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Abstract

The ATLAS report in August 2016 provided an upper limit for the pp — di-
boson and tt cross sections. We consider a pseudoscalar-mediated fermionic dark
matter together with gluon and photon effective operators interacting with the pseu-
doscalar. Choosing the resonance mass being m, = 200, 750 GeV and 2 TeV, beside
the relic density and the invisible Higgs decay constraints we constrain more the
space of parameters with the diboson and tt cross section upper bounds. We finally
provide some benchmarks consistent with all the constraints. Having exploited a
pseudoscalar mediator, the DM-nucleon cross section is velocity suppressed so that
the model evades easily the bounds put by the future direct detection experiments
such as XENONIT.
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1 Introduction

Last year in the early LHC Run 2 data with center-of-mass energy 13 TeV, a seemingly
excess in the diphoton events with the invariant mass of about 750 GeV and a best-fit
width of about 45 GeV was announced by ATLAS with local significances of 3.9¢ [1].
The CMS collaboration had also reported the excess [2] at diphoton invariant mass of
about 760 GeV, where the best-fit gave a narrow width and a local significance of 2.60.
If such an excess existed, similar to the discovery of the Higgs particle in 2012 [3], the
new particle could be a spin-even field i.e., a spin-0 or a spin-2 (graviton) according
to the Landau-Yang theorem. Unfortunately a next report by ATLAS [4] announced
that the excess disappeared after analyzing more data. If it was not merely a statistical
fluctuation then the first hint into beyond the standard model (BSM) had been found.

The ATLAS report [4] however still provides precious upper bounds for diboson and
tt final states cross sections. In this paper we investigate if a new resonance with mass m,
shows up at the LHC, assuming that the resonance comes from a pseudoscalar particle
decaying into diboson and tt, how the fermionic dark matter scenario fits with the LHC
upper bounds announced recently.

In the ATLAS report [4], the total decay width over the resonance mass, m,, has been
taken within I'***/m, = 0.02 — 0.1, while the resonance mass varies from 200 GeV to 6
TeV. In our computations we take the total decay width ratio to be I'*** /m, = 0.03—0.06
and pick three samples of the resonance mass being m, = 200,750 GeV and 2 TeV only
for illustration.



We study the case where the new resonance is a pseudoscalar and the dark matter
candidate is a singlet Dirac fermion (see [BHS| for examples on fermionic DM). The
pseudoscalar in this model beside interacting with the Dirac fermion dark matter and
the standard model Higgs couples also to the gluons and the photon through the effective
operators of dimension five we introduce in the model. The effective couplings then are
bounded by the cross section upper limits at the LHC.

A special feature of having a pseudoscalar mediator in the current model is that the
DM-nucleon elastic scattering cross section is velocity suppressed and the model evades
easily the constraint from direct detection experiments like LUX and XENON100 or
even XENONI1T.

The paper is written with the following parts. In the next section we introduce
the dark matter model which possesses a pseudoscalar mediator and a fermionic DM
candidate. Then in section Blwe study the necessary decay widths we use in our analyses.
Available constraints on the model parameter space are discussed in section [ In section
we show that dark matter masses even outside the resonance region is consistence with
the decay width of 25 — 45 GeV and in the subsequent section the upper bounds on the
pp cross sections are applied. We conclude the paper in section [l

2 Pseudoscalar Mediator

In this section we introduce our model against which we will examine the diboson and tt
cross section amplitude bounds obtained in the ATLAS/CMS experiments. The model
includes a Dirac fermion dark matter candidate and a pseudoscalar together with two
effective operators which are the sources for some of the processes measured at the LHC
we analyze more in section

The pseudoscalar plays the role of a mediator between the dark sector and the SM
sector. We suppose that the pseudoscalar field couples to the SM fields through a gluon
and a photon dimension 5 effective operators and a Higgs portal. In the effective oper-
ators the pseudoscalar is coupled to gluons and photons with dimensionful couplings at
some scale A that we fix it latter. The dark sector Lagrangian for such a setting reads,

m2

A
Lo = X~ mpn)x + 50600 — 567 — S0, (1)

where ¢ stands for the pseudoscalar and x is the singlet Dirac fermion representing the
dark matter candidate. The Lagrangian for the interactions is

Qg

. _ ~ o ~
Eint = _ng¢X75X - gH¢2HTH + Cqg (bG;wG'Lw + Cy ZTIZ (bF;wF'Lw ) (2)
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where G, and F,, are the colored SU(3). and the electromagnetic U(1) field strengths
in the SM respectively. The tilde denotes the dual of the field strength, e.g., GM =
%e‘“’ P?G ,e. Having in mind that ¢, X7°x, G* and F* are odd under CP transforma-
tion and H, G* and F" are CP even, the Lagrangians (Il) and (2] are CP invariant.



Lagrangian () incorporate a pseudoscalar-Higgs quadratic interaction term. We will
study these two cases separately in the following sections. Moreover, the Higgs potential
in the SM sector reads,

V= uH H + Ay <HTH>2 . (3)

It is worth mentioning that in the model described above, it is assumed that the
pseudoscalar has a Yukawa coupling, v, to a vector-like exotic quark, ¢., in the funda-
mental representation of SU(3). with the Lagrangian Lins ~ —¥,¢¢z7°q. The effective
couplings, ¢, and ¢, are then generated by integrating out the vector-like quark g,.

Moreover, the pseudoscalar couples to the SM quarks only via mixing with the SM
Higgs. The coupling to the light quarks are negligible and therefore the pseudoscalar
production at the LHC is dominated by the gluon fusion.

Note that even though we have not included the effective operators such as ngWW‘“’
and (bBWB‘“’ in the Lagrangian (2]), however, we can implicitly have the pseudoscalar-
gauge boson couplings through the mixing of the pseudoscalar and the Higgs. The
vacuum expectation value of the pseudoscalar can take a non-zero value, (¢) = vy4. For
the Higgs particle the LHC has already fixed the mass to be my ~ 125 GeV and the
Higgs vacuum expectation value is known, vy = 246 GeV. Having chosen a non-zero
vev for the pseudoscalar there is a mixing between the Higgs and the pseudoscalar.
Expressing the Higgs and the pseudoscalar fields by fluctuations around their vews as
¢ = vg + p and Hf = % (0 vy + h’), and after diagonalizing the mass matrix, the
mass eigenvalues (eigenstates) are described in terms of the my (field A') and m,y (field
p') and the mixing angle #. The mixing therefore opens a channel through which the
pseudoscalar can decay into SM particles. Denoting the Higgs and the pseudoscalar mass
eigenstates by h and p respectively, the mass eigenvalues are given as the following,

2 2 2 2 2 2 2 2
my, +m?,  mi, —m?, my, +m;,  mi, —ms,
m%:h2p+h2p/1+y2’ml2):h2p_h2p/1+y2, (4)
where,
2m?
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tan(20) =y = ﬁ, m%,p, = 29HVH YV, mi, = 2\gvY, mi, = 2)\¢v§).
h! o'
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The mass eigenvalues now are taken to be the physical mass of the Higgs and the mass

of some would-be resonances, i.e., my = my ~ 125 GeV, m, = 200,750,2000 GeV

respectively. The stability conditions put already some constraints on the couplings of
the model which are Ay > 0, Ay > 0 and ApAy > 69% (if gy < 0).

It is most convenient to write out the quartic couplings in terms of the physical



masses of the scalars and the mixing angle in following way,

m2sin? 0 + m,% cos? 0

Ay = —2 ,
= 22}%{
m% cos? 6 + m,% sin2 0
>\¢ — 9 9
vg/3
2 2
me —m
g = —2 " hgin26.
dvgvg

Since my, and vy are known and in this work we will choose m, = 200, 750,2000 GeV,
we then take the set {6, vg, gy, cq,cy} as free parameters.

3 Partial Decay Widths

We calculate the relevant partial decay widths when the interaction Lagrangian consists
of two effective operators together with a Higgs portal. In this case, the pseudoscalar
mixes with the SM Higgs. Therefore, the pseudoscalar decay channels additionally in-
corporate all the decay modes of the SM Higgs multiplied by a factor depending on
the mixing angle. All possible pseudoscalar decay modes are p — xx, v, 99, WTW—,
ZZ, Z~, hh, ff, where fermions in the SM are denoted by f. The decay width of the
pseudoscalar when decays into a pair of DM is

gimp cos® 6

(1 _ 4m12)M )1/2 ’ (6)

I\X - F(p — XX) = 87 mg
P

where 6 is the mixing angle defined in the previous section.

Let us now consider the decay of a pseudoscalar to vy and gg. Due to the mixing
with the SM Higgs, the pseudoscalar decay into two photons occurs not only through
contact interaction but also can occur through loop processes induced predominantly via
W= bosons and heavy fermions, in particular the top quark. Taking into account both
effects, the resulting decay width reads

3
Qem m
Ly =Tlp =) = () oz I (7)
H
where,
F = Fw(Bw)sind+ Y  NeQ7Fs(By)sing + 64 c cost, (8)

!
4m?2
and Brw = n{

5-. The loop functions Fy and F are defined as
P

Fin(8) =2+38 =382 - B)f(B),
Fi(8) = =28(1+ (1= B)f(8)),
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where,
1(10 A=vith v15)+m>2. (10)

f(ﬁ):—z gl—m

The pseudoscalar decay into two gluons is possible via an contact operator and
through loop processes induced predominantly by heavy quarks. The final result for
the decay width is

aim?
Iy =Tlp — 09) = 7 5 P (1)
where,
F = Z}"q(ﬂq) sin @ + 144 cz cos 6 (12)
q
and 3
FoB) = 5601+ (- B)F(3)) (13)

For the rest of the decay modes we can apply the known formulas given for the
relevant SM-Higgs decays which are now scaled by sin? §. The decay width for fermion
emission is

. N,m}
£y =i 9= 2 e s i
H

where x5 = my/m, and we set the color factor N, = 1 for leptons and N, = 3 for quarks.
The pseudoscalar can decay into W+ gauge bosons with the following decay width

1 md
Tw=T(p— WW~) = Ev—;sinz /1 — a2, (1 — 43, + 12273, , (15)
H

where zyw = my /m,. The pseudoscalar can decay into Z bosons with the decay rate

1 m
Ty =T(p— ZZ) = ———Lsin?04/1 — 42% (1 — 4a% + 1227%), (16)
T

where 27 = mz/m,. In our computations we apply the decay width I'z, = I'(p —
Z7v) ~ 1073 sin? § GeV obtained from the exact formulas given in [9]. Finally, we present
the partial decay width of the pseudoscalar into a pair of SM-Higgs bosons as

a? Am?
Fh = F(p — hh) = S 1-— m—2h 5 (17)
P 4

where a = (2cos — 6cosfsin®0)gyv, + (4sin — 6sin® 0)gyvy + cosOsin? OAyvs —
6(cos? 0 sin ) \gvy.




4 The Constraints

In this section we discuss the LHC constraints, constraints from the oblique parameters
and the observed relic density.

4.1 Higgs Physics Constraints

Two new decay channels for the SM Higgs boson will be possible in case m, < my/2
and mpum < my/2. In the present work where m, = 200, 750,2000 GeV, only the decay
h — xx can happen for small enough DM mass. Invisible Higgs decay investigations at
the LHC put an upper limit on the invisible branching ratio, Bri,, < 0.24 [10]. Applying
this experimental bound we find,

5.04 (MeV)!/2

tanf| < ——F—+.
|9x | (m? — 4m§<)1/4

(18)

This will restrict our model parameter space in the regions with mpy < myp /2.
On the other hand, an observable p called signal strength which is measured by
ATLAS and CMS has the Following definition,

o; X Br/

(Ui X Brf)SM ’ (19)

=
where o; is the Higgs production cross section via channel i and Br/ is the branching
ratio of Higgs decaying into a final state f. Given various Higgs production and decay
channels, the LHC best-fit result is u = 1.09'_F8:h1) [I1]. Due to the mixing between the
SM Higgs and the singlet pseudoscalar in our model, o; is scaled by a factor cos? § while
Br/ remains the same as its SM value. Therefore, an upper limit of 8 < 0.12 on the
mixing angle is found at 1o level [12].

4.2 Oblique Parameters

For small mixing angle only the oblique parameter T is relevant. Following the discussion
in [I3], in the present model the parameter 7' is given by

1 2 2 2 2
TBSM — _ cos® f —(L)ln%—( Th )In Th
16 2 2 2 2 2 2 2 2
TSs% Cyp My —my ms, mi — miy miy
. 1 m2 m2 m2 m2
+Sln20[—2(rp2)ln—5—( 3 p 3 )ln 2Pi|}. (20)

W p—mZ my mp—mw mW

The quantity 7" is obtained in the SM by setting § = 0. The constraint from electroweak
fit is given for AT = TBSM _ 7SM iy [14] as AT = 0.01 & 0.12. The oblique parameter
puts insignificant constraint for small mixing angle of size 6 < 0.1.



4.3 Relic Density

In two experiments by Planck and WMAP, the relic density of DM is obtained. The
combined result is 0.1172 < Qpyh? < 0.1226 [I5,16]. An updated value for the relic
density can be found in [I7]. We will use this result to constrain the model parameter
space. To this end, we need to solve numerically the Boltzmann equation,

dn,

W = —3H7”LX — <Uannvrel>[n

which provides us with the time evolution of DM number density and hence the present
value of the density as a function of the thermal averaged annihilation cross section,
<Uannvrel>-

To do the DM phenomenology we implement our model into the program MicrOMEGAs
[18]. This package in turn employs the program CalcHEP [19] to compute the annihila-
tion cross sections.

¥ (Y7, (21)

5 The Viable Parameter Space

In the present model any possible resonance is a pseudoscalar that plays the role of the
mediator between the SM and the DM sectors. Having introduced two effective operators
of dimension five, the DM annihilation channels are now xx — WYW =, ZZ, hh, f f,v7, 99.
The SM fermions are denoted by f. One question that we would like to address here is
whether there can be viable regions in the DM sector which is consistent both with the
constraints coming from the resonance of the mass ~ 200, 750, 2000 GeV with the decay
width in the range I'*** /m, ~ 0.03—0.06, and constraints from observed relic density. We
perform our computations for two sets of the effective couplings: ¢, = 0.96,¢, = 0.027
and ¢, = 0.64,¢, = 0.0675, with two values of the mixing angle, sin = 0.01,0.1. In all
cases we choose vy = 1000 GeV.

Our numerical results for the two set of the effective couplings are shown in Fig. [II
for the DM mass being in the range 50 GeV up to 500 GeV, and for sinf = 0.01,0.1. It
is evident from Fig. [l that the role of the mixing angle is quite subtle in finding the DM
mass range which gives both the relic density and the anticipated resonance decay width
correctly. Let us look at the results for the large mixing angle, i.e., sinf = 0.1. For the
mediator mass, m, = 750 GeV, there can be found DM candidates with mass ~ 65 GeV
and ~ 80 — 120 GeV giving the observed relic density and the anticipated total decay
width of the resonant. For the mediator mass, m, = 2000 GeV, the viable region is
mpm = 65 GeV and mpy > 90 GeV. For the smaller resonance mass, m, = 200 GeV,
the total decay width does not sit in the range I'**/m, ~ 0.03 — 0.06 because the decay
channels p — hh,tt are no longer possible .

It can be seen readily that our results do not change much by going from one set of
the couplings {c,, ¢4} to the other one.
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Figure 1: The DM mass against the dark coupling is shown with the mediator mass
m, = 200, 750, 2000 GeV respecting the WMAP /Planck relic density. The viable region
is the intersection of the relic density line with the area of the total decay width I'** /m,, ~
0.03 — 0.06. The plots are drawn for two sets of effective couplings ¢y = 0.96, ¢, = 0.027
and ¢, = 0.64,¢, = 0.0675 and two mixing angles sinf = 0.01,0.1. The total decay
width bound for m, = 750 GeV and m, = 2000 GeV is the area between the gray lines
and the orange lines, respectively. The shaded area is excluded by the invisible Higgs
decay.



/5 = 13 TeV /5 =8 TeV
o(pp — WHTW ™) < 300 b [20] o(pp — tt) <700 fb  [21]
o(pp = ZZ) < 200 fb [22] o(pp — gg) < 2.2 pb [23]
olpp — Zv) <28 tb [24]
o(pp — hh) < 120 fb [25]
a(pp = vv) <3 fb (m, =750 GeV) [
o(pp — vv) < 0.3 fb (m, = 2000 GeV) [4]

Table 1: Upper limits on the pp cross sections for various final states provided by LHC
at /s = 8,13 TeV.

6 Effective couplings consistent with the LHC bounds and
the DM constraints

Assuming that a pseudoscalar resonance is responsible for the production of diboson and
tt at the LHC, beyond the relevant background processes within the SM, we compute the
various cross sections in terms of the introduced effective couplings, ¢, and ¢,. To this
end, we first implement our model into FeynRules [26] and then into MadGraphb [27].
Four benchmark points, ¢y, = 0.96,¢, = 0.027 and ¢, = 0.64,¢c, = 0.0675 each with
mpm = 100 GeV,m, = 750 GeV and mpym = 200 GeV,m, = 2 TeV are picked
which already respect the observed relic density, 0.1172 < Qpyh? < 0.1226, and the
anticipated pseudoscalar total decay width, I'**/m, ~ 0.03 — 0.06. We compare these
four benchmark points against the observed upper limits on the cross sections, pp —
WYW =, ZZ,~v, hh, gg,tt at the LHC given in Table [

In Fig.2land Fig.[Blwe present our main results for the above mentioned cross sections
as contour plots and the corresponding upper limits against the effective couplings for
mpMm = 100 GeV,m, = 750 GeV and mpy = 200 GeV,m, = 2 TeV, respectively. In
some plots the upper limits on the cross section reside beyond the range of the effective
couplings or it is in a very small region and therefore are not visible. Strongest constraints
come from the processes with vy and gg in the final state for m, = 750 GeV and for
m, = 2 TeV with v, gg and hh in the final state.

Note that we have not included the process pp — Z= in our plots. The reason is
that I'(pp — Z7) is much smaller than I'(pp — ZZ) as can be seen by comparing Eq.
and the relation T'(p — Zv) ~ 1073sin’@ GeV. For instance when m, = 750 GeV,
I'z7/T 7y ~ 280. Given the upper limits for the two processes, pp — Z+ imposes much
weaker constraints on the effective couplings.

7 Conclusion

The exciting report by ATLAS and CMS in 2015 [IL2] on a 750 GeV excess in the
diphoton events was nothing but a statistical fluctuation as announced by ATLAS 2016
report [4] and no significant excess was observed in 2016 data. Nevertheless the AT-
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Figure 2: The contour plots illustrating the dependency of the various cross sections on
the effective couplings with mpy=100 GeV and m,=750 GeV. The dashed line shows
the LHC upper bound on the cross section. The red points are corresponding to two
benchmarks ¢, = 0.96, ¢, = 0.027 and ¢, = 0.64, ¢, = 0.0675.
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Figure 3: The contour plots illustrating the dependency of the various cross sections on
the effective couplings with mpy=200 GeV and m,=2000 GeV. The dashed line shows
the LHC upper bound on the cross section. The red points are corresponding to two
benchmarks ¢, = 0.96, ¢, = 0.027 and ¢y, = 0.64, ¢, = 0.0675.
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LAS 2016 report provided an upper limit for the cross section of the diboson and tt in
final state. In this paper we examined a fermionic dark matter scenario with a pseu-
doscalar mediator along with gluon and photon dimension five effective operators. The
pseudoscalar plays the role of a spin-0 resonance which communicates with the standard
model sector by the Higgs portal and couples also to the effective operators.

We have taken three masses for the spin-0 resonance being m, = 200, 750, 2000 GeV
and deal with two effective couplings ¢, and ¢,. In Fig. [lwe have shown the viable DM
mass for two sets of the effective couplings {c4, ¢, } and two mixing angles which fit with
the observed relic density, invisible Higgs decay and gives the total decay width ratio
It /m, = 0.03 — 0.06.

Then in contour plots Fig. and Fig. we have shown how the cross section
for pp — WTW—,ZZ,~v, gg,tt depends on the effective couplings for mpy=100 GeV,
m,=750 GeV and mpn=200 GeV, m,=2000 GeV respectively. We have pinned down
two benchmarks in each plot which fulfills all the constraints.

The characteristic of this fermionic dark matter model is that the DM-nucleon cross
section is velocity suppressed because the mediator has been taken a pseudoscalar. The
model therefore evades easily the bounds put by LUX [28] and XENONI1T [29] or the
future direct detection experiments.
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