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Very recently, the ATLAS and CMS Collaborations reported diboson and dijet excesses above standard
model expectations in the invariant mass region of 1.8-2.0 TeV. Interpreting the diboson excess of
events in a model independent fashion suggests that the vector boson pair production searches are best
described by WZ or ZZ topologies, because states decaying into W W ~ pairs are strongly constrained
by semileptonic searches. Under the assumption of a low string scale, we show that both the diboson
and dijet excesses can be steered by an anomalous U(1) field with very small coupling to leptons. The
Drell-Yan bounds are then readily avoided because of the leptophobic nature of the massive Z’ gauge
boson. The non-negligible decay into ZZ required to accommodate the data is a characteristic footprint
of intersecting D-brane models, wherein the Landau-Yang theorem can be evaded by anomaly-induced
operators involving a longitudinal Z. The model presented herein can be viewed purely field-theoretically,
although it is particularly well motivated from string theory. Should the excesses become statistically
significant at the LHC13, the associated Zy topology would become a signature consistent only with a
stringy origin.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Very recently, searches for narrow resonances at the ATLAS and
CMS experiments uncovered various peaks in invariant mass dis-

~ 1.8 TeV [3]. (iii) The CMS search for dijet resonances finds a
2.20 excess near 1.8 TeV [5]. (iv) Around the same invariant mass

tributions near 2 TeV: (i) The ATLAS search for diboson production
contains a 3.40 excess at ~ 2 TeV in boosted jets of WZ [1]. The
global significance of the discrepancy above standard model (SM)
expectation is 2.5¢0. The invariant mass range with significance
above 20 is ~ 1.9 to 2.1 TeV. Because the search is fully hadronic,
the capability for distinguishing gauge bosons is narrowed. There-
fore, many of the events can also be explained by a ZZ or WW
resonance, yielding excesses of 2.90 and 2.60 in these channels
respectively. (ii) The CMS search for diboson production (without
distinguishing between the W- and Z-tagged jets) has a 1.40 ex-
cess at ~ 1.9 TeV [2], and the search for diboson production with
a leptonically tagged Z yields a 1.50 excess at invariant mass
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ATLAS also recorded an excess in the dijet distribution with a 1o
significance [4]. (v) The CMS search for resonant HW production
yields a 2.10 excess in the energy bin of 1.8 to 1.9 TeV; here the
Higgs boson is highly boosted and decays into bb, whereas the W
decays into charged leptons and neutrinos [6]. Barring the three
ATLAS analyses in diboson production, all these excesses are com-
pletely independent.

Although none of the excesses is statistical significant yet, it is
interesting to entertain the possibility that they correspond to a
real new physics signal. On this basis, with the assumption that all
resonant channels are consistent with a single resonance energy,
a model free analysis of the various excesses has been recently pre-
sented [7]. The required cross sections to accommodate the data
are quite similar for WZ and ZZ final states, which can be con-
sidered as roughly the same measurement. A pure WW signal is
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disfavored and could only describe the data in combination with
another signal. This is because the CMS single lepton analysis sets
an upper bound of 6.0 fb at 95% C.L. [3] and a cross section of this
magnitude is needed to reproduce the hadronic excesses. More-
over, the CMS dilepton search has a small excess that this channel
cannot explain [3].

Several explanations have been proposed to explain the ex-
cesses including a new charged massive spin-1 particle cou-
pled to the electroweak sector (which can restore the left-right
symmetry) [8], strong dynamics engendering composite models
of the bosons [9], dark matter annihilation into right-handed
fermions [10], a resonant triboson simulating a diboson through
judicious choice of cuts [11], and a heavy scalar [12]. In this Letter
we adopt an alternate path. We assume that the source of the ex-
cesses originates in the decay of a new abelian gauge boson that
suffers a mixed anomaly with the SM, but is made self-consistent
by the Green-Schwarz (GS) mechanism [13]. Such gauge bosons
occur naturally in D-brane TeV-scale string compactifications [14],
in which the gauge fields are localized on D-branes wrapping cer-
tain compact cycles on an underlying geometry, whose intersection
can give rise to chiral fermions [15]. The SM arises from strings
stretching between D-branes which belong to the “visible” sector.
Additional D-branes are generally required to cancel RR-tadpoles,
or to ensure that all space-filling charges cancel. These additional
D-branes generate gauge groups beyond the SM which forge the
“hidden” sector.

There are two unrivaled phenomenological ramifications for in-
tersecting D-brane models: the emergence of Regge excitations at
parton collision energies Vs~ string scale = Ms; and the pres-
ence of one or more additional U(1) gauge symmetries, beyond
the U(1)y of the SM. The latter derives from the property that, for
N > 2, the gauge theory for open strings terminating on a stack of
N identical D-branes is U(N) rather than SU(N). (For N = 2 the
gauge group can be Sp(1) = SU(2) rather than U(2).) In a series of
recent publications we have exploited both these ramifications to
explore and anticipate new-physics signals that could potentially
be revealed at the LHC. Regge excitations most distinctly manifest
in the y + jet [16] and dijet [17] spectra resulting from their de-
cay. The extra U(1) gauge symmetries beyond hypercharge have
(in general) triangle anomalies, but are canceled by the GS mecha-
nism and the U(1) gauge bosons get Stiickelberg masses. We have
used a minimal D-brane construct to show that the massive U (1)
field, the Z’, can be tagged at the LHC by its characteristic decay to
dijets or dileptons [18]. In the framework of this model herein we
adjust the coupling strengths to be simultaneously consistent with
the observed dijet excess and the lack of a significant dilepton ex-
cess. Concurrently we show that the model is also consistent with
the ATLAS diboson excess as it allows for production of Z-pairs. At
the level of effective Lagrangian, the operator contributing to the
Z'ZZ amplitude is induced by the GS anomaly cancellation.

In our calculations we will adopt as benchmarks:

o(pp— Z') x B(Z' - ZZ/WW) ~55%31 b 71, (1)
o(pp— Z') x B(Z' — jj)~9173 fb 7, ()
o(pp— Z)x B(Z' - ete”) <02fb (95%CL)  [19], (3)
o(pp— Z') x B(Z' — HZ) < 12.9 fb (95% C.L.) [20].  (4)

To develop our program in the simplest way, we will work
within the construct of a minimal model with 4 stacks of D-branes
in the visible sector. The basic setting of the gauge theory is given
by U(3)q x Sp(1)p x U(1)c x U(1)g [21]. The LHC collisions take
place on the (color) U(3), stack of D-branes. In the bosonic sec-
tor the open strings terminating on this stack contain, in addition
to the SU(3)¢ octet of gluons gZ, an extra U(1) boson C;, most

Table 1

Chiral fermion spectrum of the D-brane model.
Fields Sector Representation Qq Q4 Qc Qy
Ur a=d* 31 1 0 1 5
Dg a=d 3,1 1 0 -1 _%
Ly c=bh 1,2) 0 1 0 -1
Eg c=d a,n 0 1 -1 -1
Qr a=b (3,2) 1 0 0 :
Ng c=d* (1,1) 0 1 1 0

simply the manifestation of a gauged baryon number. The Sp(1);
stack is a terminus for the SU(2); gauge bosons Wz. The U(1)y
boson Y, that gauges the usual electroweak hypercharge symme-
try is a linear combination of C,, and the U(1) bosons B, and X,
terminating on the separate U(1). and U(1)4 branes. Any vector
boson orthogonal to the hypercharge, must grow a mass so as to
avoid long range forces between baryons other than gravity and
Coulomb forces. The anomalous mass growth allows the survival
of global baryon number conservation, preventing fast proton de-
cay [22].
The content of the hypercharge operator is given by

_1 1 1 (5)
QY—EQa_EQc‘i‘EQw

We also extend the fermion sector by including the right-handed
neutrino, with U(1) charges Qq =0 and Q. = Qg = —1. The chi-
ral fermion charges of the model are summarized in Table 1.
It is straightforward to see that the chiral multiplets yield a
[U(l)aSU(Z)%] mixed anomaly through triangle diagrams with
fermions running in the loop. This anomaly is canceled by the
GS mechanism, wherein closed string couplings yield classical
gauge-variant terms whose gauge variation cancels the anomalous
triangle diagrams. The extra abelian gauge field becomes massive
by the GS anomaly cancellation, behaving at low energies as a Z’
with a mass in general lower than the string scale by an order of
magnitude corresponding to a loop factor. Even though the diver-
gences and anomaly are canceled, the triangle diagrams contribute
an univocal finite piece to an effective vertex operator for an inter-
action between the Z’ and two SU(2); vector bosons [23]. This is
a distinguishing aspect of the D-brane effective theory, which fea-
tures a noticeable decay width of the Z’ into WW, ZZ, and Zy.!

The covariant derivative for the U (1) fields in the a, b, c, d basis
is found to be

Du.=au_igt/1cu Qa_igéBu. Qc_ig,/jxu Qq- (6)

The fields Cy,, By, X, are related to Yy, Y;, and Y}, by the rotation
matrix

Cgclp —C¢S¢+S¢S()C¢ S¢51/,+C¢50C¢
R=|CoSy CypCy +54S0Sy —SpCy +CySeSy | , (7)
—Sp S¢Co CyCo

with Euler angles 6, v, and ¢. Equation (6) can be rewritten in
terms of Yy, Y}, and Y}, as follows

Dy =0, — 1Y, (—S084Qd + CoSy geQc + CoCy gy Qa)
— 1Y}, [CoSpgyQa+ (CoCy + S0SpSy) 8.Qc
+ (CyS6Sg — CpSy) g4 Q]
— 1Y} [CoCp8qQa + (=CySp + CySoSy) 8 Qe
+ (C4CySo + SpSy) £,Qa] - (8)

1 The Landau-Yang theorem [24], which is based on simple symmetry arguments,
forbids decays of a spin-1 particle into two photons.
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Now, by demanding that Y,, has the hypercharge Qy given in (5)
we fix the first column of the rotation matrix R

Cu Y 58Y/8
Xu

~Yuz8v/8 - |, 9)
Yulgv/g,
and we determine the value of the two associated Euler angles

6 = — arcsin [%gy/gé} (10)
and

1
¥ = arcsin [—Egv/(géce)] . (11)

The couplings g; and g are related through the orthogonality con-
dition,

1\ 1 a1 )2 12
() -5 () () o2

8¢ 8y 68a 2g,
with g/ fixed by the relation g3(M;) = v/6g.(Ms).”> In our cal-
culation we take Mg = 20 TeV as a reference point for running
down to 1.8 TeV the g, coupling, ignoring mass threshold effects
of stringy states. This yields g, = 0.36. We have checked that the
running of the g} coupling does not change significantly for dif-
ferent values of the string scale. The third Euler angle ¢ and the
coupling g, will be determined by requiring sufficient suppres-
sion to leptons to accommodate (3) and a (pre-cut) production rate
o(pp — Z') x B(Z' — jj) in agreement with (2).

The f fZ’ Lagrangian is of the form

1 ~ _
L= im Z <€fwaLVM1//fL +€fR¢fRywaR> 2;4
f

= Z ((gY’QY’)fL IﬁfLywaL + (gY’QY’)fR&fRyMWfR> Z;L,
f

(13)

where each vy, ,, is a fermion field with the corresponding yH
matrices of the Dirac algebra, and €y, 5, = vq £ aq, with v4 and
aq the vector and axial couplings respectively. From (8) and (13)
we obtain the explicit form of the chiral couplings in terms of ¢
and g

2
€y, =€, = ——= (CySoSy — CySy) g, .
J&i + &
2
€up = — === [CS¢£4 + (CySoSy — CoSu)gal.
V& +gs
2
gy + &2

The decay width of Z/ — ff is given by [25]
I'(Z' = ff)
_ GpM?
 6TV2

NeCMZ )Mz VT = ax[vE (142 +a}(1 - 4]

(15)

2 Throughout g3 and gy are the strong and weak gauge coupling constants.

where Gp is the Fermi coupling constant, C(M%,) =1+4+os/7m +
1.409(0rs /)% — 12.77(ats /)3, s = ot (M z1) is the strong coupling
constant at the scale Mz, x=m}/M3,, and Nc =3 or 1 if f is
quark or a lepton, respectively. The couplings of the Z’ to the elec-
troweak gauge bosons are model dependent, and are strongly de-
pendent on the spectrum of the hidden sector. Following [26] we
parametrize the model-dependence of the decay width in terms of
two dimensionless coefficients,

22 3 2\ /2
¢y sin“ Oy M3, 4M
Iz —z7)=-1 i _ Tz
1927 M2 M2,
Mz >
~ 2 (45 GeV) (Te—f/> +oee, (16)
2173 2\ /2
csM?, 4M
Nz ->wtw =22 <1— 2W>
487 My, M3,
Mz \>
~ 2 (1.03TeV)(ﬁ) o, (17)

2 o2 3 2\ 3 2

c§ cos® Oy M, M M

F7 s 2y = GOSN (MG MG
9677 M2 M2, M

~ 2 (307 Gev) ( Mz 3+ (18)
1 TeVv '

The Z’ production cross section at the LHC8 is found to be [8]

(19)

INA i)+ T2 d
o(pp—>Z/):5.2( (2 = uw) + I ﬁdd)) fb.

GeV

Next, we scan the parameter space to obtain agreement with (1)
to (4). In Fig. 1 we show contour plots, in the (g}, #) plane, for
constant o (pp — Z') x B(Z' — jj), o(pp — Z') x B(Z' — eTe™),
and o(pp — Z') x B(Z' - WTW™). To accommodate (1), (2),
and (3) the ratio of branching fractions of electrons to quarks
must be minimized subject to sufficient dijet and diboson produc-
tion. It is easily seen in Fig. 2 that ¢ =0.96 and g;(Ms) = 0.29,
¢1=0.08, and ¢; =0.02 yield o (pp — Z') ~ 228 fb, B(Z' — jj) ~
0.54, B(Z' — ete™) ~89x 1074 B(Z' - WW/ZZ)~3.4x1072,
which are consistent with (1), (2), and (3) at the 1o level. In addi-
tion, B(Z' — HZ) ~ 7.4 x 10~4. Thus, the upper limit set by (4) is
also satisfied by our fiducial values of ¢, g}, c1, and c3. The chiral
couplings of Z’ and Z” are given in Table 2. All fields in a given
set have a common gy'Qy/, gy~ Qy» couplings.

The second constraint on the model derives from the mixing of
the Z and the Y’ through their coupling to the two Higgs dou-
blets. The criteria we adopt here to define the Higgs charges is
to make the Yukawa couplings (H,uq, Hqydq, Hget, H,v¢) invari-
ant under all three U(1)’s [27]. Two “supersymmetric” Higgses
H, = H, and Hy (with charges Q; = Q. =0, Qg4 =1, Qy =1/2
and Qg=Q,=0, Qg = —1, Qy = —1/2) are sufficient to give
masses to all the chiral fermions. Here, (H,) = (3u), (Hg) = (gd),

v=./vi+v3=174 GeV, and tan B = v, /vq.
The last two terms in the covariant derivative

1
V& +g2

X —igys y/L/QY/ —igyn y/LNQY”» (20)

Dy =03, —1i Z,(g3T° — g7 Qy)
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Fig. 1. Contours of constant cross section pp — Z’ times branching into dijet (left), e"e~ (middle), and diboson (right), for Mz ~ 1.8 TeV and +/s = 8 TeV. The color encoded
scales are in fb. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Best fit of cross section contours pp — Z’ times branching into dijet/leptons (left) and pp — Z’ times branching into dibosons (right), for Mz ~ 1.8 TeV and
/s =8 TeV. The blue and red contours correspond to o (pp — Z’) x B(eTe™) =0.2 and 0.3 fb, respectively. The yellow and green contours on the left correspond to
o(pp — Z') x B(jj) =91 and 123 fb, respectively. The yellow and green contours on the right correspond to o (pp — Z') x BIWTW ™) =4 and 4.5 fb, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Chiral couplings of Z’ and Z” gauge bosons.
Fields gy Qy 8y Qyr
Ugr —0.24 0.26
Dpr —0.41 0.02
Ly 0.06 0.23
Eg —0.02 0.10
Qr —0.33 0.14
Nr 0.15 0.35
are conveniently written as
XHj o= -YH;
- —'MZY;A—I—'MZY;L (21)
Vi Vi

for each Higgs H;, with T3 = ¢3/2, where for the two Higgs dou-
blets

X, = —xu, =1.9/g,% —0.032 Sy (22)
and
YH, = —YH,=1.94/g,> —0.032 Cy. (23)

The Higgs field kinetic term together with the GS mass terms
(—5M'2Y) Y'# — IM"2y] Y1) yield the following mass square
matrix for the Z — Z’' mixing,

M M3 (xa, C§ — X1, S3)

M5 (xn, €5 —xu,S3) M3 (Coxh, +S3x ) + M2 M3(Coxu, yu, + Sixn,yu) |,

M2 (yu,C} — yu,S3)  M%(Chxm, v, + Sixu,yu,) M55, Ch+ v, S5 +M"2

MZ (1, C} = yu,S3)

which does not impose any constraint on the tan 8 parameter. We
have verified that, for our fiducial values of ¢ and g, if Mz» 2 Mz

the shift of the Z mass would lie within 1 standard deviation of
the experimental value.

In summary, we have shown that recent results by ATLAS and
CMS searching for heavy gauge bosons decaying into WW /ZZ and
jj final states could be a first hint of string physics. In D-brane
string compactifications the gauge symmetry arises from a prod-
uct of U(N) groups, guaranteeing extra U(1) gauge bosons in the
spectrum. The weak hypercharge is identified with a linear combi-
nation of anomalous U(1)’s which itself is anomaly free. The ex-
tra anomalous U (1) gauge bosons generically obtain a Stiickelberg
mass. Under the assumption of a low string scale, we have shown
that the diboson and dijet excesses can be steered by an anoma-
lous U(1) field with very small coupling to leptons. The Drell-Yan
bounds are then readily avoided because of the leptophobic na-
ture of the massive Z’' gauge boson. The resulting loop diagrams,
along with tree-level higher-dimension couplings arising from the
GS anomaly cancellation mechanism, generate an effective vertex
that couples the anomalous U(1) fields to two electroweak gauge
bosons. The effective vertex renders viable the decay of the Z’ into
Z-pairs, which is necessary to fit the data. Should the excesses
become statistically significant at the LHC13, the associated Zy
topology would become a signature consistent only with a stringy
origin.
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