a) W ′, (b) Z′, (c) RS
graviton, and (d) q∗ production. Also shown are the cross sec-
tion predictions for the production of W ′, Z′, RS graviton,
ρT8, q∗, axigluon, flavor-universal coloron, and E6 diquark
for the set of parameters described in the text. The limits
and theoretical predictions are for events in which both of
the leading two jets have |y| < 1.

termined by comparing the limits obtained with their
respective signal shapes and σsig predictions. For the
axigluon, flavor-universal coloron, and E6 diquark, we
compare their σsig predictions to the limits obtained with
the q∗ signal shapes; these particles do not decay into the
mode containing a gluon, so their signal shape would be
narrower than that of q∗, and thus the mass exclusions
obtained with the q∗ signal shapes are conservative. For
ρT8, we compare its σsig predictions with the limits ob-
tained using the RS graviton signal shapes. The ρT8 and
RS graviton decay channels are similar; the branching
fraction to the gg state is higher for the RS gravitons
than for ρT8, so comparing the limits obtained using the
RS graviton signal shapes to the ρT8’s σsig predictions

8

TABLE I: Observed 95% C.L. upper limits on the new particle
production cross sections times branching fraction to dijets
times the acceptance for both jets to have |y| < 1 obtained
with the signal shapes from W ′, Z′, RS graviton (G∗), and
q∗ production.

Mass 95% C.L. σ · B · A [pb]
(GeV/c2) W ′ Z′ G∗ q∗

260 1.1 × 102 1.1 × 102 1.5 × 102 1.5 × 102

280 8.1 × 101 8.3 × 101 1.2 × 102 1.1 × 102

300 4.5 × 101 5.1 × 101 8.3 × 101 6.3 × 101

320 2.8 × 101 3.1 × 101 4.4 × 101 4.2 × 101

340 1.8 × 101 1.9 × 101 2.8 × 101 2.4 × 101

360 1.0 × 101 1.1 × 101 1.6 × 101 1.5 × 101

380 8.0 × 100 8.6 × 100 1.1 × 101 1.0 × 101

400 7.2 × 100 7.3 × 100 9.2 × 100 8.6 × 100

425 7.1 × 100 7.0 × 100 8.2 × 100 7.8 × 100

460 5.8 × 100 6.3 × 100 7.4 × 100 7.4 × 100

500 3.9 × 100 4.0 × 100 5.5 × 100 5.0 × 100

540 1.9 × 100 2.0 × 100 3.0 × 100 2.6 × 100

580 1.0 × 100 1.1 × 100 1.4 × 100 1.3 × 100

620 8.0 × 10−1 8.5 × 10−1 1.0 × 100 1.0 × 100

660 7.2 × 10−1 7.6 × 10−1 8.8 × 10−1 8.4 × 10−1

700 6.0 × 10−1 6.4 × 10−1 7.8 × 10−1 7.3 × 10−1

750 4.3 × 10−1 4.6 × 10−1 5.7 × 10−1 5.6 × 10−1

800 2.7 × 10−1 2.9 × 10−1 3.9 × 10−1 3.7 × 10−1

850 1.8 × 10−1 1.9 × 10−1 2.3 × 10−1 2.3 × 10−1

900 1.3 × 10−1 1.4 × 10−1 1.7 × 10−1 1.6 × 10−1

950 1.2 × 10−1 1.2 × 10−1 1.4 × 10−1 1.4 × 10−1

1000 1.1 × 10−1 1.1 × 10−1 1.3 × 10−1 1.2 × 10−1

1050 8.9 × 10−2 9.4 × 10−2 1.1 × 10−1 1.0 × 10−1

1100 6.7 × 10−2 7.1 × 10−2 8.5 × 10−2 8.2 × 10−2

1150 5.8 × 10−2 5.9 × 10−2 7.1 × 10−2 6.9 × 10−2

1200 4.6 × 10−2 4.8 × 10−2 5.8 × 10−2 5.7 × 10−2

1250 3.6 × 10−2 3.6 × 10−2 4.4 × 10−2 4.5 × 10−2

1300 2.6 × 10−2 2.7 × 10−2 3.3 × 10−2 3.4 × 10−2

1350 1.8 × 10−2 1.9 × 10−2 2.3 × 10−2 2.4 × 10−2

1400 1.4 × 10−2 1.4 × 10−2 1.6 × 10−2 1.8 × 10−2

µi ≡ σsigLiεin
sig
i /nsig

tot +nQCD
i is the predicted number of

events, εi is the event selection efficiency in the ith dijet
mass bin, and nsig

i /nsig
tot is the predicted fraction of signal

events in bin i. We model the QCD dijet mass spectrum
with Eq. (2) and use Eq. (1) to extract nQCD

i from the
differential cross section dσ/dmjj . For each value of σsig

we maximize the likelihood with respect to the four pa-
rameters in Eq. (2). We integrate this profiled likelihood
over Bayesian priors for the parameters describing the
systematic uncertainties [41], and we use a flat prior on
σsig to extract Bayesian upper limits on that parame-
ter. Although this procedure uses Bayesian techniques,
we verified that the resulting upper limits have good fre-
quentist coverage.

The obtained 95% confidence level (C.L.) limits us-
ing the W ′, Z ′, RS graviton, and q∗ signal resonance
shapes are shown in Fig. 4 and Table I as a function
of the new particle mass. Also shown in Fig. 4 are the
theoretical predictions for the various models. For the
W ′, Z ′, q∗, and RS graviton, the mass exclusion is de-
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FIG. 4: Observed 95% C.L. upper limits on new particle pro-
duction cross sections times the branching fraction to dijets
obtained with the signal shapes from (a) W ′, (b) Z′, (c) RS
graviton, and (d) q∗ production. Also shown are the cross sec-
tion predictions for the production of W ′, Z′, RS graviton,
ρT8, q∗, axigluon, flavor-universal coloron, and E6 diquark
for the set of parameters described in the text. The limits
and theoretical predictions are for events in which both of
the leading two jets have |y| < 1.

termined by comparing the limits obtained with their
respective signal shapes and σsig predictions. For the
axigluon, flavor-universal coloron, and E6 diquark, we
compare their σsig predictions to the limits obtained with
the q∗ signal shapes; these particles do not decay into the
mode containing a gluon, so their signal shape would be
narrower than that of q∗, and thus the mass exclusions
obtained with the q∗ signal shapes are conservative. For
ρT8, we compare its σsig predictions with the limits ob-
tained using the RS graviton signal shapes. The ρT8 and
RS graviton decay channels are similar; the branching
fraction to the gg state is higher for the RS gravitons
than for ρT8, so comparing the limits obtained using the
RS graviton signal shapes to the ρT8’s σsig predictions

CDF 0812.4036

(gZ�q = 0.3)
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What’s Dark Matter 
got to do with it?

9

Or, why am I talking about this at TevPA?
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Anomaly Cancellation
• B-L the only anomaly-free new        in the SM

• Leptophobic     must have new fermions 
charged under 

• Must be chiral, so can’t be arbitrarily heavy

• Among the new fermions, there is often a         
spacespcaespace  singlet (   )

• Examples of known gauge groups we don’t 
see large scales between particle’s charge 
assignment

• i.e.

10

U(1)
Z �

SU(3)C

SU(3)C × U(1)EM

gZ�X ∼ gZ�qL

X
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Dark Forces
• SM singlet:  ideal dark matter            

candidate

• Has coupling to nucleons              
through 

• Leads to direct detection cross section

• For

• i.e. DAMA & CoGeNT region

11

q

X

q

X

Z �

gZ�q = 0.25
σSI

Xp = 2× 10−40 cm2

�
mX

mX + mp

�2 �
gZ�X

gZ�q

�2

σSI
Xp =

36m2
Xm2

pg
2
Z�Xg2

Z�q

π(mX + mp)2m4
Z�
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Explicit Example 1
• Can’t use B-L for CDF excess

• Gauge B and L separately

• Cancel anomalies through a single generation 
with B and L charges 3x of SM

• 4th generation decays requires a                      
singlet, stable scalar with

• Early Universe relic density cannot just go 
though

• Loop-induced annihilations involving scalars 
carrying lepton number

12

SU(3)C × U(1)EM

B = 2/3

1104.3145

Z �
B

XX → e−e+, µ−µ+, τ−τ+
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Explicit Example 2

• Grand Unified      model

• Two new         gauge groups

• Can be broken down to single low-
energy         , not leptophobic

• RGE running of                       mixing can 
generically lead to (mostly) leptophobic

13

1106.3583

E6

U(1)

U(1)η

U(1)η × U(1)Y

U(1)�
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Particle Content
• Each generation fits into a 27 of     

• 12 new fields, including two SM singlets

• Both have         charges,     is our DM 

14

E6

SL, ν̄R

ν̄RU(1)�

E6

SU(3)C SU(2)L

�
5/3Y 2

�
3/5Q�(δ = 1/3)

QL 3 2 1/6 -1/3
ūR 3̄ 1 -2/3 -2/3
d̄R 3̄ 1 1/3 1/3
LL 1 2 -1/2 0
ēR 1 1 +1 0
H̄ 1 2 +1/2 1
H 1 2 -1/2 0
hL 3 1 -1/3 2/3
h̄R 3̄ 1 1/3 1/3
ν̄R 1 1 0 -1
SL 1 1 0 -1
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 Dark Matter

• Pure leptophobic      has                        
zero coupling to protons

• Direct Detection signal                         
close to CoGeNT/DAMA

• As in          , need additional               
interactions to get relic density

• General superpotential contains
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3

charges of +1 and +2. It is the vevs of these Higgs that
can serve to break Q� and give mass to the leptophobic
Z �. From the mass of the Z �, we expect the new Higgs
vevs to be on the order of the weak scale.

Among these exotics, both ν̄R and SL are not col-
ored, are electrically neutral, and thus are potentially
viable candidates for dark matter. Furthermore, they
each carry large charges to the leptophobic gauge group
(Q� = −1), potentially providing an important role for
the Z � in cosmology as well as in collider physics.2 We
take our dark matter candidate to be the scalar super-
partner of the lightest right-handed neutrino ν̄R, which
will be stable by the virtue of R-parity. We could also
consider the superpartner of the SL, which is identical
for the purposes of direct detection, but is disfavored by
relic abundance considerations as described in Sec. III.
To retain a degree of agnosticism toward this choice (or
a linear combination of these choices), we will refer to
the scalar dark matter particle simply as X.

In the E6 η-model with δ ≈ 1/3, the light Z � couples
to Standard Model quarks with charges approximately
given by: Q�

uL
= −1/3, Q�

uR
= 2/3, Q�

dL
= −1/3,

Q�
dR

= −1/3, but with little or no couplings to any Stan-
dard Model leptons. Writing the effective couplings as
the product of these charges and a new gauge coupling,
gZ� , the rate observed at CDF favors a value of roughly
gZ� ∼ 0.7−0.8 [3]. To bring this into better compatibility
with the null results of D0 [2], however, we will adopt a
somewhat smaller value of gZ� ∼ 0.5.

Through Z � exchange, the dark matter can scatter elas-
tically with nuclei [19, 20]. The cross section for spin-
independent scattering of our scalar dark matter candi-
date with Q�

X = −1 is given by:

σSI
XN ≈ m2

Xm2
N

π(mX +mN )2

�
fpZN + fn(AN − ZN )

�2
, (2)

where

fp =
g2Z�

m2
Z�

�
(Q�

uL
+Q�

uR
) +

1

2
(Q�

dL
+Q�

dR
)

�
= 0, (3)

fn =
g2Z�

m2
Z�

�
1

2
(Q�

uL
+Q�

uR
) + (Q�

dL
+Q�

dR
)

�
=

−g2Z�

2m2
Z�

.

In other words, the couplings to up and down quarks
cancel for the proton, leaving only neutrons with which
the dark matter can scatter. With this substitution, we
arrive at

σSI
XN ≈ m2

Xm2
Ng4Z�

4π(mX +mN )2m4
Z�

(AN − ZN )2. (4)

To compare with the results of direct detection exper-
iments, we calculate the spin-independent elastic scat-
tering cross section of our dark matter candidate with

2 Throughout, we adopt the convention of writing the Z� charges

as normalized in Table I, absorbing the factor of 2
�

3/5 into the
definition of the gauge coupling constant.

FIG. 1: The dark matter’s spin-independent elastic scattering

cross section with neutrons (not to be confused with nucleons)

predicted in the E6 GUT model described in this article, com-

pared with the regions of parameter space consistent with the

signals reported by the CoGeNT [23] and DAMA/LIBRA [24]

collaborations (90% and 99% CL contours are shown [25]). To

account for the uncertainty in the local dark matter density,

we absorb into the cross section the scaling to this quantity,

as indicated in the label of the y-axis (the width of the band

corresponds to ρLocal =0.15-0.6 GeV/cm
3
). We have adopted

gZ� = 0.5 and mZ� = 160 GeV for the coupling and mass

of the Z�
, as approximately required to produce the CDF

W+dijets excess [3] while not strongly exceeding the rate ob-

served at D0 [2]. Also shown are the constraints presented by

the CDMS [26] (dot-dashed) and XENON100 [27] (dotted)

collaborations. See text for details.

neutrons (not to be confused with nucleons, as is often
presented):

σSI
X−neutron ≈ m2

Xm2
ng

4
Z�

4π(mX +mn)2m4
Z�

(5)

≈ 2.0× 10−39 cm2

�
160GeV

mZ�

�4�gZ�

0.5

�4

.

In Fig. 1, we compare this result to the cross sec-
tion and mass required to explain the signals reported
by the CoGeNT [23] and DAMA/LIBRA [24] collabora-
tions (see also Refs. [25]). For dark matter with a mass
of approximately 6-8 GeV (and for a velocity distribution
described by v0 = 220 km/s and vesc = 544 km/s), the
signals reported by these two experiments can be accom-
modated by the E6 GUT model discussed here. We also
show for comparison the constraints as presented by the
CDMS [26] (dashed) and XENON100 [27] (dotted) col-
laborations. Although the results from CDMS appear to
be in some degree of tension with a dark matter interpre-
tation of CoGeNT and DAMA/LIBRA, it is not necessar-
ily implausible that systematic uncertainties could open
a region of compatibility [28]. The constraints placed

E6

U(1)B

E6

λ11H̄Lν̄R

�σv� ≈ 2.3× 10−26 cm3/s

×
�

λ11

1

�4�110 GeV
mH

�4� mX

7 GeV

�2� 20
xFO

�
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Conclusions
• CDF  W+jj excess still unexplained and 

interesting

• A simple explanation is a leptophobic  

• UV-completions often require a SM singlet: a 
Dark Matter candidate

• Parameters that fit CDF excess also give a 
CoGeNT-sized direct detection signal.

• Also contain strongly interacting, TeV-scale 
fermions

• Could CDF be seeing the mediating force for 
the dark sector?
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Z �
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