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We investigate the production of fermionic dark matter y via pp — pyp — pjyyX mediated by a
leptophobic spin-1 particle, where one of the protons remains intact and is tagged by forward proton
detectors. We find that the masses of y and the mediator Z’ are severely constrained when Z' interacts with y
and quarks through the vector couplings. We show that dark matter searches in this production channel are
sensitive to a mediator mass my < 1.4 TeV at 14 TeV at the LHC with an integrated luminosity
Lin = 3000 fb~!. The lower mass bound on the dark matter is m, =550 GeV at the mediator mass

my = 1.2 TeV.
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I. INTRODUCTION

The existence of dark matter (DM) motivates us to
explore physics beyond the Standard Model (SM).
Although there are lots of new physics models that explain
the origin of DM, simplified models of dark matter have
been adopted as benchmark scenarios to study the DM
search strategies at the LHC [1]. Following the recom-
mendations for conducting the systematic DM searches by
the LHC Dark Matter Working Group [2-6], constraints
on simplified DM models based on the LHC Run-I and
Run-II data have been studied for spin-0 [7-15], spin-1
[7-9,13,16-25], and spin-2 mediators [26—32].

At the LHC, in addition to the central detectors, forward
proton detectors have been installed, such as the ATLAS
Forward Proton detector (AFP) [33] and CMS-TOTEM
Precision Proton Spectrometer (CT-PPS) [34]. These for-
ward proton detectors enable us to study processes with
photons in the initial state that are induced from initial
protons. Although such non-QCD processes might give us
new strategies to look for DM at the LHC, the feasibility of
searching for DM candidates of simplified DM models
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using the forward proton detectors has not been fully
examined yet. Neutralino searches via the forward proton
detectors were studied in Refs. [35,36], and in Ref. [36] a
detailed feasibility study was performed regarding neutra-
lino searches with proton tagging in compressed mass
scenarios of the supersymmetric Standard Model.

The forward proton detectors AFP and CT-PPS are
installed symmetrically at about 210 m from the interaction
point [37,38]. These forward proton detectors detect intact
protons with the momentum fraction loss
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where p and p’ denote the momentum of an initial proton
and a forward proton after elastic photon emission, respec-
tively. The acceptance & of a forward proton detector in
ATLAS and CMS is [39]

0.015 < & < 0.15. (2)

Possibilities to search for new physics beyond the SM via
photon-photon or photon-proton collisions at the LHC have
been discussed in, e.g., Refs. [35,36,39-81].

In this article, we study the feasibility of looking for
signatures or constraints on the simplified DM model with
fermionic DM and a spin-1 mediator using the forward
proton detectors. The fermionic DM y does not interact
with the SM particles directly, while a spin-1 mediator Z’
couples to both the DM and SM particles. Since a massive
vector boson is strongly constrained at the LHC through the
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FIG. 1.
proton detector.

resonance search in the dilepton channel [82,83], we
restrict ourselves to consider the case of a leptophobic
vector mediator.

The production process of the DM in our study is

pp = prp = pixrX. (3)

where the DM y is the Dirac fermion and j = u, d, c, s, b
(and their antiparticles). The main background process is

pp = pyp = pjurX, (4)

where vv is summed over three flavors of neutrinos. We
depict the DM production process and the SM background
process in Fig. 1. In both signal and background processes,
a quasireal photon y is emitted from a proton and scattered
with a parton in the proton coming from the opposite
direction. The proton that emits the quasireal photon does
not break up into partons, but rather loses its momentum
and is finally detected by the forward proton detector.
The momentum fraction loss of the intact proton is
estimated by & in Eq. (1). As will be shown later, the
SM background events could be sizably reduced by
appropriate cuts on £.

The DM production process (3) via forward proton
detectors was investigated in Ref. [64] based on the
effective field theory (EFT) framework. In the EFT
approach, pair production of DM is described in terms
of contact interaction operators, so it is a good approxi-
mation only when the mediator mass is large enough
compared to the energy scale at the LHC. On the other
hand, in simplified DM models the DM pair is produced by
the mediators so that the lower mass region of the mediator
can be analyzed.

This article is organized as follows. In Sec. II we briefly
review a simplified DM model with a leptophobic vector
mediator. The numerical analyses of the signal and back-
ground processes are given in Sec. III. Constraints on the
model parameters are shown in Sec. IV. Section V is
devoted to a summary.

14

The DM pair production process (left) and the SM background process (right) at the LHC with proton tagging at the forward

II. MODEL

In this section we briefly review the interactions of the
DM y and leptophobic spin-1 mediator Z’ in the simplified
DM model [84]. The interaction Lagrangian of the spin-1
mediator Z’' and a fermion y is given by

L2 =y (gy + ghrsIWZ.,. (5)

where g, and g, denote vector and axial-vector couplings
of the mediator Z’ for y, respectively. Since the mediator Z’
is leptophobic in our study, the fermion y in Eq. (5) repre-
sents the fermionic DM y and quarks g(=u,d, c,s,b,1).
Then, the production process of the DM (3) could be
studied quantitatively using the following model parame-
ters: the dark matter mass m,,, the mediator mass my, and
the couplings of fermions gy‘f and g{} Throughout our study,
we consider that vector and axial-vector couplings of
quarks to the mediator—g, and ¢j—are generation inde-
pendent for simplicity.

We study constraints on m,, and m from the process (3)
based on three reference scenarios for the interactions of the
mediator Z':

(1) vector couplings only (“vector scenario”),

gy = 1.0,

g =00, g/ =025

gs =0.0;
(6)

(i1) axial-vector couplings only (“axial-vector scenario”),

gy = 0.0,

g =10,

gy =00, gi=025

(7)

(iii) combination of vector and axial-vector couplings
(“mixed scenario”),

y_ L _ 1 v_ L _
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where the values of the couplings in Egs. (6) and (7) are
adopted from benchmark scenarios by the LHC Dark
Matter Working Group [5].

III. NUMERICAL ANALYSIS

We show parton-level Feynman diagrams for the sig-
nal process (3) and primary background process (4) in
Figs. 2(a) and (b), respectively. The collider signature of
these processes is a jet plus missing energy with the intact
proton detected at the forward proton detector. We assume
that Z' promptly decays into the two neutral particles y and
j- Infact, the Z' — yy decay widths are 26, 20, and 23 GeV
for the vector and axial-vector couplings in Egs. (6)—(8),
respectively, with (mz,m,) = (1 TeV,200 GeV). We also
assume that y and y are stable and do not decay inside
the main LHC detector. Thanks to this stability of the DM,
the final state contains the missing transverse energy Ey.
We also include the off-shell Z’' mode in the computation of
the signal events. The final state of the signal includes an
intact proton, one jet, the missing transverse energy Ey,
and X, which is the proton remnant. The proton that emits
the quasireal photon does not break up into partons, but
rather loses its momentum. This proton travels with a
slightly different angle from the beam because of the
magnetic fields at the LHC. Finally, the proton is detected
by the forward proton detector. One jet and the missing
transverse energy [ are measured at the central detector at
the LHC.

There is another SM background process: pp — pyp —
pjrvovvX. However, this cross section is about 2000 times

(a)
X
X
Y A
q
q q
Y q
q

: %V’C

smaller than the leading background process pp —
pyp — pjuvrX, and thus it is quantitatively negligible.

We employ MADGRAPH5_AMC@NLO [85] to generate
parton-level events for both the signal and background
processes with NNPDF2.3 [86]. The interactions of the
spin-1 mediator and fermions (DM and quarks) are imple-
mented by using the spin-1 DMsimp model file [87]. The
flux of quasireal photons emitted from a proton via the
equivalent photon approximation [88] is implemented in
MADGRAPH5_AMC@NLO, in which fully elastic contribu-
tions are taken into account.

In the following study, we fix the center-of-mass
energy +/s =14 TeV and the integrated luminosity
Li, = 3000 fb~!. The survival probability of a proton (5?)
after photon emission is §%> = 0.7 [64]. This survival
probability depends on some processes (for diffractive
processes, see Refs. [41,64,89]). In our case the other
proton breaks up into partons, and a monojet signal is
detected by the central detector. As minimal event selec-
tions, we impose cuts on the transverse momentum p§ and
pseudorapidity #’ for the jet as

Pl > 200 GeV, In’| < 3.0.

©)
In the parton-level analysis, the cut p§ > 200 GeV in
Eq. (9) is equivalent to the selection cut on the missing

transverse energy Fr > 200 GeV. For the missing trans-
verse energy we adopt the definition [90]

Er=1I >

visible particles
(b)
14
v

4 Z

q
q q
Y q

q

Z

q v

o

prll, (10)

FIG. 2. Parton-level Feynman diagrams for the signal (a) and SM background (b). Here ¢ = u,d, c, s, b, i, d, ¢, 5, and b, and

V=1V, U, and v,.
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The pJ} distributions of pp — pyp — pjxzX at \/s = 14 TeV and L;,, = 3000 fb~! for (a) the vector scenario, (b) the axial-

vector scenario, and (c) the mixed scenario. The vector and axial-vector couplings of Z’ for panels (a)—(c) are given in Egs. (6)—(8). The
three lines in each panel correspond to (i, m,) = (500 GeV, 200 GeV) (solid), (1 TeV, 200 GeV) (dashed), and (1 TeV, 400 GeV)
(dotted), respectively. The shaded region indicates the distribution of the SM background events.

because in our parton-level analysis one quark is emitted

for one event, fr = p’}, where the jet with pJ. corresponds
to the quark. _

In Figs. 3(a)—(c), we show the p’ distributions of the
signal process (3) in the simplified DM model with the
spin-1 mediator for the three scenarios (6), (7), and (8),
respectively. In each figure, the solid, dashed, and dotted
lines correspond to (my,m,) = (500 GeV,200 GeV),
(1 TeV, 200 GeV), and (1 TeV, 400 GeV), respectively.
We used the vector and axial-vector couplings for quarks
and the DM in Egs. (6), (7), and (8) for each scenario. The
pj} distribution of the SM background process (4) is also
shown by the shaded region for comparison in each figure.
No significant difference between the p’f distributions of
the signal and background events is found after applying
the cut p > 200 GeV.

Next, we show the & distributions of the signal and
background processes in Fig. 4. The shaded region in each
figure indicates the SM background. The three lines in
Figs. 4(a)—4(c) are obtained using the same input values of
myz and m, as in Fig. 3. In Fig. 4(d) we compare the &

distributions for three different values of the Z’ mass,
myz = 0.5, 1, and 1.5 TeV, with m, = 200 GeV. As seen in
the figure, increasing my moves the maxima of the
distributions to higher values of £. On the other hand,
the background distribution has a peak at low & Therefore,
we impose the lower cut on £ to reduce the SM background
events at small £. In the following analysis, we adopt the
following selection cut on ¢&:

0.05 < £ < 0.15, (11)
where the upper cut on ¢ is determined by the acceptance of
the forward proton detectors in Eq. (2).

A cut flow is shown in Table I. From Table I, for the cut
condition (a), the (square root of the) event numbers are
reduced to 62% of Ng (79% of /Ng) and 67% of Ng for
the vector scenario, where Ny and Ng are the number of
background and signal events. For the cut condition (b), the
event numbers are reduced to 28% of Ny (53% of /Np)
and 48% of Ng for the vector scenario. Ng//Ng (see
Sec. 1V) is slightly improved for selection cut (b)
of Eq. (11).
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FIG. 4. The ¢ distribution of the signal process pp — pyp — pjxyX at /s = 14 TeV and L;,, = 3000 fb~'. The parameter sets in
panels (a), (b), and (c) are the same as in Figs. 3(a), 3(b), and 3(c). In panel (d), the same values of couplings as in panel (a) are used, and
the three lines indicate mz = 500 GeV (solid), 1 TeV (dashed), and 1.5 TeV (dotted), respectively, with m, = 200 GeV.

In our study we do not include single diffractive
productions or QCD processes. Diffraction usually domi-
nates for £ < 0.05 [64], whereas the range of £ in our study
is 0.05 < ¢ < 0.15 [Eq. (1D)].

It is known that pileup events are also significant back-
grounds in addition to the SM process (4). Although the
forward proton is absent in pp — jE;X, the pileup events
can produce forward protons in the final state, which
overlap with these hard scattering events. For the forth-
coming Run-III, the average number of pileup events per

TABLE 1.

bunch crossing is assumed to be more than 50. Even if there
are 50 pileup events on average, there are always multiple
protons in the forward region either from diffractive
production or inside the proton remnant in the case of
inelastic scattering [73]. Therefore, it is hard to distinguish
the process pp — jErX with one final forward proton
(from pileup events) from our process, i.e., pp = pyp —
pjErX. Note that for each signal and background process,
the cross section of pp — jE;X is about 1000 times larger
than that of our pp — pyp — pjErX. For example, the

A cut-flow table for the signals and backgrounds at /s = 14 TeV and Lj, = 3000 fb~!. The signal process is pp —

prp — pixiX [Eq. (3)] and the background process is described by Eq. (4). The vector and axial-vector couplings of Z’ are given in
Egs. (6)—(8). For the signals, my = 1 TeV and m,, = 200 GeV are selected. The survival probability §? is 0.7. The cross sections of the

minimal event selections are given in fb.

Ng: my =1TeV, m, = 200 GeV

Selection Np Vector Axial Mix
minimal selections: p} > 200 GeV, |r/| < 3.0 8137 579 507 546
(3.9 tb) (0.28 tb) (0.24 fb) (0.26 tb)
(a) (minimal selections) + (0.015 < & < 0.15) 5027 389 340 365
(b) (minimal selections) + (0.05 < & < 0.15) 2305 276 243 258
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FIG.5. The 95% C.L. exclusion limits in the mz-m, plane. The
solid, dotted, and dashed lines correspond to the vector scenario
(6), the axial-vector scenario (7), and the mixed scenario (8),
respectively. The red thick curves are for our photon-induced
processes using forward detectors and the blue thin curves
are from an energetic-jet analysis from pp collision (observed
limits) [25].

cross sections of processes mediated by Z' are o(pp —
pyp = pjErX) ~0.1 fb and 6(pp — jErX) 2~ 0.2 pb for
(mz,m,) = (1.2 TeV,550 GeV) in the vector coupling
scenario. The corresponding SM background processes are
o(pp— pyp — pjErX)~41b and o(pp — jErX)=~12pb.
Therefore, unless the pileup events are controlled well
enough, the process pp — jE;X with one final forward
proton from pileup events overwhelmingly dominates over
our process. In this case, Z' and its mediated DM in pp —
JjErX should be the subject of an energetic-jet analysis
[25,91]. In the next section we draw limit curves from the
energetic-jet analysis [25] in Fig. 5. In our paper, we assume
that the pileup events are sufficiently suppressed, and we
leave an investigation of the suppression mechanism to
future work. For some ideas of how to separate the pileup
events from the signal events, see Refs. [36,39,73,80]. The
authors of Ref. [73] used the fact that, for background events
caused by pileup events, the forward proton and the particles
in the main detector are produced by different proton-proton
interactions. The authors of Ref. [80] discussed the pos-
sibility of reducing pileup background events by measuring
the time of flight of the deflected protons between the
interaction point and the timing detectors.

A cut on the proton py is also useful for reducing extra
backgrounds, which occurs when the proton dissociates,
eg, p—> N"+y or p—> A+y and decays back to a
proton [36].

IV. CONSTRAINTS USING PROTON TAGGING AT
THE FORWARD PROTON DETECTORS

In this section we investigate constraints on the param-
eter space of the simplified DM model with a leptophobic

spin-1 mediator using proton tagging at the forward proton
detector. The exclusion limits on the model parameters
(mz,m,) are imposed by assuming a null observation.
We calculate Ng/+/Ng by scanning over the mediator mass
myz and the DM mass m,,. The lower limits on my and m,
at the 95% confidence level (C.L.) are determined by
requiring Ng/+/Ng>1.96. After the selection cuts on
the kinematical variables shown in Sec. III, we find Ny =
2305 for /s =14 TeV with an integrated luminosity
Li, = 3000 fb~!. This event number allows for a reason-
able estimate of the statistical uncertainty.

We show the exclusion limits on the model parameters
(mz,m,) in Fig. 5 for the three scenarios of the interaction
of Z' in Sec. II. The solid, dotted, and dashed red thick
curves represent the limits for the vector scenario (6), the
axial-vector scenario (7), and the mixed scenario (8),
respectively. We also draw the limits for the vector scenario
and the axial-vector scenario from an energetic-jet analysis
from pp collisions (observed limits) [25], shown by the
thin-solid and thin-dotted blue curves, respectively. Note
that the mixed scenario was not studied in their analysis. It
can be seen from the figure that the limit on (mz, m,) foes
from weakest to strongest for scenarios (6), (8), and (7).
This result is consistent with the signal event number
distributions in Sec. III. The figure also tells us that the
mediator mass my < 1.4 TeV is excluded at 95% C.L. for
all scenarios when the DM mass is relatively small. On the
other hand, the lower mass bound on the DM y can be
summarized as follows.

(1) The vector scenario (6):

m, % 550 GeV(my = 1.2 TeV). (12)
(2) The axial-vector scenario (7):

m, 2 400 GeV(my = 1.1 TeV). (13)
(3) The mixed scenario (8):

m, 2 500 GeV(my = 1.1 TeV). (14)

The limits on the DM mass for the vector scenario (12)
and the axial-vector scenario (13) in Fig. 5 are slightly
stronger than the energetic-jet analysis from the ATLAS
study [25] for my < 1.2 TeV (the vector scenario) and
my <1 TeV (the axial-vector scenario), respectively. The
limits on the DM mass for each scenario are mainly weaker
than those from the ATLAS study for the other parameter
space, i.e., my 2 1.2 TeV for the vector scenario and
my 2 1 TeV for the axial-vector scenario. On the other
hand, the limit on the DM mass in the mixed scenario (14)
has not been studied at the LHC. The recent combined
result of dijet invariant-mass searches at ATLAS and CMS
gives the lower mass bound on Z’ as m, = 5 TeV [92] with
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the observed limit value, which is much stronger than our
result on m.

Throughout this paper we have not discussed any
astrophysical constraints on the simplified DM models.
For constraints on the model parameter space from these
types of observations or experiments, see Refs. [91-94].
The relic density constraints from the Planck satellite
experiment show a strong limit on the parameter space
for the axial-vector scenario (13), whereas the direct-
detection constraints give severe limits on the parameter
space for the vector scenario (12) [91]. Indirect-detection
constraints on the simplified DM models are considered
unimportant when the DM mass m, 2 50 GeV [92,94].

V. SUMMARY

We have studied the feasibility of searching for a
simplified DM model with a leptophobic vector-mediator
using the forward proton detectors at the LHC. In our study
we investigated the fermionic DM y production process
pp — pyp — pjriX, based on three scenarios for the
interactions of the mediator Z’ with quarks ¢ or the DM y.
In the first scenario (“vector scenario”), Z' couples to
quarks ¢ and y through vector couplings gy and gy,
respectively. In the second scenario (“axial-vector sce-
nario”), these vector-type interactions are replaced by
axial-vector interactions with couplings ¢4 and g;. The
third scenario (“mixed scenario”) uses both vector and
axial-vector couplings. Our study was performed at the
parton level.

We found that the selection cut on &, which is defined as
the momentum fraction loss of intact protons detected at the
forward proton detectors, is very useful for reducing the

background events. In our study, we focused on the main
SM background process pp — pyp — pjurX. We did
not take into account the effect of pileup events for both
signal and backgrounds in our analysis for the constraints
on the model parameter space. Taking account of event
selection conditions, constraints on the model parameter
space at the LHC were obtained for /s = 14 TeV and an
integrated luminosity L;,, = 3000 fb~!. The lower bound
on the mediator mass m  at 95% C.L. is about 1.4 TeV, and
no significant difference in the lower bound among the
three scenarios was found. The lower limit on the DM mass
at 95% C.L. is m, 2 550 GeV at my = 1.2 TeV for the
vector scenario, m, 2400 GeV at my = 1.1 TeV for the
axial-vector scenario, and m, 2 500 GeV at my =
1.1 TeV for the mixed scenario.

The processes that we studied in this paper are not the
conventional QCD processes at the LHC. The forward
proton detectors at the LHC provide us with opportunities
to test new photon-induced processes and might give a
chance to look for physics beyond the SM.
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