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The CDF collaboration recently presented evidence for an excess in the dijet invariant mass dis-
tribution coming from events in a W + 25 exclusive sample. Here we show that this excess can be
explained by the s-channel production of a weakly coupled Higgsophilic Z’ near My, ~ 270 GeV
which decays into a W7 and a charged Higgs at My+ ~ 150 GeV. While the simplest implemen-
tations of a general leptophobic Z’ model quickly run into tensions with electroweak observables, a
more specific Higgsophilic model evades these constraints without resorting to any fine-tuning. We
discuss the distinctive features of this model, focusing on its particular signatures at the Tevatron.

I. INTRODUCTION

The CDF collaboration recently presented an anoma-
lous 3.20 excess near Mj; ~ 150 GeV in the dijet in-
variant mass distribution for events in a W + 2j exclu-
sivesample [1]. The source of this excess is as of yet
unclear, but given the difficult systematics involved and
the fact that DO did not observe a similar effect [2], the
most plausible explanation seems to be a mismodeling of
the relevant backgrounds. However, a definitive Standard
Model (SM) resolution of this question does not seem to
be immediately forthcoming. Indeed, CDF recently re-
leased preliminary results making use of a larger 7.3 fb™*
sample and found that the statistical significance of the
excess increases to nearly 50. Moreover, the collabora-
tion checked several aspects of their background models
and found that none was sufficient to account for the
€XCess.

Concurrently with the experimentalists’ efforts to
check all the systematics involved, it can prove useful
to construct viable and predictive models of new physics
that could account for the anomaly. These can serve as
hypotheses to test and rule-out, and form an important
part of the slow process towards a clearer picture. To this
end, the theory community has been busy constructing
explanatory models. The field at this point is already
crowded, with a series of models proposing that the ex-
cess can be accounted for by the associated production
of a new resonance [3-21], some means of s-channel pro-
duction through a new field [19, 22-27], subtleties in the
treatment of SM physics [15, 28-30], or some other, more
exotic explanations [31, 32].

Most, but not all, of these models were constructed
under the assumption that the CDF data disfavors the
s-channel production mode. However, the more precise
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statement is that the data neither favors nor disfavors the
existence of such a resonance!. In addition, it was usually
assumed that the excess seen as the dijet resonance did
not contain a significant concentration of heavy flavor.
However, this inference was based on low statistics and
depends upon whether one is looking at one b-tag or two
b-tagged samples, so it is important to realize that these
assumptions are not very strongly supported by data?.
In the spirit of constructing testable hypotheses it is im-
portant that we do not bias ourselves too early and keep
an open mind about the possible interpretation of the
excess.

Indeed, much can be had by allowing an s-channel res-
onance®. This possibility becomes particularly appealing
when we realize that generically a Z’ vector-boson cou-
ples to the W+ HT vertex, thereby manifesting the re-
quired signature shown in Fig. 1, namely pp — Z' —
WH(HT — jj). However, for most Z’ models con-
structed outside the context of the CDF anomaly [34],
this decay mode is subdominant and one would expect
the Z’' resonance to appear first in other channels*. In
particular, Z’ leptonic decays generally lead one to expect
Mz Z 800 GeV. Fortunately, data is a strong antidote
to prejudice and the CDF anomaly forces us to consider
leptophobic U(1)" models with a light Z’ as a possibility.
In contradistinction to previous Z’ models employing a
lighter Mz ~ 150 GeV boson produced in association
with a W, here we focus on a heavier Z’ produced in the
s-channel. As we shall discuss in this paper, generic lep-
tophobic models with Mz ~ 270 GeV manifesting the

I The preliminary analysis presented in [33] using the full 7.3 b1
of data together with a more restricted set of cuts in fact seems
to give some indication for the existence of such a resonance.

2 Indeed, as we shall see below, the new data even seem to confirm
departures from these assumptions.

3 We note that the authors of ref. [25] were the first to propose
this topology as an explanation for the anomaly, and we thank
Adam Martin for many helpful discussions regarding the model.

4 A similar mechanism for a leptophobic TeV-scale Z’ decay into
Higgs and vector bosons was considered long ago in [35] and more
recently in [36].



topology of Fig. 1 still exhibit some parametric tensions
with a variety of constraints, from Electroweak Preci-
sion Tests (EWPT) to dijet resonance searches. However,
once recognized in their parametric form, these tensions
point to a Higgsophilic Z’ model as a viable explanation
for the CDF excess. Moreover, through its contribution
to the pyp parameter, such a model also holds the hope
of resolving the long-standing tension between the direct
and indirect searches for the Higgs boson [37].
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FIG. 1. The production and decay topology considered in this
paper to explain the excess observed by the CDF collabora-
tion.

The paper is organized as follows. In section II we
discuss leptophobic Z’ models in general and present the
associated formulae relevant for the phenomenology stud-
ied in this paper. In section III we review the constraints
that place the strongest limits on such models. Section
1V is devoted to the CDF anomaly and its possible in-
terpretation in the context of leptophobic s-channel Z’
models. In section V we consider specific realizations of
the general formalism, exhibit the tensions involved, and
arrive at a viable Higgsophilic model as a possible ex-
planation of the CDF anomaly. Finally, in section VI
we discuss possible tests of this hypothesis, suggest some
future directions, and conclude.

II. EFFECTIVE LEPTOPHOBIC MODELS

In this section we present the relevant formulae and
relations for a generic leptophobic model with general
charge assignments. In the sections that follow we con-
centrate on several specific realizations of this general
scheme. In particular, later we will show that Hig-
gsophilic models constitute a viable explanation for the
excess seen at CDF, consistent with all other constraints.

A. Charges and Mixing

We denote the charge of the left handed quarks by Q¢,,
where i = 1,2, 3 denotes the generation. Similarly, Que,
and Q4¢ represent the charges of the conjugate fields, u§

and df. In what follows we will concentrate on models
with two Higgs doublet fields, H, and Hy, with charges
Qu,, and Qp,, respectively. Since the U(1)’ is broken,
we need not specify any particular relation among these
charges even in the presence of Yukawa couplings between
the Higgs fields and the fundamental matter fields. The
completion to a full theory that exhibits the U(1)’ is left
for the following sections. A coupling to the leptons is
ultimately generated through mixing between the Z and
7' vector bosons; however, it is strongly suppressed and
we leave the discussion of its effects to a separate section
below.

The appearance of Z’ in the Higgs kinetic terms gen-
erate mixing with the SM bosons®. In particular, once
the Higgs fields obtain a VEV, a mixing with the Z is
present . The mass matrix is given by

M2, A?
M2zfz' = ’
A2 M2,
where
1
Mo = S0t (v +03) W
M3, = g5 (Qu, v + Qu,vi + Quv2) (2)
1
A? = 39192 (Qu,vi — Qm,v3) - (3)

92 =g+ g% = g*/cos?h,, is the Z coupling and go
is the U(1)" coupling. v, = wsinf, vqg = vcosf, and
v = 246 GeV are the VEV’s of v2H,, and v2H,, respec-
tively, and v, is the VEV of /25, where S is a SM-singlet
field charged under U(1)’. Since the mixing we will con-
sider is much smaller than the mass difference, the mass
eigenvalues are to a very good approximation given by

M? = M2 — 0A* = M3 (4)
M3 = MZ, + 0A% ~ M2, (5)

where the mixing angle is given exactly by

0= 1arctzm 247 ~ A* (6)
T2 M%Z - M3, )~ M- M2’

This mixing has two important effects. First, the mass
shift of the Z boson contributes to the pg parameter.
Second, the mixing generates a coupling of Z’ to the Z
boson current at order §. We return to both effects below
in section IITA.

B. Z' Production

The production of a Z’ is dominated by first genera-
tion quark - anti-quark annihilation into the Z’. At the

5 .
° For a review, see, e.g., [34].



Tevatron this proceeds mostly through the scattering of
valence quarks, and under this assumption we find the
cross section is well described near My ~ 300 GeV by:

300 GeV\>? /5
oz = g3 (MZ/> <4Qél + Qi + iQﬁg) (7)

where o/ is measured in nano-barns.

C. Z' Decay

For myz < 2my; the decay of the Z’ into jets is given
by

JFWZ,:% > (@b Q%)+ > (@b + Q%) ()

i=1,2,3 i=1,2

where ap = g3/4n. The decay into vector-bosons and
Higgs bosons is given by [35]

| IR « .
SWEHT :EZ(QHU+QHd)2SIH2ﬂCOS2ﬁ

M
x & ((Mw /Mg:)?, (Mys[Mz)?);  (9)

Izn o s 2
M, 12 (Qm, sin fsina — Qp, cos B cos a)

x & ((Mz/Mz:)?, (My [Mz)?) (10)
Lzn

My =1 (Qu, sin fcosa + Q g, cos Bsin a)2
x & ((Mz/Mz)?, (My/Mz)?), (11)

where 'y y+= = Tw+py- +Tw- g+, h and H are the two
CP-even Higgs scalars with mixing angle a;, and

&) = (142060 - ) + (@ —y)*) N2 (1,2,0)

A(z,y,2) = 2?4+ 9% + 22 — 20y — 2yz — 2z

We have ignored C'P violation in the Higgs sector so there
is no mixing with the pseudoscalar A.

We wrote Eqgs. (8-10) in an attempt to clearly exhibit
the parametric tension between the decay into jets as
compared with the decays into Higgs and vector bosons.
Assuming no strong suppression from phase-space fac-
tors, the ratio is given by

Pwegs 1 (Qu, + Qu,)’
Ly 12 >, Q3

In scenarios where the charges are all of order unity, this
ratio is typically not more than ~ 1/10. As we will see
momentarily, the decay of the charged Higgs requires one
to be in the large tan 8 regime, where this ratio is fur-
ther suppressed by approximately sin?23. Therefore, it
is difficult to have a large enough cross-section to vector
bosons without being in conflict with searches for reso-
nances in the dijet sample. As we discuss in some more

sin? 23. (12)

detail in section IV, in order to explain the CDF anomaly
one would require

oz xBR(Z' = W*H¥) ~ 4 pb, (13)

which, using Eq. (12) in the large tan 8 limit, implies a
sizable contribution to the dijet sample of order
40 pb
sin?23"
This difficulty can be avoided if the relevant quark
charges are small compared to those of the Higgs dou-
blets.

Egs. (9-10) are valid in an arbitrary two Higgs dou-
blet model. However, we will mainly be interested in
the case of moderate to large tan 5. We do not restrict
ourselves to MSSM-type couplings, but comment here
that in the MSSMS with large tan 3 and Mpy+ ~ 150
GeV one expects M, and My around 130 GeV and
small a. Small a and large tan 8 implies that most of
the symmetry breaking and the scalar h are associated
with H,, while the fields in H; are close in mass, even
though we are not really in the decoupling limit. This
region of parameters has the features that the second
Higgs doublet contributes very little to the electroweak
oblique parameters; large supersymmetric loop contri-
butions from the ¢ and t mainly affect Mj; and the
H — WTW™ vertex is suppressed, so that the Teva-
tron searches are not sensitive to H. Furthermore, with
the additional assumption Qp, < Qm, (see below) one
has that I'yy+g= ~ 2z > Tzp.

Finally, we discuss the decay of Z’ into leptons.
Throughout we will concentrate on models where the
leptons are uncharged under the U(1)’. Therefore, the
only source of coupling between the mass eigenstate Z’
and the leptons is through the mixing with the Z boson.
Then the partial width into leptons is similar to that of
the Z boson multiplied by the mixing angle,

oz XBR(Z/—)]j)%

(14)

F(Z/ 4)l+li) 9292 2 2
= 15
Mz 487 cos? 6, (|gv| * 19l ) » (15)
where gy = f% +2sin? 0, and ga = f%. The branching
ratio is therefore approximately given by

M ’ ]. GeV
BR(Z' = 1717) ~ 0.28 62 Z 1
R(Z' =) ~0.28 (300 Gov ) T, )10

D. Higgs Decays

The next phenomenological aspect we would like to
discuss is the decay of the charged Higgs. It is rather

6 The U(1)-extended MSSM does not allow elementary u or Bu
terms unless Qp, + Qu, = 0. An electroweak scale p can be
generated by an NMSSM ([38]-like coupling AsSQpy,Qmu,. In
general, the scalar component of S can mix with the h and H [39],
but we ignore such mixing here. (The pseudoscalar component
is eaten by the Z'.)



independent of the details of the U (1)’ part of the model
and has been worked out long ago (see e.g., ref. [40, 41]).
The two body decay into quarks is given by

L(HY — cb) 3|V |2 ch|2 cb|2
My:  8mtan’p (W2 P+ Isl). Q)
where
w  Me b _ my, tan® 3
_ e _ Mptan’p 18
HL v ) R v ’ ( )

and v = 2My /g = 246 GeV. The same formula holds
for the decay into a strange-charm pair, T'(HT — c¢5)
except that my — mg and V,, — Vs ~ 1. We note that
in the large tan 8 limit, the decay into a bottom-charm
pair increases with tan2 3.

Owing to the large top mass, the 3-body decay into
two bottom quarks and a charged vector boson is in fact
not negligible and is given by

[ (H* — W*bb) 3
My+ 128730t tan? 8
(m¢ fr (ke, kw) + Mpemg tan® Bfr (ke, kw)) . (19)

where the functions fr, (k¢, kw), fr (K¢, kW) are given in
the appendix. If this type of model is to explain the CDF
anomaly the charged Higgs boson should decay domi-
nantly into two jets. Using the partial widths, Eqs. (17)
and (19), we find that the ratio between the 2-jet decay
to the 3-body decay approximately scales as

I' (H* — W*bb)
I'(H+ — cb)

o tan™? . (20)

We therefore concentrate on the large tanf region
throughout this paper. In Fig. 2 we plot the exact
branching ratios of the charged Higgs as a function of
tan 3.
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FIG. 2. The different branching ratios of the charged Higgs
with M+ = 150 GeV as a function of tan 3. The general
behavior of these curves is not greatly affected by the mass of
the charged Higgs in the range relevant for the CDF anoma-
lous excess.

III. CONSTRAINTS

n this section we collect the most relevant constraints
on leptophobic Z’ models.

A. Electroweak Precision Constraints

The shift in the Z mass from Z/Z’ mixing results in
a shift of the py parameter, where we follow the Particle
Data Group convention [42] that dp = pg — 1 represents
the effects of new physics only, i.e., the effects of m; and
M, are treated separately. The contribution to dp is then

A M

—_— . 21
N3 MZ, M2 1)

op =

The result of the global electroweak fit [42] is py =
1.0008t8:88(1);, while the corresponding Higgs mass is
My, = 162135% GeV (the direct limits on Mj, from LEP 2
and the Tevatron are not included in this fit), with essen-
tially no change in the other SM parameters with respect
to the SM fit. What is happening is that the decrease in
the predicted value of Mz due to py > 1 is almost exactly
compensated by the larger Higgs mass compared to the
SM prediction of 90727 GeV. This contribution therefore
eases the well-known tension” between the bound coming
from direct searches for the Higgs, M} > 115 GeV, and
the electroweak fit [37].

It is beyond the scope of this analysis to perform a full
fit to the electroweak data in this model. However, near
the minimum of the fit the most substantial corrections
are from the modification of the quark vertices in the Z
pole experiments due to Z’ mixing®. We chose a subset
of the EWPT observable most sensitive to this effect,

T, = 2.4954 + ( ) frz (Qq, Que,Qae)  (22)
Ru=20735+ (£0) fr, Q0. Qe Q) (29
Otaq = 41.484 + (zie> Frmma (QQ: Que, Qo) (24)
Ry, = 0.21578 + (g 0) IRy (QQ, Que, Qae)  (25)

Ab 5 =0.1034 + ( 9) far (Qqq,Que),  (26)

7 The implications of Z/Z' mixing for the M}, prediction has been
noted previously. Recent analyses include [43—-45].

8 Since My is not significantly changed due to the compensation
described above and since we are considering a leptophobic Z’,
there is little change in lepton vertices or the weak angle sin? @y .
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FIG. 3. Limits on the cross section times branching ratio into
dijets for a Z' produced at the Tevatron. The low mass limits
come from UA2, while those at high mass come from CDF.

where the functions f (Qgq, Que, Qa-) are given by

frz ==031(Qq, +Qq.) — 1.7Qq,
— 031 (Que + Que + Q) +0.65 (Que + Que)
fro=—3.7(Qa, + Qqg,) — 20.58Qq,
— 3.73(Qae + Qse) — 3.65Qpe + 7.69 (Que + Qce)
Jonaa = 2.90(Qq, + Qq.) +16.30Qq,
4296 (Que + Quc) +2.89Qpc — 6.09 (Que + Que)
fr, =0.038(Qq, +Qq,) — 0.778Qq,
+0.039 (Que + Que) — 0.138Qye — 0.08 (Que + Qo)
fan, = —0.033Qq, + 0.18Qs-.

We note that A%, where the largest discrepancy with
the SM is present, is a function of only the third genera-
tion charges.

B. Dijet Searches

A 7’ which is produced via q¢ — Z’ can, of course,
decay back into dijets. Therefore, searches for dijet res-
onances set important limits on leptophobic models.

The most stringent limits on a Z’ decaying into dijets
near Mz = 270 GeV actually come from a combination
of UA2 [46] and CDF results [47], which we present in
Fig. 3. A Z’ produced at a rate of a few tens of picobarns
(which is typically necessary for this sort of model to
explain the CDF anomaly) is allowed across nearly the
entire mass range, only running into serious constraints
as Mz ~ 500 GeV. It is amusing to note that the limits
in the boundary region between the two experiments are
especially weak, allowing for a dijet production rate of
over 250 pb near Mz = 270 GeV. While our models will
not need nearly so large a coupling, it is comforting to
know that this much freedom exists.

2400 500

IV. W +jj AT CDF

As discussed in the introduction, the CDF collabo-
ration recently announced an intriguing excess in the
dijet mass distribution between 120 GeV < M;; <
160 GeV taken from exclusive W + 2j samples where
W — ge/u) + v. Their published data [1], taken with
4.3 tb™ ", shows an excess of 3.20 over the SM prediction
and a recent [33] updates using a larger 7.3 fb~! dataset
increases this to 4.80. Here we will briefly discuss the
properties of this excess, focusing primarily on those rel-
evant to explanatory models with an s-channel topology
and enhanced heavy flavor content.

While the CDF dijet excess could very well come from
systematic errors in background modeling, it is interest-
ing to consider a new-physics explanation. To this end,
CDF estimates [1] that if the signal is coming from the
associated production of a 150 GeV particle along with
a W then the production rate times branching ratio into
dijets must be of order 4pb. While the efficiencies rel-
evant for the s-channel production of W + 2j via a Z’
clearly differ from those of associated production, in our
simulations the difference did not amount to more than
a O(10%) effect. Therefore, as the 4pb rate presented by
CDF is only meant as a ballpark estimate, we will take
it at face-value and apply it to our s-channel processes.

Now, CDF has also considered the constraints placed
on the excess from the distributions of various kinematic
quantities. The most relevant for our purposes here is the
invariant mass of the Mj,;; system, which we present in
Fig. 4. Unfortunately, it is difficult to derive any con-
clusions from this plot - while there is a broad excess
in the region surrounding M;,;; ~ 270 GeV, the statis-
tical error bars are far too large to make any concrete
statements. The figure is included only to emphasize
that s-channel physics is certainly still a viable expla-
nation, despite lore to the contrary. We note though
that recent CDF preliminary results [48] using 7.3 fb™*,
which employ more stringent cuts, are more suggestive
of s-channel physics. Furthermore, we note that the pre-
liminary py(W) distributions presented in [48] seem to
exhibit a sharp falloff near py (W) ~ 80 GeV which may
be more consistent with an s-channel process than with
one in which a resonance is produced associatively (see
Fig. 5). Thus, while CDF’s current published results
seem inconclusive at best, it might soon shed light on
the production mechanism for the excess.

Finally, CDF provides some guidance on the flavor con-
tent of the two jets in the excess region. By performing an
analysis looking at the b-tagging rate both in the signal
region and in the immediate sidebands, the collaboration
concludes that there is no significant difference in b-jet
rates between the signal and the sidebands. However,
while this is a strong result for the case of events with
two b-tags, the statement becomes much weaker when
only one is considered. Indeed, the recent 7.3 fb™! re-
sults presented in [48] show a small excess in the samples
with a single b-tag. Taken together, we estimate that
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FIG. 4. The invariant mass of the W + 2j system for both
u and e samples using the 4.3 fb~! CDF data. Preliminary
figures showing the distributions from the 7.3 fb~! dataset
are available at [48].
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FIG. 5. The pr(jj) ~ pr(W) distribution for an s-channel
Z' (Mg =270 GeV, Mg+ = 150 GeV) and a Z’ produced in
association with a W (Mz = 150 GeV). These distributions
were generated using the Fastjet [49] implementation of JET-
CLU, operating on events generated by Madgraph 5 [50] and
showered in Pythia6 [51]. The cuts applied were those used
by CDF in their W + jj analysis.

they seem to fit a scenario where the fraction of excess
dijet events with a single b-quark is ~ 35% =+ 20%. While
it still seems difficult for the dijet excess to be comprised
entirely of single or double b-quarks, we note that a model
yielding an increased concentration of b-quarks relative
to the SM does seem compatible with the available data.
We further note that the authors of Ref. [52] came to sim-
ilar conclusions in their analysis of the dijet heavy flavor

content.

V. HIGH ENERGY MODELS

We now move on to discuss three models with specific
choices for the coupling of the Z’ to the SM fields. The
first two models we present suffer from serious tensions
with at least one of the constraints mentioned above.
Nevertheless, we believe they serve as instructive exam-
ples to manifest certain tensions that are present more
generally in models of this type. They also make the
charge choice of the third model evident. This last model
serves as a viable explanation of the CDF anomaly and
is in agreement with all other constraints.

A. Leptophobic

The first model we consider is essentially the lepto-
phobic Z’ model of ref. [35, 53], with a slightly different
choice for the charges. While it is incapable of explaining
the CDF excess without running into other constraints,
it nicely illustrates some of the tensions we believe are
present in many other possible leptophobic models. In
this model both quarks and Higgs bosons are charged
under the U(1)’. The Yukawa couplings are

MNIQiH oy + NP QiHad; + N LiHie;,  (27)

where ¢ and j denote the three generations, and H; was
introduced to avoid charging the leptons. If Qp, = 0
then the two Higgses Hy and H; can be identified. Since
it is assumed that the Yukawa couplings are present
above the scale of the U(1)’ breaking, they enforce three
relations among the couplings —Qq, + Qu, + Qu, = 0,
—Qq, + Qu, +Qa, =0, and Qn, = 0.

Assuming family universal couplings, this model is
anomalous. In ref. [53] the authors cancel the anoma-
lies by adding 3 families of vector-like fermions under
the SM gauge group?, dubbed (Q%, Q}%,uf,u,ﬁ, d}f,d/Pf).
This matter content then automatically leaves the SM
gauge group anomaly free. The U(1)" associated anoma-
lies are then cancelled by choosing the right-labeled fields
to have zero charge under U(1)" and the left-labeled fields
to have opposite charge compared with the SM fermions,

= —Qq, uf = —u, and df = —d°.

In Fig. 6 we show the cross-section for the different
channels as a function of tan 8, where at every point we
fixed g9 to yield 4 pb for the pp — Z' — Wjj channel.
The ratio of Z/ — HT*WTF to Z' — jj in Eq. 12 makes

9 With 3 additional vector-like families, SU(3). is no longer
asymptotically free. It is fairly straightforward to avoid that
by adding only a single family, however, then one must contend
with non-integer charge assignments. Other choices are possible
if one departs from the assumption of flavor universal couplings.



it clear that it is difficult to have a sufficiently large sig-
nal without running afoul of the dijet constraints. It is
possible to avoid these constraints for low tanfs < 5.
However, one is then in conflict with EWPT. The com-
bined pull on the SM observables is very large and the
model results in a poor fit. The main difficulty is that a
large go is required to overcome the suppressed branch-
ing fraction Z/ — WTH® in the low tan f region. It is
possible to relax this tension by requiring a lower cross-
section of about 1 pb. However, it is not clear that one
obtains enough events in the excess region with such a
cross-section.

10*

1000 o(pp ~Z'>j))
= 100/ ~ CDFdijetlimt
e
5 10 o(PPp>Z->Wij) 4
1 i
01 o(pp »Z'->WH*>WWhbb
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FIG. 6. Cross-section for the different decay modes of the Z’
from Sec. (V A) taken as a function of tan 3. The coupling,
g2, is normalized to yield a signal cross-section of 4 pb. The
other parameters were chosen to be Mz = 270 GeV, M+ =
150 GeV, Qq = —Qn, = 1 with all other charges zero.

B. Higgsophilic I

As we saw in the previous subsection, the main tension
in generic leptophobic models is the large branching ratio
of the Z’ into dijets. To ameliorate this tension we now
consider models where the quarks are uncharged under
the U(1)’, with the possible exception of the right-handed
top. Of course, some coupling to the first generation
quarks must be introduced at some level or otherwise it
is impossible to produce the Z’ at the Tevatron at any
appreciable rate. We achieve that by mixing the first
generation quarks with a heavy vector-like set of quarks,
as was recently discussed in ref. [10]. So, henceforth, we
assume that additional operators of the form

Mrqr + ASqLar (28)

are present, with gr = upr or dg, and where the S field
is the order parameter responsible for the breaking of
U(1)’. The ¢ fields form a vector representation under
all gauge-groups and no anomalies are present. When
the S field obtains its VEV and the U(1)’ is broken,
the ¢, and gg fields mix. The lighter mass eigenstate

is mostly a SM field qg) = qrcosy + ¢rsing with

sing = A(S)//M? + \2(S)2. Hence, this field inherits
a small coupling to the Z’, namely qu> = Qq, sin? .
This small charge naturally resolves the tension encoun-
tered with the previous model, where the partial width of
7' — jj was overwhelmingly large. At the same time, a
large enough production cross-section can be maintained
by increasing the U(1)' gauge coupling. Importantly,
none of the conclusions below depends strongly on the
details of the UV implementation, and in what follows
we simply allow ourselves to choose the charge of the
first generation quarks independently of the charge of
the Higgses.

Since the top Yukawa is large we concentrate on sce-
narios where the operator responsible for the top mass is
the usual SM one. One possibility is to charge the top
quark under the U(1)’,

_ S _ _
YiQsHyutr + Z/Z(ju)  Qilluur; + yz(;i) QiHadrj, (29)

with Qg, = —Q:, = —Qs and all other fields are un-
charged. A small modification of this model would in-
volve charging Hy as well, but the resulting phenomenol-
ogy is not markedly different. The main difficulty with
this model is the contribution to dp,

2 i d
v*sin” 8
5p = 93Q%, ~— 73 (30)

<3, =3
The only part of this expression that is potentially small
is g%Q%{u. This product can be expressed in terms of phe-
nomenological quantities, such as the production cross-

section and branching ratio, using Egs. (7) and (12),
%

6p ~ 92 Q2 u

[rxe) 2

(oA 12 Fwin
T .

~

~ nb sin? 20

(31)
3j

Since we need a total cross-section of oz 2 10 pb to
explain the CDF anomaly, dp > 103 even for moder-
ate tan 8. This is a generic problem with Higgsophilic
models where Qg, 2 Qu, since the contribution from
the down-type Higgs is usually suppressed by tan™!f3.
This tension also points to the obvious resolution of this
problem, namely models with @y, = 0 where only the
down-type Higgs is charged under the Z’.

C. Higgsophilic II

The tensions discussed above point to a very simple
model where the only field charged under the U(1)’ is the
down-type Higgs, Hy. In this case, the Yukawa couplings
to matter must follow

u) A S -
yZ(j )QiHuuRj + yl(]d) XQinde, (32)

with Qs = —Qp,. A similar operator can be written
for the leptons. In Fig. 7 we plot the cross-section for



each of the channels as a function of tan 3, again nor-
malizing the signal cross-section to 4 pb, and the up-type
charge Qe = 0.1. This plot suggests that the model is
allowed for all values of tan 5. With this normalization
the U(1)’ coupling is sizable, g5 ~ 1 for tan 8 = 5 and
increases further for larger tan 8 as the partial width of
Z'" — W*HT decreases. While this value does depend
on the choice of normalization for the signal cross-section
and effective quark charge, we note that the O(1) cou-
pling encountered here is a fairly generic feature of this
model 10,

The contribution to the dp parameter is suppressed by
cos? B and is easily within present limits for moderate
tan 3, as we show in Fig. 8. In fact, as discussed above,
this contribution can help resolve the tension between
the direct and indirect searches for the Higgs boson and
allow for a higher Higgs mass in the EW fits. In Fig. 9 we
show the resulting x? for the observables in Eqs. (22-26)
as compared with the SM. Again, for moderate values
of tan 8 there is excellent agreement with EW precision
data.

1000
00 CDF dijetlimit
S a(pp ~Z'>jj)
@- 10 o(pp »Z'-Wjj)
S S50, N e
1 |
o (pp »Z'->WH"->WWhbh
0.1 : : ;
5 10 15 20

tan g8

FIG. 7. Cross-section for the different decay modes of the
Z' as a function of tan 8. The coupling, g2, is normalized to
yield a signal cross-section of 4 pb. The other parameters were
chosen to be My = 270 GeV, My+ = 150 GeV, Qnu, = 1,
Qv = 0.1 with all other charges zero.

At moderate tan S the charged Higgs decay is dom-
inated by decay into bottom-charm or strange-charm
pairs. As shown in Fig. 2, the partial width quickly
asymptotes to approximately BR(HT — ¢b) = 70% and
BR(H* — ¢5) = 30%. This means that we expect a siz-
able concentration of single bottom content in the dijets
associated with the ~ 150 GeV resonance seen by CDF.
Whether this prediction is born in data remains to be
seen.

Finally, the mixing with the SM Z inevitably results in
a decay into a di-lepton pair, Eq. (15). In Fig. 10 we plot
the rate for production of Z’ — [T]~ at the Tevatron

as well as the LHC for each generation, i.e., I* = e*,

10 This point is also independently emphasized in ref. [27].
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FIG. 8. The upper curves in blue show dp vs. tanp for
the Higgsophilic model discussed in the text, where the cou-
pling, g2, is normalized to yield a signal cross-section of 4 pb
for Mz = 240 GeV (dot-dashed), Mz = 270 GeV (thick),
and Mz = 300 GeV (dashed). The other parameters were
Mpy+ = 150 GeV, Qu, = 1, and an effective up-type quark
coupling of @, = 0.1 with all other charges zero. The lower
red curves depict the same thing with g2 now normalized for
a 2 pb signal cross-section.
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FIG. 9. The upper curves in blue show x? vs. tang for
the Higgsophilic model discussed in the text, where the cou-
pling, g2, is normalized to yield a signal cross-section of 4 pb
for Mz = 240 GeV (dot-dashed), Mz = 270 GeV (thick),
and Mz = 300 GeV (dashed). The other parameters were
Mpy+ = 150 GeV, Qu, = 1, and an effective up-type quark
coupling of @, = 0.1 with all other charges zero. The lower
red curves depict the same thing with go now normalized for
a 2 pb signal cross-section.

pt, 7*. For tanB < 10 this channel should become
visible at the Tevatron right about now. This is a fairly
robust prediction of the model and calls for a dedicated
search for a resonance at Mz ~ 270 GeV in the di-lepton
channel.

VI. DISCUSSION

The CDF collaboration recently presented an excess in
the dijet invariant mass distribution taken from events in
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FIG. 10. The lower curves in blue show the predicted

o(pp — Z') x BR(Z' — IT17) at the Tevatron, for My =
240,270,300 GeV (dot-dashed, solid, dashed). The upper
curves show the corresponding rates for pp at the LHC with
Vs =7TeV.

the W + jj exclusive sample. While the excess may well
be a systematic error in background modeling, we believe
it is still useful to consider new-physics explanations of
this anomaly as they motivate a careful study of other
kinematical distributions involving different systamatics.

Here we have presented a model which attributes the
dijet invariant mass excess to the decay of a charged
Higgs produced via an s-channel Z": pp — Z' — W*HT
where Mz ~ 270 GeV and Mgx+ ~ 150 GeV. In our
model the leptons and up-type Higgs are uncharged un-
der the new U(1)’ group, while the quarks only acquire
a small charge via mixing with other heavy states. As
the down-type Higgs doublet is the only field at the elec-
troweak scale charged under the U(1)’, the model is both
Higgsophilic and leptophobic. Thus, the Z’ model we
present is able to comfortably explain the excess in W+jj
events without running into tension with either precision
electroweak data or collider bounds. In fact, through its
contribution to the dp parameter, it may even resolve the
considerable tension between direct and indirect searches
for the Higgs boson.

Of course, the main motivation behind the construc-
tion of new-physics models to explain anomalies is that
they give predictions visible in distributions subject to
different systematics. We therefore emphasize that the
7' model we present specifically predicts that the events
in the M;; excess region will show (1) a bump near 270
GeV in the distribution of M;,;;, (2) an edge in the W
pr distribution near ~ 80 GeV, (3) an increased heavy-
flavor concentration coming from H* — be, and (4) a
small, but possibly observable resonance in the di-lepton
distribution near M;+;- ~ 270 GeV as a result of the
Z/Z' mixing.

Finally, we note that we have not considered in detail
the neutral Higgs sector of this model, although we do

not believe that these considerations will change any of
our conclusions thus far. In fact, it would be interesting
to pursue this sort of model building in future work as
the neutral Higgs sector can yield additional interesting
signatures of the Z’. One might hope to see the decay of
the Z’ into a Z and a neutral Higgs, where h — WIW*
or H — bb. Tt may also be worthwhile to consider a su-
persymmetric version of this setup as it may offer further
constraints on the theoretical framework.
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Appendix A: 3-body decays of the charged Higgs

In this section, we present the formula of the 3-body
partial width of the charged Higgs in Eq.(19).

T (H* - W) 3
Mg+ 1287304 tan? 3

(mffL (’k';h ’%W) + MIQ-Iiml% tan4 ﬁfR (K;h HW)) 5

with

kw (ke — 1)

(4dkw ke + 3Kk — dkw ) log
(Kt — Kw)

o

fL (K/taK/W) = 3
Kt

Rt — 1

3k? — 4k, — 3%, + 1)1
+(3k; Kt — Ky + )Og/‘?t—f‘ﬁw

_5
2
Klwf].

> (73%;? + Kk + 265 Ky — 4n12/V)
t

3
+Rw (4 — 2/<Jw>

3
-1
g o Fw (5 = 1)
K (ke — Kw)

(A-1)

Ir (K, kw) =
1

+2 (26 — 3k7 — ke (K3 — 1) + K7y (kw + 3)) log e
Kt — Rkw

2
+2(1 — Kkw) <KW + 262 + Ky (R — 2)>
KRt

1
+3 (14r3y, — K3y — 6w + 1) (A-2)

where k; = m?/MIQJi and Ky = M‘%V/M?{i
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