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Next-to-leading order predictions for dark matter production at hadron colliders
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We provide next-to-leading order (NLO) predictions for dark matter (DM) production in association
with either a jet or a photon at hadron colliders. In particular we study the production of a pair of fermionic
DM particles through a mediator which couples to Standard Model via either a vector, axial-vector, scalar,
pseudo-scalar, or gluon-induced coupling. Experimental constraints on the scale of new physics associated
with these operators are limited by systematics, highlighting the need for NLO signal modeling. We
factorize the NLO QCD and the DM parts of the calculation, allowing the possibility of using the results
presented here for a large variety of searches in monojet and monophoton final states. Our results are

implemented into the Monte Carlo program MCFM.
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L. INTRODUCTION

While the existence of dark matter (DM) has now
been well established, it is still unknown what object, or
objects, makes up this dominant component of the matter
in the Universe. Perhaps the best motivated candidate is a
new neutral particle whose mass is around the weak
scale (O(1-1000) GeV) and whose couplings to Standard
Model (SM) fields are somewhat below the weak scale. So
far direct detection experiments have seen no clear
signal consistent with DM recoiling against atoms [1-3],
with several notable exceptions [4-6]. At the same time
the LHC is performing a multitude of searches, many of
which require substantial missing energy. Although these
searches are sensitive to the production of DM, most are
designed to search for models where the DM is made in the
cascade decay of a colored particle, e.g., supersymmetric
searches, and are not generally applicable to all models.

Recently, it has been noted that there is a class of more
model independent searches for DM production that can be
carried out at the LHC,1 based around the production of DM
in association with monojets [10-16], monophotons [14,16],
mono-W [17] and also a more inclusive multijet search [18].
This class of searches can place strong constraints on the
properties of DM that are complementary to those from
direct detection searches. In particular, the LHC does not
suffer from a low mass threshold, nor is the spin-dependent
bound considerably weaker than the spin-independent.
Although the collider spin-independent bounds for DM
mass above ~10 GeV are weaker than direct detection,
the spin-dependent bounds are often stronger. In addition,
the DM is being produced by the experiment rather than
relying on a galactic component in our vicinity and so is
not sensitive to unknown astrophysics.
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A dedicated DM search, using the shape of the leading jet
transverse momentum, py, distribution has been carried out
at CDF on 6.7 fb~! of data [19]. CMS and ATLAS have
both carried out cut-and-count-based monojet [20,21] and
monophoton [22,23] analyses using ~5 fb~! of data. Given
the copious rate for the production of Z’s in association with
jets the current round of experimental results are already
dominated by systematic (rather than statistical) forms of
uncertainty. In the near future this will also be the case for
the smaller (but by no means small) production rate of Z in
association with a photon. Given that the analyses are there-
fore systematics limited the theoretical community should
investigate the possibilities in which the systematic errors
associated with the theoretical predictions can be reduced.

The most obvious mechanism to reduce the theoretical
systematic uncertainty is to provide next-to-leading order
(NLO) predictions for the irreducible (and reducible) back-
grounds. However, NLO predictions for Z + (j/v) have
been available for over a decade [24,25]. In addition, recent
developments in matching showers to NLO predictions
have resulted in a publicly released matched shower
prediction for the Zj process within the POWHEG-BOX
formalism [26]. Therefore, until the completion of the next-
to-next-to-leading order Z + (j/y) cross sections potential
improvements in the theoretical predictions for the domi-
nant backgrounds are limited (although very recently, elec-
troweak (EW) corrections to monojet production have been
computed [27]).

The remaining scope for reducing the theoretical sys-
tematic errors resides in improvements in the modeling of
the signal process. Thus far experimental analyses have
relied on leading order (LO) predictions for the signal and
as a result are exposed to the inherent issues associated
with a LO prediction, namely a large uncertainty in rate
and shape (the shape issue can be improved if matched
shower predictions are used). By improving the theoretical
predictions for DM production by including NLO correc-
tions one therefore reduces the overall scale dependence
(reducing the rate uncertainty) and typically obtains a
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larger value for the cross section. Therefore, a limit ob-
tained using a NLO prediction for the total rate is both
stronger (since the cross sections are larger) and more
accurate (since the rate uncertainty is reduced).

Furthermore, the typical monojet search cuts on the
missing transverse momentum, £, and the leading jet
transverse momentum, py, are usually mismatched and
the searches employed at the LHC are more inclusive than
the monojet names suggests, allowing up to two jets in the
event. Thus, there is a region of phase space that has two jets
whose individual py is below the £ cut, but above the jet
pr requirement, which together recoil against the DM, that
is not included at LO. This contribution is naturally included
in predictions which have access to the DM plus two jet
phase space, e.g., NLO and matched shower predictions.

For these reasons we therefore implement the produc-
tion of a pair (of fermionic) DM particles in association
with either a jet or a photon into the MCFM [28-30]
code, which is available publicly. We will study a range
of phenomenologically interesting operators, primarily
(but not restricted to) the effective theory in which the
particle responsible for mediating the DM/SM interaction
is very heavy. We will present our results in a format which
allows easy recycling of our results, more specifically we
present the results for the SM and DM parts of the calcu-
lation in a factorized manner. This allows for easy imple-
mentation of our results to other new physics scenarios
which produce monojet or monophoton signatures.

This paper proceeds as follows, in Sec. II we provide the
necessary DM and SM ingredients to construct our NLO
calculation. In Sec. III we investigate the NLO phenome-
nology associated with the monojet final state. Section IV
presents a similar study for the monophoton channel. We
draw our conclusions in Sec. V. In Appendix A we include
some spinor definitions, and Appendix B catalogues some
of the formulas obtained during our calculation.

II. NLO CALCULATIONS OF DM PRODUCTION

The strategy we will follow to provide NLO predictions
for monophoton and monojet DM processes is to factorize
the problem into SM production, followed by a BSM
“decay” in the final state. That is, we will consider opera-
tors of the form Ogy;Opy, where the particle coupling the
SM to the dark sector is exchanged in the s-channel. For
instance, the amplitude for monojet production through the
vector operator is of the form

Av(14,24,3245.5,) = A, (1,2,,3) X VE@4,5)).

q’
)

In the following subsections, and Appendix B, we give
expressions for both A and V.

Situations involving r-channel mediators, for instance
squark exchange, can still be considered by carrying out a
Fierz transformation. These will then involve contributions
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from multiple s-channel operators. Our implementation in
MCFM allows for this full generality but we do not consider
such a case here. We will be predominantly interested in
DM production which proceeds via an effective field
theory (EFT), where the exchanged particle is integrated
out. We also briefly provide examples for the case of a light
mediator for a subset of our operators. The effective theory
is well motivated provided that the mediating particles are
heavy ( = few TeV), however whether or not the mediating
propagator is included bears little impact on the NLO
calculations, our MCFM implementation can calculate
either in the EFT or the full theory. The operators we
consider that involve SM quarks correspond to vector,
axial-vector, scalar and pseudoscalar exchange, and we
consider one operator that couples gluons to DM,

0, - ()?vﬂ)jz(zéy”“q)’ 2
0, ()‘(7#75&(2517“75q), 3)
0, = a, (X)'()(GAZ‘:GQ,W), @
0, - mq()'(]é)(éqx 5)
O — mq()‘(yl)g)(é%q). ©)

We restrict our focus to the above operators, which provide a
representative sample of the phenomenologically interesting
models. Because of our factorization approach more general
cases, such as an operator of the form (yvy,x)(@y*¥sq),
can be readily obtained from the results we will present. The
operator Oy, has a simple UV completion involving ex-
change of a vector (axial-vector) boson, of mass M and
width T". The full theory corresponds to the replacement
A? — (sy, — M* +iMT)/g,g,. Operator O, is induced at
the loop level and the simplest UV completion involves a
heavy scalar and heavy fermions. The scale of the new
physics, M, is typically lower than for Oy, and so the
effective theory has a smaller range of validity.

For the scalar and pseudoscalar operators we have writ-
ten the couplings as scaling with quark mass. This is what
is expected if an assumption of minimal flavor violation
(MFV) is made, in which case the only flavor violating
spurions are the Yukawa matrices. With SU(2) invariance
requiring an implicit Higgs field insertion the operators
then scale with quark mass. Here we only consider the
flavor diagonal part of these operators; flavor violation in
DM couplings leads to other interesting signals [31,32]. If
the MFV assumption is loosened one has to contend with
strong constraints from flavor observables. One possibility
would be if the DM couplings were O(1) in the quark mass
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eigenstate basis, although such a model would be highly
tuned. Our MCFM implementation is sufficiently flexible
to allow either possibility. In this paper we focus on and
present results for the more motivated MFV case. Because
of PDFs and the suppressed light-quark couplings, there is
a difference between the behavior for the case of DM
coupling to the first five generations of quarks and to the
top quark [33]. Therefore, we will address the light quarks
(u, ..., b) and top separately.

Finally, unlike in the effective theory, t-channel opera-
tors present an additional problem upon UV completion.
Since the exchanged state has to be colored there are
additional diagrams that must be included in order to
achieve NLO accuracy. Therefore, for z-channel operators
our NLO results can only be used for the case where the
mediator has been integrated out.

In order to facilitate the calculation we will simplify the
problem further by calculating helicity amplitudes. For the
massless SM production amplitudes this introduces a dramatic
simplification in the number of independent calculations,
since helicity amplitudes naturally involve projections of
the form (1 = 7°). This allows us to determine the results
for the various operators from common building blocks.
Since the DM particles are massive care must be taken
because the mass spoils the chiral symmetry.

A. Dark currents

We wish to use helicity methods in order to calculate our
dark currents. However, since the fermionic DM is massive
helicity is not a good quantum number. Nevertheless,
massive fermions must satisfy the usual sum rule when
summing over polarization states,

> u,(p, miay(p,m) = p+m, (7

Z Us(p’ m)ﬁv(p’ m) = ﬁ —m. (8)
s==

Therefore, one can rewrite a massive spinor in terms of two
massless spinors [34] provided that the completeness rela-
tion above is preserved. In order to write massive spinor
bilinears in terms of massless ones we use the prescription
of Refs. [35,36], rewriting momenta (p; and p, with
p? = m?) for two massive particles, of mass m, in terms
of two massless particles (k; and k,, with k? = 0) such that

1+ 8 1-8
pl = Ko+ —

1-8
2

where B = /1 —4m?/s,, and s;,=(p; + p,)> =2k, k.
This decomposition has the advantage that p; + p,=k; +
k,. The helicity states for the massive spinors (u, v, etc.)
are defined in terms of the massless spinors [1F), [2F),
through the following relations:

kY, €))

+

1+5

Py K5 + kY, (10)

\S}
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B -1/2
U+ (py, m) = <1++|2 ><1+|(152 + m),
12 (11)
vetpm = Lo = mi®),

where we have introduced variables B. = %(1 + B).
The spinor products (ij) and [ij] are defined in terms of
massless Weyl spinors as follows:

(ijy =™ 1j") = a-(ku (k;), (12)

[ij]1= ") = iy (ku—(k)). (13)

A more detailed list of spinor definitions is provided in
Appendix A, and we encourage the interested reader to
inspect Ref. [36] for additional properties and relations of
massive spinors. We are now in a position to define the
currents we will need for our study, namely those involving
the insertion of a y matrix,

VEQE D) = i (p)yPv=(p) = QEly#I17),  (14)

VE@RE D) = iy (p)yPus (p) = 2<;"—2>(k1 — ko),
(15)

VEC 1) = @)y v (p) = 200 (k= ko)
(16)

Note that the helicity conserving currents are identical to
their massless counterparts, and that the helicity violating
currents vanish in the massless limit as required. For the
cases in which the dark matter is mediated through the
exchange of an axial vector we will need the following
currents:

VEQE D) = ax(p)y*ysv=(p))
= F(1 = 2B)Q2%|y*17), (17)

VE@2y13) = ﬁ+(pz)7”“75v+(pl)

= <12> (k) + k), (18)
VEQ,, 17) = ﬁ—(pz)v“ysv-(pl)

= [12] (ky + ko)™, (19)

In addition to the currents listed above we will also need
the following scalar currents:

82y, 13) = = (p)v=(p)) = 0, (20)
Sy, 13) = i (p)v+(p) = 2B+ — D[21], 2D

82y, 17) = i-(pv-(p) = 2B+ — DQ2L).  (22)

Finally we will consider the decays of dark matter through
a pseudoscalar current
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Ss(2y, 13) = i« (py)ysv=(p1) =0, (23)
Ss5(2y, 13) = i+ (pa)ysv+(py) = —[21] (24

S5(2y, 13) = a-(pa)ysv—(p1) = 2. (25)

Note that in all cases, the m — 0 limit is clearly reproduced
correctly.

B. SM vector currents

We now define the currents needed to describe the
SM production of a gluon and a vector current, Oy. Such
results are already present in the literature [24,37], namely
amplitudes involving the production of a Z (or more
precisely a virtual photon 7y*) and jets. In order to
efficiently recycle these amplitudes one must first remove
the unwanted decay of the Z into two massless leptons. The
general strategy is thus to rewrite the amplitude for the Z in
the form

AD(F, 28,37 47,57)

q’ =8’ 74q”’
= AOM(17,28,37) X JLG4E,57). (26)

The current J }ZL can then be replaced by the DM current of
choice to produce the desired result. Similar techniques
were used in Ref. [38] for the calculation of the amplitudes
for Zvj in which the photon was radiated from the final
state leptons.

As an example we present the amplitudes for the
tree-level production of a jet (or photon) in association
with a vector operator, with momentum P flowing in the

X X system,

Ou) 14+ A+ A— :l<3|(l +2)|’}/M|3>
AP 203 =3 iy @D

APPF,2,,37)
= AP}, 28,37 (ab) > [ab] (1 — 3)).  (28)

Since the extraction of the currents needed for the
NLO corrections are now determined in terms of the
known results in the literature [24,37] we refrain from
writing them explicitly here. However, since they are
useful building blocks for other monojet searches we
present a full list of the currents (for virtual and real
corrections) in Appendix B. Before moving on to discuss
other SM currents we note that the monophoton amplitudes
are naturally related to the pieces of the monojet ampli-
tudes which are subleading in color.

C. SM scalar currents

In this section we provide the helicity amplitudes for the
SM production of a scalar in association with a jet or a
photon. In the previous section we described how one may
use existing results for Z/y* + jet to extract the vector
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currents. However this calculation has no obvious analog
in the SM since the Higgs couples to massive fermions and
we consider five massless flavors. Therefore, we perform
the calculation directly. The NLO calculation of DM plus
monophoton for the scalar operator has been studied
previously using traditional matrix element techniques, in
Ref. [39]. We will focus on the case of scalar and pseudo-
scalar couplings which are proportional to mass. Since
these are similar to the SM Higgs couplings we could
have used the H + b results from the literature. However,
we wish to remain general enough to allow for couplings
independent of mass, therefore we drop any mass terms in
the SM production which are not due to Yukawa couplings.
Since (to the best of our knowledge) the helicity ampli-
tudes for these processes have not been written down
before, we present them in full in this section.

For completeness we note that the case of scalar
coupling to the top quark is particularly interesting since
there is no tree-level monojet diagram and the LO result is
due to a loop of top quarks [33]; these results can be easily
extracted from the Higgs plus jet results in MCFM [40].

We begin by listing the two independent tree-level
amplitudes,

01— 2= 34y = 12°
Ag'(15,27,3, 13%23) (29)
©(1— 9= 72—y — 5123
Ag'(15,27,35) 31231 (30)

The virtual corrections to this amplitude consist of leading
and subleading color contributions. The analytic forms of
these expressions are rather simple, primarily because
the insertion of the scalar operator does not increase the
tensor rank of any loop diagrams. We calculate the four-
dimensional cut-constructible pieces using the quadruple
cut technique [41]. We have checked our virtual results
against a numerical implementation of D-dimensional uni-
tarity [42], finding agreement. This check also confirms the
lack of bubble pieces from the expressions. The expres-
sions for the virtual amplitudes are very simple, the leading
color pieces have the following form:

ALO7,27,37)

2 € 2 €
e (o5 ()
12 23

+Ls_1(_s13 i) )) 31)

—S123 78123

AY14.25.30)
1 2 \e 2 \e
(YY)
€ S12 $23
S13 T 523

+ Ls,1< B ,—_S23 >) +orsrs

~S123 TS13 2[23][13]

The subleading in color amplitudes have the following
form (these are also the monophoton amplitudes):

(32)
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(1,slc) (41— ~—
A0, 24, 3;)

1 2 \e —S5;3 —S
€E"\7S812 8123 T8123

+ Ls_1< 5 ﬁ)) (33)
—S123 78123
AL, 27,37)
s qr =g g
2 \e _ _
=crﬂl(30)(—i2<'“ ) +Ls,1( 513, Su)
€E"\7S12 —S123 T8123
—S83  TS12 S13 T 823
+ Ls_ ( ,7)) + cp ———=. (34)
=513 =513 "2[32][13]

Unlike the vector case of Appendix B, there is no Ward
identity for the scalar operator. This results in a further UV
counterterm in addition to those specified in Appendix B.
For example, in the MS-scheme one must include the
counterterm —cr 23_5 ﬂgo) in (31)—(34). For the calculation
of the real corrections we will need the following ampli-
tudes, which involve the emission of an additional parton
with respect to the Born monojet process:

01— 7= 72— 4—) — S1234
AY(1;,27,37,47) = A e (35)
01— 79— 2+ 4+) — <12>2
AS (1 ,2q,3g,4g)—m, (36)
AP (17.27.3,. 47
_ (23)[42K11(2 + 3)l4] (13)221(1 + 3)4]
5234(34)[23][34] s134(14)(34)[34]
(13)1](2 + 3)14] a7
14)3H[23][34]°
AY(,27,35,40) = AV(1;,27,45,30). (38)

In addition we will need the four-quark amplitude which is
given by
AP(15.27.35, 45)
_ (I13)2I(1 +3)14] | (23X11(2 + 3)4]
5134(34)[43] 5234(34)[43]

Finally for the case involving monophoton production the
amplitudes we need are as follows:

(39)

0) (1= A= 2= 4=\ _ 31234[12]
As a2 30 %) = mataear. 40
01— /A= 2+ 4+) — <12>2
AU 2230 %) = aosomey Y
AP(15,27,37,4;)
_ (19l +4)13] 4112 + 4)13]
5134(13)[41] 5234(23)[42]
(12)s124
34142 42)
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A0, 27,3,,43) = A0(1,,27,35,4,)(3 = 4).

(43)

D. SM gluonic currents

The production of DM in association with a jet through
the gluon operator

V(GL'G
0, = a, (X " auv) 44)
is simple to implement due to the large amount of existing
literature associated with Higgs boson production in the
heavy-top effective theory. In fact, modulo changes in the
coupling the calculation of monojet production through
this operator proceeds exactly as for H — (bb) + jet in
the SM, once one takes into account the Higgs propagator.
Therefore we simply modify the existing MCFM routines
accordingly [40,43]. Clearly no monophoton signature is
produced from this operator.

E. Extensions to other DM spins

Although we will only be considering fermionic DM
(more precisely a Dirac fermion) it is straightforward to
extend this process to DM of other spins. For example, if
DM is a complex scalar the effective operators coupling it to
the SM can involve a SM vector current, a SM scalar current,

or a SM gluonic current e.g., (,\/Té;/\/)(qw‘q), (') (Gq),
(x"x)(G4,G, ,.,), respectively. While the SM currents are
unaltered from what was described above, the DM currents
become somewhat simpler. In the last two cases they are
simply unity and in the first case the DM current contains a
factor of momentum, similar to the chirality violating parts
of (14)—(16). We leave the detailed study of these operators
and the case of vector DM for future work.

III. MONOJET PHENOMENOLOGY

In this section we present some phenomenological
studies using the results derived in the previous sections.
We have implemented our NLO calculations into MCFM,
taking full advantage of the codes existing architecture
to obtain our predictions. More specifically, we use the
dipole subtraction scheme of Catani and Seymour [44] to
render both the virtual and real corrections separately
finite. We use the following MCFM default electroweak
(EW) parameters in our calculation:

M, =91.1876 GeV, My = 80.398 GeV,
I, =24952 GeV, Ty = 2.1054 GeV,
Gr=0.116639 X 1074 GeV™2,  m, = 173.2 GeV.

The remaining EW parameters are defined using the above
as input parameters. In order to avoid DM being charged
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under SU(2) the scalar operator proceeds through a
Yukawa coupling and is thus proportional to the quark
masses. In these cases we use m, = 1.5, m, = 4.7 GeV
and m, as defined above with all other quarks kept mass-
less. For the light quarks (m, and m,,) the masses are only
retained in the form of a Yukawa coupling and are not
retained in the kinematics of the matrix element. For a
pure monojet analysis this is of little consequence. In the
case of the top quark, which can contribute to monojet
processes at the loop level, the mass is fully retained. Our
default PDF choice is CTEQ6L1 for LO and CT10 for
NLO calculations [45].

In this section we will use the effective theory prescrip-
tion defined earlier. These EFTs are adequate descriptions
of amore UV complete model, provided the mediator scale
A is large enough. Our implementation of the various
operators into MCFM allows for flavor-dependent couplings
to be used, so that up- and down-type operators can
be studied individually if so required. In these examples
we will consider the operators to be flavor diagonal, cou-
pling to each flavor with the same coupling, taken to
be 1. The only exception to this rule are the operators Oy
and Opg, which as discussed above couple with quark-mass
dependent couplings.

A. Monojet inclusive cross sections

We now turn to phenomenology. We begin by consider-
ing the production of a pair of DM particles in association
with a jet. In this section we focus on the LHC operating at
7 TeV and we will use cuts inspired by the recent ATLAS
and CMS publications [20,21] requiring events to pass the
following phase space cuts:

Er > 350 GeV, Pl > 100 GeV,
A, <2.5.

(45)
|77j| <2,

Jets are defined using the anti-k; algorithm with R = 0.4.
Experimental searches are slightly more inclusive than the
term monojet suggests; rather than requiring exactly one
jet in the final state, these searches allow up to two jets in
the final state (provided they pass an angular separation
cut). Our NLO calculation consists of virtual corrections
(which reside in the one-jet phase space) and real emission
contributions (which contain either one or two but not three
jets). Since the maximum number of jets which arise from
a pure NLO calculation is therefore two, the experimental
veto of events containing three or more jets does not affect
our calculation.

As discussed earlier, at LO the mismatch in the £, and
jet-pr requirements means that only events with the jet pr
above the £ cut will be included. At NLO there is a new
region of phase space with a jet and an additional parton
(which may or may not pass the jet algorithm) each with a
pr below the £ cut, that can conspire to produce enough
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F1 so that the event passes all cuts. We note that the cut
on the azimuthal separation between the two jets A¢;
only enters our calculation at NLO and as such is a fairly
weak cut.

Using these cuts we begin by studying total inclusive
cross sections and their inherent scale dependence at LO
and NLO. Our results are summarized in Fig. 1. We have
chosen the values of A for each operator to get close to the
rate the experiments are presently placing a bound on,
0O(10-100) fb. We have made no attempt to actually place
limits directly on A. In addition we provide the ratio of
NLO to LO cross sections (the K-factor) for each operator
in Fig. 2. The dependence on the renormalization and
factorization scales, taken to be equal (up = up = u),
is illustrated by the shaded band linking the predictions
obtained at u = 2m ; and u = 1/2m ¢, while the central
scale choice u = m,y is illustrated by the curve inside the
shaded band. From the various curves it is clear that the
NLO corrections to the total cross section are sizeable and
vary operator to operator. As is natural by going to NLO
the overall scale dependence is smaller than the LO pre-
diction. Before we comment on the results for each DM
operator individually we observe that all the plots have a
similar shape. Namely a flat plateau in the light m, region
in which the cross section is insensitive to m,, and then a
rapid fall off at a DM mass of around 100 GeV. These
features have been observed in previous phenomenological
studies [10-16] and indeed are clear in the experimental
constraints on A [20,21]. For light DM the analysis cuts are
sufficiently hard that a /s = 7 TeV collider sees no dif-
ference in terms of phase space restrictions in producing
DM with mass 10 GeV or 0.1 GeV. This explains the
plateau in production cross section as a function of DM
mass. Then as the DM mass becomes a non-negligible
scale in the process the phase space restrictions begin to
rapidly drive the cross section downwards, resulting in the
distinctive fall off in each of the plots. The point at which
this fall off begins depends on the exact mass dependence
of the cross section and is therefore operator specific. As
the operating energy increases, the fall off moves to larger
m,,, for every operator. As such, the limits on A obtained
using the 8 TeV data set should show a considerable
improvement (beyond the simple /s rescaling) for DM
masses around 0.1-1 TeV.

We now examine each operator in detail. First we ob-
serve that the vector and axial-vector DM operators show
similar behavior in terms of K-factors and scale depen-
dence. This is unsurprising since in the massless limit the
only terms which are sensitive to the axial nature of the
coupling are the four-quark amplitudes, which are a small
part of the total NLO cross section. As a result it is clear
thatas m, — O the results must be similar. As the DM mass
grows, so does the difference between the operators, with
the axial operator being smaller than the vector over the
entire mass range. The scale variation for these operators is
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scales are varied by a factor of 2 in each direction. The phase space cuts described in the text (45) have been applied. The LO curves are
distinguished from the NLO cases by the dashing of the central value.

also similar, with typical LO values around *20% and
NLO values around =10%. The K-factor for both these
operators is around 1.4. Since, for this operator, the cross
section scales as A ~* one naively expects an improvement
on the limits on A of ~10%, if the NLO rate were used
compared to the LO one.

The O, operator shows some striking differences with
respect to the Oy and O, operators. First the K-factors are
much larger, with values between 2 and 2.5, indicating
much larger NLO corrections for this operator. Secondly,
the scale dependence is large at both orders. The LO scale
dependence is around 50% reducing to around 25% at

NLO. These effects are reminiscent of the Higgs effective
operator, in which large scale dependence and K-factors
are common. However, there is a crucial difference
between the two calculations which should not be over-
looked; for the case of a light Higgs the final state phase
space is extremely restricted by the narrow s-channel
resonance. In our effective theory, no such restriction
applies, allowing for the possibility of enhancing the
NLO effects by sampling over a larger phase space.
Since the operator scales as A~ using a NLO cross section
to set a limit on A should result in improvements of the
order of ~16%.
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direction. The phase space cuts described in the text (45) have been applied.

The scalar and pseudoscalar operators (for m,;, and m,
couplings) (O and O\ behave in a rather different
manner to the other operators. They are naturally sup-
pressed by the factor m,/A compared to the vector, and
axial cases, which results in much smaller cross sections.
For this reason we have chosen to use a smaller value of A
in our analysis of these operators (50 GeV compared to
500 GeV for the other cases). The LO diagrams require the
presence of a heavy sea quark (charm or bottom) in order to
be nonzero, therefore, it is natural to expect a large
K-factor at NLO arising from contributions in which the
process is initiated by two gluons. This is indeed the case;
we observe a K-factor of around 2-2.5, leading to an
improvement in the A bound of ~25%. The scale depen-
dence is markedly reduced at NLO compared to LO
(around 5% at NLO compared to around 20% at LO).
However, given the large K-factor going from LO to
NLO itis unlikely that scale variation alone gives a reliable
estimation of theoretical uncertainty (even at NLO) for
this operator.

Finally, we consider the production of a monojet signa-
ture using the (O(S’) operator. The enhancement which
comes from including the loop-induced processes in which
the DM couples directly to the top quarks is very large [33].
We show the LO cross sections obtained using MCFM,
where for this operator we have set A = 150. The cross
sections obtained using the top-induced operator is around
2 orders of magnitude larger than those for the light quarks.
As a result if this operator was used in place of the light-
quark operator the corresponding limit would increase A
by between 200% and 300% [33]. Since this processes is

LO (even though it is a loop induced process) the scale
dependence is very large, around (40%—50%). This means
that a sensible strategy experimentally may be to set limits
on the operators induced by top and bottom couplings
individually. Although the bottom-induced A will be
much smaller than that for the top-induced coupling it
will suffer from much smaller systematic uncertainties on
the theoretical side, since the NLO prediction can be used.
However, we stress that the resulting A limit obtained by
either operator is unlikely to be within the realm of validity
for the effective theory. For the top-scalar operator the limit
is salvageable by switching to the full theory as we will
investigate in the next section. The rate for the light-quark
operators are suppressed by quark mass and so the EFT
approach is brought into question. In a simple UV com-
pletion of a scalar mixing with the Higgs, discussed below,
the rate is also expected to be very small. However if a,
naively, tuned model is considered in which the DM cou-
plings are diagonal in the quark mass basis the couplings
could instead all be O(1) and these operators would have
nontrivial bounds. Given that the production of DM
through the scalar operators probes a different set of
PDFs from the vector operators it is still worth investigat-
ing the scalar operator in general.

B. Monojet differential distributions

So far we have focussed our attention on predictions for
total inclusive cross sections at NLO. It is also interesting
to consider the NLO corrections to important distributions
used in the experimental searches. As an example of such a
distribution we consider the missing transverse momentum
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MCFM. We present results for two operators (04 and O,.) The DM mass is 100 GeV, and the scales have been chosen to be equal to the

DM invariant mass u = m,.

spectrum £. For simplicity we focus on two operators (O,
and (Og) for a fixed DM mass of 100 GeV. We also use
MCFM to obtain the spectrum for the dominant background
contribution Z — (v¥)j, our results are shown in Fig. 3. As
was the case at LO the f; spectrum for the DM signal is
noticeably harder than for that of the dominant background
Zj. This can be understood by the scaling properties of the
two spectrums, the signal to background ratio scales as
A*/s2,. Therefore, in the limit of large MET (large s;,),
the EFT produces a harder spectrum than the background.
This effect is dominated by the differences between the full
and effective theory and as such is unchanged at NLO. In
order to quantify the differences between LO and NLO for
the signal distribution we present the differential K-factor
in f; in Fig. 4. The choice of a dynamic scale at NLO
results in a fairly stable differential K-factor with only a
small growth with increasing £r.

C. Light mediators: Full theory considerations

The results presented above were obtained in the effec-
tive theory in which the particle responsible for mediating
the interaction between the SM and the DM was taken to be
heavy and was integrated out. It is interesting to consider
the accuracy, the phenomenological validity, and the im-
plications if this assumption breaks down. In particular, we
note that, for the scalar and pseudoscalar operators, in
order to achieve DM production cross section of the size
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% 1.6 ""_'_‘_l_l_,_-—'—l_l_HJ_‘
NI 14
X 12 _ _
10 0,75 )(@y"ys0)
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FIG. 4 (color online).
induced operator for m, = 100 GeV.

necessary to be observed at the LHC we must consider A of
0O(50-200) GeV, see Fig. 1. Given the typical scales in-
volved at the LHC, A of this order cannot correspond to a
mediator that can reasonably taken to be heavy, without
entering the realm of strong coupling. As a result, we
investigate the monojet phenomenology by reinstating
the s-channel mediator. For simplicity we focus on two
simple UV completions, the first being in which the me-
diator is a massive gauge boson which couples axially to
the SM and DM fermions (i.e., a straightforward UV
completion of @,). The scale in the effective operator (3)
is related to the scale of the mediator by A = M,/ NI
where the coupling to quarks (DM) is g, (g ).

Secondly, we consider a UV completion of the scalar
operator for top quarks only, yxft. A simple example of
such a UV completion is to consider a new heavy singlet
scalar @ that mixes with the Higgs through a wH>®
operator. This leads, after electroweak symmetry breaking,
to a coupling of the top to the mostly ® mass eigenstate
that is proportional to the top Yukawa. If this heavy singlet
also couples to DM as g, @ y x then the amplitude for DM
coupling rescales as

m ExVt

-3 . 46
A3 m;/\/ - M(zﬁ + iMq)F(I) ( )

Thus, the relationship between the full theory and the effec-
tive theory is more complicated and A = (Mjv/g.g PSS

3.5 m,=100, A=500 GeV
5 3.0
x 2.0 o
15 xG" G,
400 600 800 1000 1200 1400
ET (GeV)

The differential K-factor, (donio/dE7)/(doro/dEr), for monojet production via either an axial or gluon-
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Results for these two theories are show in Fig. 5, we
have used the same final-state phase space cuts as in the
previous section and to aid in comparisons to the EFT we
have fixed g, = g, = g, = 1, relating the scales of the
operators in the EFT approach to the scale of the mediator
as above. We then proceed to calculate cross sections as a
function of M in the full and effective theories. For the
full theory one must also specify the width of the mediating
particle I',. We choose two example widths, I'q, = M4 /3
and I'y, = M, /(8). The results are naturally dependent
on the choice of DM mass, for simplicity we have chosen
to focus on a single value m, = 100 GeV.

The two plots for the two different operators shown in
Fig. 5 have some generic features which we explain first
before mentioning some operator-specific phenomenology.
First, it is clear that the full theory asymptotes to the effective
theory at large M 4 as required. On our log-log plot the EFT
results then possess simple scaling as a function of A, and
therefore M 4 (in the axial case) and M 315/ 3 (in the scalar case).
All of the features of the FT are dominated by the inclusion
of the propagator in the cross section, and in particular
whether or not the propagator is able to provide resonant
enhancement to the cross section. If the propagator is able to
go on shell then the cross section is enhanced beyond the
EFT approximation, whereas if the propagator is forced into
the off shell region the cross section is suppressed (dramati-
cally for light mediators) relative to the EFT.

It is simple to determine whether the resonant enhance-
ment will be included as a function of m, and £ since in
order to achieve the on shell condition one must have

Syp ™~ Mé — (FFn)* + 4m3 < M(Qﬁ. 47)
Therefore if the £ cut is too hard, making £ too large,
or m, is too heavy then the mediator cannot go on shell,
suppressing the cross section. For our setup this occurs at
roughly 400 GeV. This simple kinematic argument

108 M*=A (EFT) Gy vsx)(@y,iv5Q)
NLO
108
s 10t M*=M,, T,=M/8n) (FT)
1
100 WM =My, T,=M/3 (FT)
]
m,=100 GeV
10 50 100 500 1000 5000

M (GeV)

FIG. 5 (color online).
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however, has big implications for experimental searches
in the full theory. One should endeavor to not cut away the
region in which the signal peaks, therefore adjusting the
minimum £; cut to become a function of M, should
provide a natural way to optimize signal over background.

We now make some operator-specific statements, first
we note that the limits obtained on A for the axial coupling
are of the order O(1) TeV, and therefore vindicate the use
of the EFT in these searches, however, the results on A are
also bounded by below since the EFT cannot in general be
trusted for A < 200 GeV. Secondly, we note that the limits
on A from the top-scalar operator are of the order A ~
150 GeV [33]. This is exactly in the region of My, g, A
phase space in which the EFT begins to breakdown, how-
ever, if the FT was used with slightly softer £ cuts one
obtains cross sections in which the EFT and FT are similar.
It is clear that when setting limits on the top-scalar opera-
tor, the FT effects should be investigated, particularly since
in this region the validity of the EFT is correlated with the
exact phase space cuts applied. Note, however, that over a
large range of mediator mass the EFT actually underesti-
mates the size of the DM production cross section, leading
to the present LHC constraints, carried out in the EFT,
being conservative. We note that the limits set on A by the
charm- and bottom-scalar operators are in the region where
the EFT is extremely dubious, since the cross section here
is suppressed by around 5 orders of magnitude.

Although thus far we have only considered fixed widths,
I'4, for very wide mediators a running width, I'(s), may be
more appropriate [46]. This corresponds to the replace-
ment in the mediator propagator of

(55 — M3) + iMyLy — (55, — M3) + i /5 0(s ).
(48)

In general, the functional form of I'(s) is determined
by calculating the imaginary part of the mediator’s

10t A=V3(M"): (EFT) Qo)
LO
100
~ M*=M,, T 4=M/(8r) (FT)
e
T
0.01
M*=M,, Ty=M/3 (FT)
107
m,=100 GeV
107®
10 50 100 500 1000 5000
M (GeV)

Comparison between the full and effective field theories for axial and top-scalar operators, for DM mass of

100 GeV. The straight line indicates the results obtained in the EFT, shaded region indicates full theory results as a function of the
width between the values M, ¢/ 3 (lower) and M ¢/ (877) (upper). We have used the same phase space cuts as in the previous sections.

The scale choice is u = m, ;.
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self-energy. However, in certain circumstances, such as
weak coupling with many possible final states, the self-
energy is dominated by resumming the one-loop fermion
bubble diagrams. In this limit, if the mediator is heavier
than all the particles it decays to, the running width may
be approximated by I'(s) = /sT'y,/M 4. This simple limit
allows an investigation of the effects of running versus
fixed widths, for example with a top-scalar coupling and
a mediator mass of 1 TeV we find the difference in the total
cross section between the fixed and running width is sub-
percent for the narrower case. For the wide mediator, the
effect is larger, as expected. The running width increases
the cross section by ~15%.

Finally, it is interesting to consider the impact of our
NLO corrections on the axial operator in the full theory.
Therefore we plot the ratio of NLO to LO cross sections as
a function of M 4 for our two width choices in Fig. 6. There
is a clear dependence on M 4, with the K-factor growing as
a function of M. This dependence is controlled by the
width of the mediator and the resulting shape of the Breit-
Wigner. As expected for heavy mediators the effective
theory inclusive K-factor is obtained.

IV. MONOPHOTON

In this section we describe the phenomenology associ-
ated with DM production in association with a monopho-
ton. In order to define photons in a hadronic environment
an isolation criteria must be applied. This isolation re-
duces the contributions from the production of secondary
photons in the decays of certain types of hadrons. Typically
an experimental isolation criterion requires the amount of
hadronic energy inside a cone around the photon to be less
than a fixed input, i.e.,

> Epd <EPx with Ry = \/A¢2 + An%  (49)
had€ER,

We use typical values at the LHC for the isolation cuts,
ie.,, Ry = 0.5 and EF** =5 GeV. On the theoretical side

PHYSICAL REVIEW D 87, 054030 (2013)

this form of isolation introduces complications at NLO
since photons radiated, through bremsstrahlung, from
final-state fermions induce a collinear singularity. This
singularity has no corresponding singularity on the virtual
side. In order to render the calculation finite the contribu-
tions from the fragmentation functions must be included.
These fragmentation functions require nonperturbative
input needed to provide boundary information at a certain
scale. Our treatment of the fragmentation contributions
is the same as in previous photon processes implemented
in MCFM [30,38], and we use the fragmentation functions
of Ref. [47]. The vector and axial-vector production of DM
along with a photon have been recently considered [48],
although the effects of photon fragmentation were not
included.

A. Phenomenology

The procedure we follow for the monophoton examples
we consider is very similar to that described -earlier,
Sec. III. We base our cuts around those used in current
experimental analyses [22,23], more specifically we re-
quire our final state to satisfy

Fr>140GeV,  pl>150GeV,  In,l<2 (50)

We present LO and NLO cross sections, under these cuts
for various operators in Fig. 7, K-factors obtained for these
operators are illustrated in Fig. 8. We observe that, as was
the case for monojet examples, the axial and vector results
are similar to each other, and the scalar and pseudoscalar
are likewise similar. The axial and vector examples have an
K-factor of around 1.2, which corresponds to an increase in
A of around 5%. The scale variation for these operators
displays a similar behavior to the background Zvy process
[30]. These processes have no «g dependence at LO,
therefore, the only scale dependence enters through the
factorization scale, wp, associated with the PDFs. As a
result, the cross section increases with increasing . This
is the opposite dependence to the renormalization scale,
Mg, Which decreases the cross section as pp increases. At
NLO one may have expected a large scale dependence for
this process, since it is LO in the renormalization scale.
However, there is a net cancellation between variations in
the factorization scale and renormalization scales such that
the scale dependence for Vy at NLO is very small. The
axial and vector operators inherit this trait; at LO the
(factorization) scale dependence is around 9% while at
NLO the scale variation is around 2-3%. As is clear from
the plots, the variation around the default scale at LO does
not include the NLO curve so some care should be taken in
interpreting this small variation as a small theoretical
uncertainty.

It is immediately obvious that the scalar and pseudosca-
lar operators do not share the same traits as the other
operators when it comes to scale variation. This is also
naturally explained from the discussion in the previous
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paragraph. Here the heavy sea quarks have a very small
factorization scale dependence, and as such the LO result
barely depends upon the scale choice (<1%). However,
at NLO the lack of a factorization scale dependence in
a significant part of the calculation removes the acci-
dental cancellation. As a result the renormalization scale
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FIG. 8 (color online).

K-factor obtained with the default scale u = m b

dependence dominates and there is a larger scale depen-
dence at NLO around 10%. As was the case for the monojet
study the K-factor for these operators is larger (1.5-2);
however, one expects large next-to-next-to-leading order
corrections for these operators since the contributions from
two glue initial states should be comparatively large. Note
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K-factors for DM production in association with a photon at the 7 TeV LHC. The solid line indicates the
the shaded band represents the K-factors obtained using scales varied by a factor of

2 in each direction. The phase space cuts described in the text have been applied.

054030-12



NEXT-TO-LEADING ORDER PREDICTIONS FOR DARK ...
10

my=100, A=500 GeV " ysx)(@,iysQ)
Xy (NLO)
0.1 vy (NLO)
~
5 0.001
g
©

107°

-7
10 0 200 400 600 800 1000 1200 1400

ET(GGV)

FIG. 9 (color online). NLO predictions for the missing trans-
verse momentum spectrum for signal and background obtained
using MCFM, for the monophoton process, proceeding via an
axial operator. The DM mass is 100 GeV, and the scales have
been chosen to be equal to the DM invariant mass u = m

xx
2.0
1.8

§ 1.6

314

v 1.2
1.0
0.8

m, =100, A=500 GeV

Y"vs.)(@y,759)
1000 1200 1400

0 200 400 600 800
ET(GeV)

FIG. 10 (color online). The differential K-factor for mono-
photon production via an axial operator for m, = 100 GeV.

that the A limit for these operators is expected to be very
small, due to the quark mass suppression, and one expects
the full theory to suppress this even further.

We consider the differential F; spectrum at NLO,
as an example we consider the axial operator with
m, = 100 GeV. Again we compare to the shape of the
dominant background (in this case Zv) using MCFM to
obtain both spectra at parton level. Our results for the
spectrum and LO to NLO ratios are shown in Figs. 9
and 10. Since our explanation of the hardening of the
spectrum for the signal in the monojet case did not invoke
any properties of the recoil object we expect the signal to
also be harder for this operator. This is indeed what we
observe, the spectrum for the DM signal is significantly
harder than that of the Zy background. Away from the first
bin the K-factor is also fairly stable as a function of the ;.
The mismatch of the photon p; and the £ cuts means that
at LO there is no contribution to the first bin, since pr
balance enforces that the larger photon p; cut is also
applied to the F;. However, at NLO there can be events,
with lower £, in the first bin. This accounts for the large
(actually infinite) K-factor in the first bin. At NLO the full
fiducial phase space is explored, (£ > 140) resulting in a
nonzero cross section in the first £, bin.

Finally, we note that care should be taken when
estimating scale variations for these processes if a jet-
veto is applied. Additional information on the topic of

PHYSICAL REVIEW D 87, 054030 (2013)

scale variation under the application of jet-vetos can be
found in Refs. [38,49].

V. CONCLUSIONS

Hadron colliders provide an ideal place to search for DM,
offering complementary results to those obtained from
direct detection experiments. Model independent searches
for the pair production of DM require some other visible
activity in the event, e.g., jets, photons, or vector bosons.
We focused on the cases of monojet and monophoton, for
which there are existing searches both at the Tevatron and
the LHC. Colliders are free from astrophysical uncertainties
and are competitive with the direct detection experiments
for light dark matter and DM with spin-dependent nucleus
couplings. One of the dominant sources of uncertainty of
the experimental results from the LHC is systematic un-
certainties. This is already true for the monojet searches
from the 2011 data set, and one assumes that this will
continue for 2012 data. In this regard, it is important
for the theoretical community to aid the experimental ef-
fort in any way it can in reducing these uncertainties. We
addressed one such systematic error, the uncertainty asso-
ciated with the precise rate for the signal process. Leading-
order predictions suffer from a large dependence on the
unphysical renormalization and factorization scales.
Calculating at NLO accuracy curbs this bad behavior some-
what. Since the NLO corrections typically introduce a
K-factor >1, there is an additional happy byproduct that
limits using the NLO prediction will be stronger, in addition
to having smaller systematic uncertainties.

To remain as general as possible, and to allow extension
of our results to other similar processes, we factorized the
SM production from the BSM decays. We provided ana-
lytic expressions both for the SM production at NLO and
the LO decay amplitudes of the DM particles. The exact
nature of the SM production (and DM decay) depends on
the particle mediating the interactions, and we presented
results for interactions which were mediated by vector,
axial, scalar or pseudoscalar particles. We considered
both the case where the mediating particle was very heavy
and the effective coupling between DM and the SM was a
contact operator and the case of a propagating mediator.
We implemented all our results into MCFM and they are
available from version 6.5 onwards.

We used our NLO results to study the monojet and
monophoton phenomenology in the presence of a DM
signal. We presented NLO and LO cross sections and
demonstrated there is an increase in rate as well as a
reduction in the renormalization/factorization scale depen-
dence. Thus reducing the systematic uncertainty in the
signal prediction. Using similar cuts to the experimental
analyses we were able to infer the amount of improvement
on the limits on A obtained by using a NLO prediction for
the total rate. Typically these limits were increased by
around 5-20% with the exact results being highly operator
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dependent. Using these NLO results we were able to con-
firm earlier results that saw a significant hardening of the
signal f; spectrum, compared to the dominant irreducible
background. Furthermore, we found a slight enhancement
of this feature at NLO due to a rising differential K-factor.

We also investigated some of the effects of reinstating
the mediating particle for the monojet case. This confirmed
the validity of the EFT for the axial theory. However, we
saw that the region of A probed at the LHC by the top-
scalar operator is in a region in which the differences
between the full theory and the EFT are extremely sensitive
to the mediator mass and the exact fiducial phase space
cuts. As a result we suggest that, should the collaborations
proceed to set constraints on this operator, they investigate
the typical differences between the FT and EFT in order to
ensure the validity of the EFT results.

Going forward, as the LHC collects more data at both
higher energies and higher instantaneous luminosity, it will
continue to constrain the dark sector. As running condi-
tions change so must analyses, and having signal predic-
tions at NLO, through MCFM, will allow the analysis cuts to
be tuned to best separate signal events from background
and maximize the potential for finding DM at the LHC.
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APPENDIX A: SPINOR HELICITY FORMALISM

In this appendix we define our spinor products,
(for a review see Ref. [50]) The function u. (k;) represents
a massless Weyl spinor of momentum k; and positive or
negative chirality. In terms of these solutions to the Dirac
equation, the spinor products are defined by

@y ="1j") = a_(k)u (k)), (A1)
[ij]=G"j7) = iy (kju_(k)). (A2)
We use the convention [ij] = sgn(k?k9)(ji)*, so that
ApLji] = 2k; - k; = sy, (A3)
(alilb] = (ai)[ib], (A4)
(al(i + j)Ib] = (ai)ib] + {aj)[jb].
Further useful identities are
@ ly#lim)y =2k, Cily*|jKkly N =261 (AS)

We will also need the following one-loop basis functions,
those associated with the reduction of tensor triangles,
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In (x/y) Lo(x, y) + 1
Loey) ==—5 Ly ===r— (A6
y y
and the finite part of the one-mass box given by
Ls_1<x—‘, X—Q) = Liz(l - ﬂ) + Li2<1 - X—Q)
Y1 2 Y1 Y2
2
+1In (ﬂ) In (ﬁ) - (A7)
i/ \»/ 6

APPENDIX B: NLO VECTOR CURRENTS

We follow the notation of Ref. [37] and decompose the
amplitude as follows:

AP = cr(APHV + Fr), (B1)
where the ubiquitous one-loop prefactor is defined as
1 T(1-eTa+
(-Ti+d o

= (4mr)2 €

The amplitudes we will write down presently have not been
UV-renormalized, in order to obtain UV finite results one

must perform a UV-subtraction, e.g., in the MS-scheme
one should subtract

1/11 2n
N 2L ____f))dqw,m'
CrivVe8 (6(3 3Nc Vv

We are now in a position to write down the virtual correc-
tions to the monojet process, the leading color contribu-
tions have the following form:

JZL%/IC‘“(IJZZ;, 3{2—) — Cr(ﬂ(‘g#)vlc + Flc,,u)’

I'l —2e)

(B3)

(B4)

with
1 2 \e 2 \e 2 \e
S GRCINCS
€ —S12 —S823 2€ —S823

and

Flen(1,25,37)

__ ﬂ(O’/‘)Lsﬂ(m ﬂ)
v _5123’ — 5123

1 (3|y*[1]3)

5 W Lo(S23/5123)

1 (I3[ y#I(2 + 3)I1] Ly(s23/5123)

4 (12)(23) S13

(B6)

The subleading in color amplitude has the following form:

T
e \—sp, 2€ \— 5123 2

The remaining F**# pieces are

(B7)
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Fsbe(1F,28,37) =
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2(12)(23)
12313 + 2)|y#[1)
(12)s13

Gl +2)y#I13) (_512 _513>
—1 N
—S123 78123

L0(523, S123) -

LI D

—S513 _523>
2 (12)3(23) —S123 ~S123

1 (112 + 3) [y 1)[12]3(23) Ly (5123, 523)

(12) 533

n 1 (L2 + 3)|y#[123)[21] Lo(s123, 523) 1 BDII2K2[y#12]s123 Li(s123, 513)

2 (12)? 523

1 GDU2ZI2IM + 3)ly#[1) Lo(siaz, s13) | [12]31(1 + 2)[y#[2] — [23][1]3 + 2)|7“|2].

2 (12) 2

2 <12>2 S13

Finally, we note that for the vector current the diagrams
associated with closed fermion loops vanish via Furry’s
theorem, when constructing axial currents we will need the
following nonvanishing ny axial current:

_ 1 @ly#I2]21L, (13, 5123)
2 S123

Faer(1r, 2%, 3;) = (BY)
We note that the above results can be checked by contrac-
tion with the current in (4|y#|5]/s4s, reproducing the
formulas listed in Ref. [37].

At NLO we also require the tree-level amplitudes
involving the emission of an additional parton. The
necessary (with the remaining helicity assignments being
obtained via line-reversal and conjugation) two gluon
amplitudes are

_@a+2+3)ly"14)
2(12)(23)(34)

ﬂ&?#)(lJr 2+ 3+ 4j) —

qr<gr-g>7q ’ (Blo)

AP5.203545)
_ 3021310 + 2)ly#14)
2(12)5235123
GH42]1213 + Hly#1]
2[34]s5535234
@I+ 2)ly#I(3 +4)12]
2(12)[34]s3 ’

(B11)

AV.25,35.45)
_ [13PQIA + 3)ly#14) — 247°[312 + 4)|y*[1]
2[12]s5235123 2(34)5235234
_ [13]24)4ly#(1]
2[12](34)s23

(B12)

A[13]23](12) (B8)

[
The four-quark amplitudes are

AVH(17,25,35,47)

_ 1([12]<3|(1 + 2)[y#14) N (34213 + 4)|7“I1]>
5 )

$123523 $234523

(B13)

() — A- _ O ;) _ _
Ay m (1;, 2q,3Q, 45) = A, m (1;, Zq,45, 3Q).
(B14)

For the monophoton calculation we will also need the
following tree-level amplitudes:

331 + 2+ )ly#]3)
2(12)(14)(23)(34) ’
(B15)

APHOG, 28, 32,45) =

APH(F,28,37,43)

= AV} 47 28

40,2830+ AVHL 284,37,

g g
(B16)

In the above equations we have defined the photon as p, to
emphasize that it is not color-ordered.

[1] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.
Lett. 107, 131302 (2011).

[2] Z. Ahmed et al. (CDMS-II Collaboration), Science 327,
1619 (2010).

[3] E.Behnke et al. (COUPP Collaboration), Phys. Rev. D 86,
052001 (2012).

[4] R. Bernabei et al. (DAMA Collaboration and LIBRA
Collaboration), Eur. Phys. J. C 67, 39 (2010).

054030-15


http://dx.doi.org/10.1103/PhysRevLett.107.131302
http://dx.doi.org/10.1103/PhysRevLett.107.131302
http://dx.doi.org/10.1126/science.1186112
http://dx.doi.org/10.1126/science.1186112
http://dx.doi.org/10.1103/PhysRevD.86.052001
http://dx.doi.org/10.1103/PhysRevD.86.052001
http://dx.doi.org/10.1140/epjc/s10052-010-1303-9

PATRICK J. FOX AND CIARAN WILLIAMS

(5]
(6]
(71
(8]
(9]
(10]
(1]
[12]

(13]

C.E. Aalseth et al., Phys. Rev. Lett. 107, 141301 (2011).
G. Angloher et al., Eur. Phys. J. C 72, 1971 (2012).

Y. Bai, P.J. Fox, and R. Harnik, J. High Energy Phys. 12
(2010) 048.

P.J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys. Rev. D 84,
014028 (2011).

K. Cheung, P.-Y. Tseng, Y.-L.S. Tsai, and T.-C. Yuan,
J. Cosmol. Astropart. Phys. 05 (2012) 001.

M. Beltran, D. Hooper, E. W. Kolb, Z. A. Krusberg, and
T. M. Tait, J. High Energy Phys. 09 (2010) 037.

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P.
Tait, and H.-B. Yu, Phys. Lett. B 695, 185 (2011).

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P.
Tait, and H.-B. Yu, Phys. Rev. D 82, 116010 (2010).

A. Rajaraman, W. Shepherd, T.M.P. Tait, and A.M.
Wijangco, Phys. Rev. D 84, 095013 (2011).

P.J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys. Rev. D 85,
056011 (2012).

I. M. Shoemaker and L. Vecchi, Phys. Rev. D 86, 015023
(2012).

J.-F. Fortin and T.M. Tait, Phys. Rev. D 85, 063506
(2012).

Y. Bai and T. M. Tait, arXiv:1208.4361.

P.J. Fox, R. Harnik, R. Primulando, and C.-T. Yu, Phys.
Rev. D 86, 015010 (2012).

T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
108, 211804 (2012).

S. Chatrchyan et al. (CMS Collaboration), J. High Energy
Phys. 09 (2012) 094.
G. Aad et al
arXiv:1210.4491.

S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett.
108, 261803 (2012).

G. Aad et al. (ATLAS Collaboration), arXiv:1209.4625.
W. Giele and E. N. Glover, Phys. Rev. D 46, 1980 (1992).
U. Baur, T. Han, and J. Ohnemus, Phys. Rev. D 57, 2823
(1998).

S. Alioli, P. Nason, C. Oleari, and E. Re, J. High Energy
Phys. 01 (2011) 095.

A. Denner, S. Dittmaier, T. Kasprzik, and A. Muck,
arXiv:1211.5078.

(The ATLAS Collaboration),

(28]
[29]
(30]
(31]
(32]
[33]
(34]
[35]
(36]
[37]
(38]
[39]
[40]
[41]
[42]
[43]

[44]
[45]

[46]
[47]
(48]
[49]

[50]

054030-16

PHYSICAL REVIEW D 87, 054030 (2013)

J.M. Campbell, R. K. Ellis, and C. Williams, MCFM web
page http://mcfm.fnal.gov/.

J.M. Campbell and R. K. Ellis, Phys. Rev. D 60, 113006
(1999).

J.M. Campbell, R.K. Ellis, and C. Williams, J. High
Energy Phys. 07 (2011) 018.

J. Andrea, B. Fuks, and F. Maltoni, Phys. Rev. D 84,
074025 (2011).

J.F. Kamenik and J. Zupan, Phys. Rev. D 84, 111502
(2011).

U. Haisch, F. Kahlhoefer, and J. Unwin, arXiv:1208.4605.
R. Kleiss and W.J. Stirling, Nucl. Phys. B262, 235 (1985).
G. Rodrigo, J. High Energy Phys. 09 (2005) 079.

S. Badger, J. M. Campbell, and R. Ellis, J. High Energy
Phys. 03 (2011) 027.

Z. Bern, L.J. Dixon, and D.A. Kosower, Nucl. Phys.
B513, 3 (1998).

J.M. Campbell, H. B. Hartanto, and C. Williams, J. High
Energy Phys. 11 (2012) 162.

J. Wang, C.S. Li, D. Y. Shao, and H. Zhang, Phys. Rev. D
84, 075011 (2011).

M. S.R.K. Ellis, I. Hinchliffe, and J.J. van der Bij, Nucl.
Phys. B297, 221 (1988).

R. Britto, F. Cachazo, and B. Feng, Nucl. Phys. B725, 275
(2005).

R.K. Ellis, W. T. Giele, Z. Kunszt, and K. Melnikov, Nucl.
Phys. B822, 270 (2009).

J. M. Campbell, R. K. Ellis, and C. Williams, Phys. Rev. D
81, 074023 (2010).

S. Catani and M. Seymour, Nucl. Phys. B485, 291 (1997).
H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J.
Pumplin, and C.-P. Yuan, Phys. Rev. D 82, 074024 (2010).
H. An, X. Ji, and L.-T. Wang, J. High Energy Phys. 07
(2012) 182.

L. Bourhis, M. Fontannaz, and J. P. Guillet, Eur. Phys. J. C
2, 529 (1998).

E.P. Huang, C.S. Li,
arXiv:1210.0195.

I. W. Stewart and F. J. Tackmann, Phys. Rev. D 85, 034011
(2012).

L.J. Dixon, arXiv:hep-ph/9601359.

J. Wang, and D.Y. Shao,


http://dx.doi.org/10.1103/PhysRevLett.107.141301
http://dx.doi.org/10.1140/epjc/s10052-012-1971-8
http://dx.doi.org/10.1007/JHEP12(2010)048
http://dx.doi.org/10.1007/JHEP12(2010)048
http://dx.doi.org/10.1103/PhysRevD.84.014028
http://dx.doi.org/10.1103/PhysRevD.84.014028
http://dx.doi.org/10.1088/1475-7516/2012/05/001
http://dx.doi.org/10.1007/JHEP09(2010)037
http://dx.doi.org/10.1016/j.physletb.2010.11.009
http://dx.doi.org/10.1103/PhysRevD.82.116010
http://dx.doi.org/10.1103/PhysRevD.84.095013
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://dx.doi.org/10.1103/PhysRevD.85.063506
http://dx.doi.org/10.1103/PhysRevD.85.063506
http://arXiv.org/abs/1208.4361
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://dx.doi.org/10.1103/PhysRevLett.108.211804
http://dx.doi.org/10.1103/PhysRevLett.108.211804
http://dx.doi.org/10.1007/JHEP09(2012)094
http://dx.doi.org/10.1007/JHEP09(2012)094
http://arXiv.org/abs/1210.4491
http://dx.doi.org/10.1103/PhysRevLett.108.261803
http://dx.doi.org/10.1103/PhysRevLett.108.261803
http://arXiv.org/abs/1209.4625
http://dx.doi.org/10.1103/PhysRevD.46.1980
http://dx.doi.org/10.1103/PhysRevD.57.2823
http://dx.doi.org/10.1103/PhysRevD.57.2823
http://dx.doi.org/10.1007/JHEP01(2011)095
http://dx.doi.org/10.1007/JHEP01(2011)095
http://arXiv.org/abs/1211.5078
http://mcfm.fnal.gov/
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://dx.doi.org/10.1103/PhysRevD.60.113006
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1007/JHEP07(2011)018
http://dx.doi.org/10.1103/PhysRevD.84.074025
http://dx.doi.org/10.1103/PhysRevD.84.074025
http://dx.doi.org/10.1103/PhysRevD.84.111502
http://dx.doi.org/10.1103/PhysRevD.84.111502
http://arXiv.org/abs/1208.4605
http://dx.doi.org/10.1016/0550-3213(85)90285-8
http://dx.doi.org/10.1088/1126-6708/2005/09/079
http://dx.doi.org/10.1007/JHEP03(2011)027
http://dx.doi.org/10.1007/JHEP03(2011)027
http://dx.doi.org/10.1016/S0550-3213(97)00703-7
http://dx.doi.org/10.1016/S0550-3213(97)00703-7
http://dx.doi.org/10.1007/JHEP11(2012)162
http://dx.doi.org/10.1007/JHEP11(2012)162
http://dx.doi.org/10.1103/PhysRevD.84.075011
http://dx.doi.org/10.1103/PhysRevD.84.075011
http://dx.doi.org/10.1016/0550-3213(88)90019-3
http://dx.doi.org/10.1016/0550-3213(88)90019-3
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.014
http://dx.doi.org/10.1016/j.nuclphysb.2005.07.014
http://dx.doi.org/10.1016/j.nuclphysb.2009.07.023
http://dx.doi.org/10.1016/j.nuclphysb.2009.07.023
http://dx.doi.org/10.1103/PhysRevD.81.074023
http://dx.doi.org/10.1103/PhysRevD.81.074023
http://dx.doi.org/10.1016/S0550-3213(96)00589-5
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1007/s100520050158
http://dx.doi.org/10.1007/s100520050158
http://arXiv.org/abs/1210.0195
http://dx.doi.org/10.1103/PhysRevD.85.034011
http://dx.doi.org/10.1103/PhysRevD.85.034011
http://arXiv.org/abs/hep-ph/9601359

