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ABSTRACT: We discuss an interesting class of models, based on strongly coupled Dark Mat-
ter (DM), where sizable effects can be expected in LHC missing energy (MET) searches,
compatibly with a large separation of scales. In this case, an effective field theory (EFT)
is appropriate (and sometimes necessary) to describe the most relevant interactions at the
LHC. The selection rules implied by the structure of the new strong dynamics shape the
EFT in an unusual way, revealing the importance of higher-derivative interactions previ-
ously ignored. We compare indications from relic density and direct detection experiments
with consistent LHC constraints, and asses the relative importance of the latter. Our
analysis provides an interesting and well-motivated scenario to model MET at the LHC in
terms of a handful of parameters.
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1 Motivation

Most of the information we have on Dark Matter (DM) is about exclusions and constraints.
In fact, beside evidence for its existence through the gravitational force, DM has not been
observed through any other interaction. Yet, these constraints have refined our perspective
on the dark sector, excluding baryonic DM, neutrinos and putting severe constraints on
the prototype electroweak WIMP. Collider experiments add to the list. In principle, they
constitute an important part of the DM search program, because uncertain astrophysi-
cal parameters play here a negligible role. Unfortunately, however, the information from
collider constraints is at times analyzed in a way that hinders a transparent physical inter-
pretation, so that a clear picture of what we have learned from colliders, is still missing.
On the one hand an effective field theory (EFT) analysis provides an interesting tool to
present these constraints in a rather model-independent fashion, in terms of a handful of
relevant parameters [1-5]. On the other hand, it is well known that the large kinematic
range accessible at the LHC complicates a consistent EFT analysis, so that specific or
simplified models seem to be necessary. Here we take the point of view that neither choice
is ideal, but that they rather offer different languages to test different classes of theories.
Indeed, the EFT allows, within its realm of validity, to test different broad UV hypotheses.
Whenever these hypotheses cannot be tested consistently, simplified models [6-10] can be



more useful.! The goal of this article is to sharpen our perspective on where this line has to
be drawn. So, instead of exposing situations in which the EFT description is inappropriate
(see already ref. [3, 4] or the more recent [13] and references therein for discussions on this
issue), we will identify and study the relevant cases where the EFT is useful and necessary.

Simple arguments of power-counting, symmetries and selection rules allow to relate
broad properties of the Beyond the Standard Model (BSM) DM sector to specific char-
acteristics of the EFT, without committing entirely to specific models, yet capturing the
most relevant features [14-19]. This is enough to reveal that strongly coupled theories
give sizable signatures, observable in non-resonant processes, well below the threshold of
resonant production of new (mediator) states (see e.g. ref. [20]). This is the perfect target
for analyses of LHC DM searches based on an EFT parametrization.

Strongly coupled models have certainly received comparatively little attention in this
context, a few reasons that come to mind are the difficulty of performing perturbative
calculations at strong coupling (see however [21] for a review of lattice techniques in this
context), as well as the observations that both the SM and the DM sectors appear to
be weakly coupled at low energies (for DM this is made explicit by the WIMP miracle).
Finally, strong coupling might seem at odds with the fact that both the SM fields and the
DM that is searched at colliders are inherently light, much lighter than the characteristic
scale mediating the SM-DM interaction. Interestingly, all these obstacles are naturally
overcome in the presence of approxrimate symmetries. A well-known example are the pions
of QCD that, although inherently strongly coupled, they are light and allow at low energy
for a perturbative weakly-coupled description through the chiral Lagrangian. This is a
consequence of (non-linearly realized) approximate chiral symmetry.

In a companion paper [22], we discuss similar situations, characterized by approximate
symmetries in the context of DM, and show that a generic and complete description of
strongly interacting DM might involve effective interactions in the Lagrangian captured
either by operators of dimension D = 6 or by operators of D = 8. The approximate
symmetries being considered correspond in practice to the case where DM is a pseudo-
Nambu-Goldstone Boson (PNGB) — if DM is a scalar — or to the case where DM is a
composite fermion or a Goldstino — if DM is a Dirac or Majorana fermion respectively.

Two important novelties characterize the discussion in ref. [22]. First of all is the use
of power-counting arguments to estimate the size of coefficients in the EFT expansion,
in relation with generic microscopic properties (such as couplings and symmetries). This
creates a hierarchy between different coefficients that, in some cases, can go as far as
overcoming the suppression associated with the EFT energy expansion: D = 8 effects
can dominate over D = 6 ones. In particular, in well motivated scenarios, high-derivative
operators that have not been considered previously in the literature, dominate the collider
phenomenology, still within the validity of the EFT description (i.e. D > 8 operators are
irrelevant). This fact, that required a BSM perspective to be appreciated, opens the door
to a new avenue for DM collider searches, that we explore in this article.

'Notice that the simplified models proposed so far are themselves EFTs [11, 12], so that the distinction
is not so sharp: here we use the mass of the lightest mediator as discriminant.



In this work, we study in detail different phenomenological aspects of scenarios based
on strong coupling and symmetries, and discuss the consequences of these power-counting
rules for DM searches. We compare direct detection (DD) experiments, expectations from
the relic density (RD), with LHC constraints from searches of mono-jets and missing en-
ergy, and discuss the reliability of our estimates. Indeed, we show explicitly how a strong
coupling implies that the EFT description can be used consistently in the context of the
LHC, thus avoiding the criticism related to LHC and the DM EFT (see also [23]). On
the other hand, we will discuss how, despite the EFT being suitable for LHC analyses,
different effective theories are relevant at different energy regimes, thus compromising the
comparison with RD and DD experiments. Indeed we show how approximate symmetries
imply strong coupling at high-energy, while small symmetry breaking (weakly coupled)
effects can dominate at small energy, such as those relevant for DD and RD. This high-
energy /low-energy dichotomy will provide a new important ramification in the way we are
used to combine information from different experiments, as we show in this paper.?

In section 2 we review the effective Lagrangian for DM and its symmetry structure;
in section 3 we discuss, in turn, constraints from the LHC, the RD, and DD experiments.
Appendix A contains an extensive comparison of our notation (based on Weyl spinors) with
the traditional one based on Dirac spinors, as well as additional details of our computations;
appendix B describes the collider analysis.

2 An EFT for strongly interacting DM

The EFT is typically associated with an expansion in inverse powers of M, the physical
mass scale characteristic of a new sector, so that

pOi
1,D

where pO; is a field operator, of mass-dimension D, involving light fields only, which in
our case correspond to the SM fields and the DM. Here, ¢;’s are the Wilson coeflicients
that scale as

¢; ~ (coupling)™ 2, (2.2)

where n; is the number of fields in the operator p@;. This behavior eq. (2.2) can be
established unambiguously from a bottom-up perspective by restoring the appropriate di-
mensions in powers of i # 1 in the Lagrangian® [14-18, 20]. In practice, we are mostly
interested in operators contributing directly to SM + SM — DM + DM, most of which
contain 4 fields only: in this case ¢; ~ (coupling)?.

2In a similar spirit, ref. [24] discusses how Renormalization Group (RG) effects from the high energy
scale (relevant for LHC) to the one relevant for DD can flow between different EFTs. The effects we discuss
here are however of a different kind and are more prone to model-dependent parameters, thus genuinely
compromising the comparison. Moreover, in section 3.3 we argue that RG effects are subdominant w.r.t.
symmetry breaking ones.

3Tt is easy to see that £ ~ i' and fields scale as ® ~ h1/27 while couplings scale generically as go ~ ffl/Q,
so that the genuinely dimensionless expansion parameter is go®.



The expansion in eq. (2.1) is valid only if the condition
E/M < 1 (2.3)

is fulfilled, where FE is the relevant energy of the experiment. Now, the problem is that,
from a low-energy perspective, we only have access to the combination § = ¢; EP~4/MP~4,
So, for an experiment with a given sensitivity to J, the EFT validity condition eq. (2.3) is
fulfilled only for large enough ¢; > ¢ or, in other words (cf. eq. (2.2)) only in theories with
a large enough coupling [20]. This fact, in combination with the bias that the DM sector
be weakly coupled, has led great part of the DM community to distrust analyses based on
DM EFT.

In this article we discuss theories with large Wilson coefficients ¢;, because the underly-
ing dynamics is strong, so that sizable effects are compatible with the EF T assumption. Dis-
cussing strongly coupled theories does not necessarily imply explicit calculations in explicit
or simplified models: broad BSM assumptions can be captured by an adequate power count-
ing, such as in eq. (2.2), which allows to estimate the size of EFT Wilson coefficients. This
estimate is discussed in a companion paper [22]; here we recall the underlying assumptions:

i) The SM couples to a new sector, characterized by one mass scale M > mpy, corre-
sponding to the physical masses of resonances in this sector, and one coupling g. that
characterizes the self-coupling of this sector and its coupling to the SM and to DM.4

i1) The new sector respects the following (approximate or exact) SM symmetries, namely
gauge SU(3)c x SU(2), x U(1)y, CP, Flavour U(1)°, custodial SU(2);, x SU(2)g,
Baryon U(1)p and individual Lepton number U(1)r,,,. We will also assume that
the new sector respects a DM stabilizing symmetry and that, if DM is a Dirac fermion,
it respects DM chiral symmetry.

iii) In addition to these linearly realized symmetries (which are manifest even in the SM),
spontaneous symmetry breaking can account for the existence of other symmetries
in the broken phase, preserved by the new sector. At high energy such symmetries
will be manifest.

The spontaneous breaking of a global symmetry G to a subgroup H C G deliv-
ers naturally light (P)NGBs, whose leading interactions are characterized by higher
derivatives [25, 26]. This is a consequence of nonlinearly realized G/H.

In a similar way, the spontaneous breaking of supersymmetry delivers a light (Majo-
rana) fermion: the Goldstino. In the limit where all other supersymmetric particles
are heavy, Goldstino interactions arise first at the level of D = 8 operators and involve
higher derivatives [27-29].°

4This simplistic picture with one BSM scale, one BSM coupling, and symmetries, is certainly re-
ductive w.r.t. realistic scenarios, but it represents a good approximation even in systems with multiple
scale/couplings, in the limit where one coupling/scale is much larger than the others.

®See also ref. [30] and references therein.



Fermionic dark matter
Unsuppressed Suppressed
Name Operator Wilson coeff. | Name | Operator Wilson coeff.
6Fy x'orxyie, cy, gz /M?

6]-"13 xxHTH c%y?mx/lw2
G‘ngp XM X B chlBipg*7””X/M(2
sFY | xer o xliauDy | Cyg?/MY | sFL | xxguH | ClgPyymy/M*
sFY' | xlorxDia D | ClLg2 /Mt | sFL | xwuxH | CLgPygmy /M
sFv | xarax Ve vee Cv@2/M* | sFl | xxVevem | Chg?m, /M
sFu | X'o*0"xD,H'D,H | Crg?/M*

Table 1. Effective operators characterizing DM — SM interactions at D = 6 and specific to 2 — 2
processes for D = 8, and the largest possible coefficients allowed by our power-counting rules, as
discussed in ref. [22]. Operator nomenclature as follows: the subscript denotes what particles DM
couples to and the supscript refers to the particular properties of the operator, ¢ denotes symmetry
breaking effects while S, V, T betray the structure of a scalar, vector or tensor mediator respectively,
4P for dipole-type operators. In the text c;(C;) is the Wilson coefficient of the D = 6 (D = 8)
operator ¢JF; (sFi).

These assumptions are respected by the new sector alone, but can be broken by the
couplings of the new sector to either the SM or DM. For instance, the SM introduces
more than one coupling (violating i)) and the hypercharge coupling ¢’ breaks custodial
symmetry (violating 4i)). Similarly, a DM mass breaks chiral symmetry if DM is a Dirac
fermion (violating #i)) and it breaks the non-linearly realized symmetries if it’s a scalar or
Majorana fermion (violating #ii)).

The way this can be put into use is the following. We write the most general effective
Lagrangian capturing interactions between the SM and DM (both in the fermion and in
the scalar case), including operators up to D = 8 (the reason for this will become clear a
posteriori — see also discussion in [22]). Then, interactions that preserve all the relevant
symmetries can be thought as genuinely originating from the strong sector, and the power
counting of their coefficients ¢; will genuinely follow eq. (2.2), in terms of the strong coupling

~ 'I’L,L'—2
Ci = gx .

On the other hand, terms that break one of the symmetries in %), i) will
pay a price proportional to the associated symmetry breaking parameter. For instance,
for scalars of mass-squared m?, terms that break the associated non linearly-realized G /H
symmetry will be proportional to m?/M?, while for Dirac (Majorana) fermions, terms that
break chiral symmetry (non-linearly realized SUSY), will be suppressed by m/M. This
is the crucial ingredient for our high-energy/strong-coupling, low-energy/weak-coupling
dichotomy: terms that preserve the symmetries have more derivatives and grow at high-
energy, while they become small at low-energy, where symmetry breaking effects (which

have less energy dependence) can be comparable.



Scalar dark matter
Unsuppressed Suppressed

Name Operator Wilson coeff. | Name Operator Wilson coeff.
oS | 610,00ty Y@M | oS | [ePevH | gty
oS | 0u0l0ng|H | gt /M? | oSy | ISPIHP | chgim? /M
65" | 0u0'0,0B" P g/ M?
ST | orslorevta Dy | Clg2/u

555 | 0"010,000H | Clg2yy/M*
sS¢ | oloevaver | CEg2 /MY | s | |ePVaver | Clgim3 /MY
sST Hpto Ve VP CFg?/M*
sSi | 9"¢'0,9D"HID,H | Cpgl/M*
88t | 9#910"¢Dy, H' D, H | Chg?/M*

Table 2. Same as table 1 but for scalar DM, with operators denoted S.

We summarize the results (explained in more detail in ref. [22]), in table 1 when DM is

a fermion and in table 2 when it is a scalar, separating suppressed and unsuppressed effects,

and using a notation based on Weyl spinors, where the coefficients ¢; are matrices mixing

different chiralities (appendix A is dedicated to a comparison with Dirac notation). Tables 1

and 2 report the maximal possible value of the Wilson coefficient, where ¢, C ~ O(1) but,

depending on the particular choice of G/H if DM is a scalar, and depending on whether it

is Majorana or Dirac DM if it is a fermion, some terms might be forbidden ¢, C' = 0. The

most interesting cases are [22]:

If DM is a Goldstino (see e.g. [31, 32] and the discussion in [22]), cg = 0, and the
only genuinely strong interactions are at D = 8 [27-30, 33, 34].

If DM is a (real) scalar from an abelian SSB pattern U(1)/Zy [35-37], then the

S _

D = 6 Lagrangian is penalized: cQ‘Z =cy = cdgp = 0 vanish, and Cy» Cp are further

suppressed by mi /M2

For scalar DM, cl‘;, c;gp

non-abelian SSB, such as SU(2)/U(1) [21, 38-41]. On the other hand c3, Ci), Ci[ are
further suppressed, unless the generators associated with DM and those associated
with the Higgs do not commute, such as in SO(6)/SO(5) [42-44] or larger [45, 46].

can be non-vanishing only if (complex) DM originates from a

For simplicity, tables 1 and 2 make the optimistic assumptions that SM fermions are
fully composite; in case they are only partially composite [47-49], operators involving
SM fermions v, are suppressed by the degree of compositeness fi.ﬁ

SIn fact in composite Higgs models based on partial compositeness, a favorable situation is when only

the right-handed top quark is fully composite [50-52], while the mixing of lighter fermions to the strong

sector is suppressed; see ref. [53].



e Finally, operators involving gauge-boson field strengths V), can be sizable only if
the SM gauge boson realize the paradigm of deformed symmetry — Remedios — of
ref. [19]. If instead the transverse polarizations of gauge bosons are elementary, op-
erators involving two field strengths will be suppressed by ~ g% /g2 (and additionally
by ~ g2/1672 if the underlying theory is minimally coupled [18]).

A few further remarks are necessary. First of all, for generic Wilson coefficients ¢;, ta-
bles 1 and 2 include all D = 6 (or smaller, depending on notation) operators connecting the
SM with a pair of DM fields; partial integration, field redefinitions (that eliminate operators
proportional to the leading equation of motion), Bianchi and Fiertz identities, have been
used to focus on a smaller set of operators, in agreement with previous literature [54, 55].
The same is true for operators classified as D = 8, although in this case we have focussed
on direct contributions to 2 — 2 scatterings, which typically constitute the most favorable
processes to test SM-DM interactions (see ref. [22] for more details on these criteria). If
the gauge vectors are composite, however, the additional unsuppressed structures

93 93 “
SEEHM — 7r/}nonoﬁzXT@-MX TZ)Ta'yTadJVa#V + CEOHOVZXTE'/LX HTD,,TGH Wan (2'4)

for fermion DM, and
3 e 3 o o
sLOM — C{;Oﬂ‘)%qﬁ 0,601 a, TPV er 4 Cg‘m%wam HID, s HW™ . (2.5)

for scalar DM, contribute directly to SM + SM — DM + DM + SM and could play a
role in DM searches at the LHC, as we will discuss in the next section.

Secondly, our construction assumes that the SM itself emerges from the new strongly
interacting sector, along the lines of refs. [18, 19], a possibility that has only received a
partially rigorous phenomenological treatment. Leaving a detailed analysis of this for future
work, we envisage here that a small suppression of the SM couplings to the new sector,
and an enhancement of the DM ones, might suppress effects in SM — SM processes in
favor of SM — DM ones (see [56] for a thorough discussion of this in explicit Z' models)

Finally, the reader might wonder why we are not discussing (linearly realized) super-
symmetry, as a raison d’étre for naturally light scalars. The main reason is that our
working hypothesis includes in the light spectrum only the SM fields and DM. A spectrum
with only a light scalar DM (mg ~ few GeV) and multi-TeV fermionic partners implies how-
ever a precise cancellation between the SUSY-preserving and SUSY-breaking mass terms:
a tuning analogous in spirit to the pu-B,, problem in the MSSM with a multi-TeV Higgsino.
We believe therefore that this scenario might be a better target for SUSY simplified models,
with a complete chiral multiplet in the light spectrum, rather than our EFT description.”

3 Comparison with experiments

In this section we discuss the implications of our arguments for DM searches, focussing
first on collider experiments (which motivates our analysis in the first place) and turning

"Moreover, since SUSY does not commute with custodial symmetry, it is unlikely that the Higgs takes
part in strong supersymmetric dynamics in the few TeV range.



to DD and the RD below. A global perspective on the results is given in section 3.4, to
which the reader can skip if not interested in a schematic discussion of the analysis (details
are postponed to appendices A and B). We focus on LHC processes involving light quarks
and gluons, which provide at present the best sensitivity in cases where the DM couples
to colored particles. Electroweak-DM processes were instead studied in refs. [57-60] in the
EFT framework. It will be interesting to extend this to our strongly coupled perspective,
that might betray a well-motivated relation between the DM sector and the mechanism of
electroweak symmetry breaking. It is plausible that a large DM-Higgs coupling might have
more important effects than a weak DM coupling to fermions, and overcome the prejudice
that QCD processes have better sensitivity. An additional example is provided by the oper-
ators S fl and 68{2’ 7 Which, as studied in [43], reveal the importance of symmetry breaking
effects for RD and DD computations. We leave a thorough analysis of this to future work.

3.1 Monojet at LHC

At the beginning of section 2 we have highlighted the difficulties of ensuring that DM
analyses are consistent with the EFT assumption. These difficulties were of two kind:
the conceptual need of relying on BSM assumptions to discuss EFT validity (we have
addressed this point above), and the technical need of performing DM searches in a way
that keeps track of the information about the relevant energy of the process. We do this
using a procedure in which signal samples are repeatedly generated and analyzed with
different upper cuts E = /5 < M/, in the center-of-mass energy of the process (see
refs. [20, 61] but in particular ref. [23] that discusses this in the context of DM).® For
each cut M!

i, a signal 0% is generated for a given operator for reference values of the

parameters M = 1TeV, g. = 1, etc , and then rescaled accordingly: for instance the signal
of operator 6]-'1‘; scales as 0 = g2(1TeV/M)%s"¢/. In this way, for each M
constraints on EFTs which themselves satisfy M > M

cut»

uts We can put
in a consistent way. Here we
chose to saturate M = M(, for illustration, although larger values can be used to increase
the reliability of our constraints [20]. This allows us to extract for every operator pO;
consistent constraints in the plane (M, ¢;) where ¢; is the Wilson coefficient, or similarly
in the plane (M, g.), using the power-counting of ¢(g.) described in the previous section.
The important aspect is that the constraints obtained with this additional cut are always
conservative, independently of the specific UV completion, and also for M well within the
kinematic range accessible at LHC. This follows from the fact that the signal cross section
in the complete theory oirye splits as otrue = Ttrue(E > Meyt) + Otrue(F < Meyt), where
Otrue(F < Meut) = oppr(E < M) is well approximated by the EFT, while o¢ye(E >
M.yt) always contributes positively to the cross section in a given kinematic region, so that

Otrue > UEFT(E < Mcut)7 (3'1)

and the EFT is always conservative, see ref. [23].

SRef. [62—-64] proposed a similar method to estimate a posteriori whether a given measurement based on
the EFT parametrization is reliable. Moreover, as noted already in the literature, there are different energy
scales that can be associated with the hard process. Here we chose the largest, which is § and leads to the
most conservative analysis. Other choices (e.g. t), might give stronger constraints, but always imply specific
assumptions about the UV physics (for instance [65]), which are not necessarily met in our generic analysis.



We use this technique to recast the results of (multi- and) mono-jet searches in asso-
ciation with missing transverse energy at the LHC [66-72]. In practice, we compare the
data of ref. [69] with different signal simulations, analyzed assuming different values of the
cutoff Mcyt. Technical details of this recast study (which contains some novelties w.r.t.
previous literature, due to the presence of multiple hard jets in the original analysis of
ref. [69]), are discussed in appendix B. The results are shown in figures 1-4, and discussed
in section 3.4 below.

3.2 Relic density

Here we discuss the information that can be extracted on the new sector, from analyses
of the RD, according to the standard freeze-out paradigm. In the early universe, DM
particles are kept in thermal equilibrium through their interactions with the SM thermal
bath, until the thermal kinetic energy of lighter particles drops below kinematic thresholds
and the expansion of the Universe dilutes the number density of heavier particles in such
a way that their annihilation processes become less and less frequent. Eventually, heavier
particles freeze-out and their number density, no longer altered by interaction processes,
remains constant. The physics of the freeze-out is well-known, and can be summarized by

10726 cm3 /s

Qpuvh? ~
M <0Urel>

, QDMhQ\ObS = 0.1199 £ 0.0027(68% C.L. [73]) (3.2)
where (ouvye) is the thermally-averaged annihilation cross section times relative velocity
Urel, 2DM = ppM/ pe is the ratio between the energy density of DM and the critical energy
density of the Universe, h = Hy /(100 km/s/Mpc) is the reduced value of the present Hubble
parameter Hy.

The cross section can be written generically as (gvye) ~ a2DM /m2DM7 where apy has
dimensions of a coupling and is evaluated at the relevant scale for freeze-out, given by the

total energy in the center of mass frame,’

\/E = M ~ 2mDM7 (33)
1 - ’1)301/4

where (at freeze-out) vy ~ 1/3. Then eq. (3.2) reads Qpph? ~ 0.1 x (0.01/apy)* x
(mpy/100 GeV)?, an expression that lies at the heart of the so-called WIMP miracle
paradigm: a typical weak-scale coupling apy & ey, together with a DM mass of the order
of the electroweak scale correctly reproduces the observed abundance in eq. (3.2). For
our discussion it is important that the RD probes low-energy scales — as exemplified in
eq. (3.3) — where even the inherently-strong (but irrelevant) higher dimension interactions
of the previous section appear to be weak [22]. Indeed, a naive estimate (to be refined later)
for unsuppressed D = 6 operators (scaling as ~ g2/M?) implies that o, ~ g2s/M? and

4\ 5GeV) 2 M O\*
D=6: Qpuvh? ~ 0.1 — . 4
bM 0-1x <g*> % ( MDM ) % <3T6V) (3.4)

9Note that the validity of the EFT during the freeze-out epoch requires 2mpm/4/1 — 02, /4 < M, a

rel
condition that is always fulfilled according to our construction.



This clearly shows that a strongly coupled light DM belonging to a new sector around the
TeV scale fits well the observed abundance.

Given that at freeze-out vy ~ 1/3 is a relatively small number, the estimate in eq. (3.4)
can be refined with a simple analysis of the non-relativistic limit of DM-DM scattering,
searching for velocity-suppressed effects. An expansion of the amplitude in partial waves
implies ove] = >, avaeLl =ar—o + aL:wfel + angvfel + (9(1}?61)7 where the L =0, L =1
and L = 2 terms define respectively s-wave, p-wave and d-wave.'? After thermal averaging
at temperature 1" one obtains,

2

+ 60 ajr—=9 P
mpMm mMpm

(OVrel) = ap=0 +6ar=1 + - (3.6)

Since T' &~ mpy /25, this implies that processes in p-wave are suppressed to ~ 25 % w.r.t.
s-wave, while d-wave to 10 %.

Whether or not an operator can mediate s-wave scattering, can be inferred from the

C and P properties of the state it sources: C' = (—1)1+9 S being the total spin, and P =

(—1)E+! for fermions, P = (—1)* for bosons (see ref. [74] for a review in the context of DM).

11

)

In our basis only the following (non-relativistic, in Dirac notation'') DM bilinear operators

can source a state with the appropriate C' and P quantum numbers corresponding to L = 0:
Fermionic DM:  xv'x, x7°v°x, ix7°x, Scalar DM:  8,0'0"¢, ¢l¢. (3.7)

Moreover, it is important to remark that the contributions from operators involving the
SM bilinears ¥~°¥ vanish for charge conservation, while ¥y°7°¥ vanish in the massless
quark limit (since in that case chiral symmetry is exact and the associated current is con-
served). Finally, the traceless part of operators involving the tensor structures xv*0"x and
Ot T ¢ has total angular momentum J = S + L = 2 and implies that for scalars (S = 0)
the corresponding amplitudes are d-wave suppressed, while for fermions (S = 0,1) they
are at least p-wave suppressed. These remarks are sufficient to keep track of p- and d-wave
suppressions in DM annihilation and we summarize their impact in tables 3 and 4.

We can now repeat the estimate of eq. (3.4) for D = 8 operators, using apy ~ g2s2/M*
and taking into account the fact that most of them suffer a p-wave suppression,

47\*  /60GeV\° M \®
D=a=.8: Q 22401 — _ . .
8 pMmh 0.1 x (g*> X < o > X (1TeV> (3.8)

0The correspondence between total orbital angular momentum L and velocity vrel can be understood
considering the representation of a plane wave propagating with absolute momentum |p] in direction € in
terms of Legendre polynomials P, and spherical Bessel functions jr,

(p,0)7) = 1717150 = NG (2L + 1) i, (|p1]&]) Pr(cos ) . (3.5)
L=0
The argument of j;, is proportional to the velocity, and for small values jz(y) ~ y*/2FT(1 + L), with I'(z)
the Gamma function; hence the expansion in powers of v2% in the non-relativistic limit.
"1YWhen discussing RD and DD, we use Dirac, rather than Weyl notation, in order to comply with the

relevant literature on the subject; a detailed translation can be found in appendix A.
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Fermionic dark matter
DM-SM interaction RD DD LHC
Effective operator ‘ chiral decomposition OVrel os1 A
Composite fermions
(X" x) (U7, ¥) gim? JAT giun/M*
- = # Ty
B tanants (X720 (977" ) x p2p2
wzxX' ot xylauy — s iz
(X7 x) (Y7, ¥) 4 X
_ 5 — 5 g*mx rel/M
X" x) (Y7uy’¥) X
Goldstino dark matter
(X709 X) (97,0, ¥) L
2ad 4 M8
=
SOV ST 5
X5, Dy 0" 0"X) (Y0, %) gimvia /M* .
(X7"7°0"x) (97,8, ¥ + h.c.) x L
— E
(X7"7°0"X) (077" 0,V + h.c.) x G
2 L o XYY x) (8" 9) 7. (8, 9)] X
(D (D)) o T T gimS v, /M
XY " x) (07 W)y’ (9. 9)] X
2 1 mim
TR AL TALR X7 (0" X) Vi Vit Rl s
Composite gluons
42 m 777,2 Qm 3
]u4 Va vy XX‘/;:IVVG e g*mx rel/M8 g*MNjwééx T = ]M)ELE
XV XV VP gimu2, [ME | LAy |
P AL Y TR i L
X7 XV, Vi 0 x

Table 3. Summary table in the case of fermionic DM. We list the effective operators relevant
for our phenomenological analysis, together with their chiral decomposition (see appendix A for
details). For each operator, in the last three columns we highlight the parametric dependence — as
a function of DM mass m,, coupling g., and effective scale M — of the annihilation cross section
times relative velocity ovye (relevant for the computation of RD), spin-independent (unsuppressed)
DM-nucleon elastic scattering cross section ogy (relevant for DD), and scattering amplitude for DM
production at the LHC.

Interactions mediated uniquely by D = 8 operators are, as expected, rather weak during the
freeze-out era and tend to overproduce DM unless M is small enough or the DM is heavy
enough. This should however be taken with a grain of salt. First of all, as we will discuss
later, as long as these symmetries are not exact, symmetry breaking effects play an impor-
tant role in explicit models. Secondly, information from the RD depends on the detailed
cosmological history (e.g. late-time entropy releases can dilute DM overdensity) and should
be taken as an indication to orient collider searches, rather than a constraint on the model.

In what follows, we provide detailed expressions of all the relevant cross sections.
Fermionic DM

D=6. At the leading order in the 1/M expansion we find only the operator ¢F, V' captur-
ing DM interactions with light quarks. In the limit m, = 0, in agreement with the scaling
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Scalar dark matter
DM-SM interaction RD DD LHC
Effective operator chiral decomposition O Urel os1 A
Complex scalar from SU(2) — U(1)
=
2 22 (QSTaM(b) \117#75\1/ X 2 2
ey L 0 wiory o g /M %
(¢10u0p) Uy gutin /M
Real scalar from U(1) — 25
k=3 a2 2
ot 97} (U, D, ¥ G NN
Cl Z2016T0" $1a, Dy f D) Gam v /M M
8{M¢Tay}¢(\1’7u75DV‘I’) X giE*
S g2 t a Yyapv 4, .6 8 gﬁufvmémfv Mt
CV ]\4*4 8“¢ au¢vpyv r o g*mx/M M3
CL 2 0np10” Ve Ve — gimbul /M8 | SN
Table 4. Same as in table 3, but in the case of scalar DM.
in eq. (3.4)
ey 2gamy g,
O-Urel|[6]:u‘ﬂg,4 = UUre1|[6]:d\}/]5V = Wa
V2 4.2 2
OUrel|[. 7D = OUpell pvip = v g*mX(G * el (3.9)
[6-7:¢ v [6]:111 Iva 2w M4 ’

where the different results correspond to different chiral structures (AA, VV, AV, V A) for
the coeficients c};, see appendix A. In eq. (3.9) we added to the operator name [6]:1‘11/ | two
additional indices outside the square bracket. The lower one refers to the chiral structure,
the upper one to the nature — Dirac (D) or Majorana (M) — of the DM particle. The
cross sections in eq. (3.9) refer to Dirac DM. If DM is a Majorana particle, the vector
bilinear ¥7*x identically vanishes since ¢ = x: in this case the annihilation cross sections
corresponding to the operators [6]:1‘; lyv and [6]:1}}/ ]y 4 vanish while that for [6.7:1‘{ |ay and
[6]:3/,/ |44 must be multiplied by a factor of 4 since the number of diagrams in the scattering
amplitude — fermions being equivalent to anti-fermions — doubles.

D=8. We consider the D = 8 operators in table 1 mediating DM interactions with
quarks and gluons. For DM interactions with gluons, V = G, the relevant operators are
8.7-'(’5, which breaks chiral symmetry and is suppressed by the DM mass, and gFg, which
comes in two different chiral structures (V and A — we refer, again, to appendix A for
expressions that include the explicit chiral structure). Note that in our analysis we do not
include operator involving dual field strengths; as a consequence, CP invariance restricts the
spinor contraction yy in 8]—"G’5( to the chiral combination [8Fé]v without 7°. Furthermore,
in gFg we consider the traceless combination G¢,Gv” — Gf, G — gj‘T”GggG“ P9 in order
to single out a genuine tensor structure in the gluon field. We find

2
160"}‘ gi‘mgv?el

M8 ’

14Cag§m§<vr2€1
3TM8 ’

(3.10)

O'/Urell[g]_-é]e = O"Ure]’[g]_-G]e =
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while the axial combination

20‘2,gfm6v41
Uvrel|[8]:G}E [ p— 57TM§ re , (311)

is d-wave suppressed as can be understood from our arguments below eq. (3.7) (see for more
details the discussion before eq. (A.32) in the appendix). As mentioned above, for Majorana
fermions the cross sections are four times larger. Notice that the structure xxV;, V**
exhibits the same functional dependence on DM mass and coupling if compared with the
genuine D = 8 operator [sF¢|y. This is due to the fact that the former has an explicit mass
suppression due to the chiral breaking in the DM sector, while the derivative couplings in
the latter pick up, when contracted with the corresponding external momenta, the DM
mass.

For DM interactions with fermions, we focus on the operators 8.7-"1‘; and gF’, and
neglect operators suppressed by the small SM Yukawas (we have checked that for the case
of operators proportional to the top or bottom quark Yukawa, the LHC is not able to
provide constraints consistent with the EFT expansion, even in the limit g, ~ 4w, for
this reason we will not discuss these operators in what follows). Moreover since the most
interesting scenario to consider these operators is that in which the DM is a Goldstino,
which is a Majorana fermion, it is worth in this case focussing on Majorana DM. Then

8Cq2pgfm§<vfel
Uvrel‘[BfX]éAv = O'Urel|[8]_—1§)/}0/1‘4 =2 O-Ure”[&}-,l;/]yv =2 O-Urel‘[B-FX]CAA = W . (312)
and 320;2947116 v,
*TUX e
O—Urel’[g]fd‘)//]ﬁ’lv = O—Urel’[g]:l\z)//m/tA = —7TM8 . (313)
Scalar DM

D=6. At the lowest order, interactions with SM quarks arise from the effective operator
681‘; in table 2, which appears in two versions, depending on the SM fermion chiral structure

(eq. (A.3) in appendix A). We neglect the Yukawa-suppressed effect 685) which (as we
commented for the fermion case) cannot be accessed at the LHC; the important impact of
this operator for the RD and DD experiments has been discussed in [43] in the context of
the SO(6)/SO(5) model.

From our arguments around eq. (3.7), the effects of 683; are always p-wave suppressed
for DM-annihilation in the early Universe. Explicitly, in the limit of vanishing fermion
masses,

i,
VT onMA
Note that the operator 68}; is non-vanishing only for complex scalar DM. In eq. (3.14), we

(3.14)

('J'Ure1|[65;7’\1)/]104 = O"Urel|[681\p/]

added an extra upper index to distinguish between real (R) and complex (C) scalar DM.

Finally, it is worth emphasizing that 68}; gives the same cross sections obtained for the
operators [6]-"1‘; laa,av: in the computation of the RD the only difference between scalar
and fermionic case is the number of internal degrees of freedom, which equals to 4 for a
Dirac fermion and 2 for a complex scalar.
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D=8. We consider the D = 8 operators in table 2 mediating DM interactions with
quarks and gluons. As far as interactions with gluons are concerned, we find again two
structures, sS5 and sSE. As before, in §SZ the traceless combination Ge Gy — GG —
gﬁ‘T“GggGa’” is understood. We find

C'(S; ngmg(él + 5Urel) B 205 ngm(bvfel
A7 M8 ’ el ’855 N 157 M8

U”rellgsg = (3.15)
If compared with the fermionic case in eq. (3.10), note that the operator 8S2, responsible
for DM interactions with the scalar gluon current G}, G**”, does not suffer from a p-wave
suppression. This is a consequence of CP properties of the initial scalar state. The tensor
structure 885 , on the contrary, exhibits the expected d-wave suppression.

Interactions with SM fermions are described by the operator 88}5 . Assuming CP
invariance, two combinations are possible — V and A — depending on the chiral structure

in the SM current,
B CTZg*mqﬁvf}el (3 16)
10mM8 ’

The annihilation cross sections are d-wave suppressed, as expected given the tensor nature

O’Urel‘[sgﬁv = UUr61|[SS$}A

of the SM current in the final state (see our arguments around eq. (3.7) and appendix A).

3.3 Direct detection

DD of DM can occur through elastic scattering between an incident DM particle and a
nucleon N in a nucleus at rest inside the detector. Experiments based on a Xenon target
— such as XENON [75] and LUX [76, 77] — use liquefied ultra-pure xenon as a scintillator;
interactions inside the xenon create an amount of light, subsequently captured by layers
of photomultipliers, proportional to the amount of energy deposited. The nuclear recoil
energy EnNp = %(1 — cos @) for which these experiments have maximum sensitivity is
of order Exg ~ 3 + 25 keV, where v = |0| = |Upm,in — UN,in| is the relative incoming
velocity between DM and nucleon, uny = mpumy/(my + mpu) the reduced mass and 6
the scattering angle. Then, assuming a Maxwellian DM velocity distribution with vy = 220
km/s, escape velocity vese = 544 km/s, and Earth average velocity 245 km/s, gives a lower

> 8GeV that can be detected in these experiments. Given

~

bound on the DM mass m,,
how stringent DD constraints can be, this motivates LHC searches for light DM particles
that is the primary focus of this article.

More recently, the CDMSLite [78] and CRESST-II [79] experiments lowered the thresh-
old for DM detection. The CDMSLite experiment uses cryogenic germanium detectors to
amplify the phonon signal while the CRESST-II experiment uses cryogenic detectors with
crystals of calcium tungstate cooled to mK temperatures. As a result, strong competitive
limits were obtained for DM mass in the range 1 — 8 GeV.

The typical velocities v ~ 1073 are well within the realm of non-relativistic mechanics,
where the kinematics of DM-nucleon scattering can be described by the following quantities:
the DM and nucleon mass, mpwm, my, = m, = my = 1 GeV (and their combination, py);
the vectors for velocity ¢ and momentum transfer ¢, and the (parity even) pseudovectors
for nucleon and DM spin Sy, 5, when DM is a fermion. As a matter of fact, amplitudes
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that are proportional to ¥ or ¢ are suppressed and subleading in DD experiments, and we
will neglect them.'? On the other hand, amplitudes proportional to 5y contribute only
to spin-dependent detection experiments, whose constraints are significantly weaker than
spin-independent ones, and will also be ignored. Finally, the SM + DM — SM + DM
amplitudes we are interested in, are at most linear in the DM spin §,, but rotational
invariant combinations that include 5, necessary include a product with one of the above-
cited vectors, and will hence also be neglected.

We are therefore interested in amplitudes that depend at leading order only on the
DM and nucleon masses and on none of the above-mentioned (pseudo) vectors. Now,
all relativistic operators include, in the non-relativistic limit, a matrix element where the
contribution from the DM bilinear transforms as a scalar (e.g. the time-component of
xo#x) and can potentially have unsuppressed interactions. It is easy to see, however, that
all structures that in Dirac notation contain a -5 will be odd under parity. In terms of the
above-mentioned quantities this can be associated only with the product of a vector (¥ or §)
and a pseudovector (5 or 5) and is therefore always suppressed (see refs. [80, 81] and [82]
for a review). For this reason DD experiments have their largest impact on structures
without 75 and we shall limit our discussion to those.!

Then it is very easy to estimate the size of the unsuppressed contributions to the
spin-independent cross section. For D = 6 operators we find generically'*

4103 4 (3TeV\!
—a. o BN 10738 a2 (&) ©
D=6: osL~ o 107°° cm” x yp ><< i ) ) (3.17)

up to numerical O(1) factors that depend on the particular nucleon constituents the DM
couples to. Note that in eq. (3.17) the dependence from the DM mass cancels out in py for
mpm > my =~ 1 GeV, a good approximation already for mpy 2 10 GeV. For DM masses
above the threshold mpy 2 8 GeV, and M in the multi-TeV regime, this estimate shows
that the presence of a strong coupling is not compatible with the typical ballpark of cross
sections tested by DD experiments based on xenon detectors [76], which imply

USI|obs 5 10_45 Cm2 . (3.18)

This estimate strengthens the connection between light DM — possibly below the kinematic
threshold for DD xenon experiments mpy < 8 GeV — and strong coupling naturally

~

provided by the framework of approximate symmetries [22]. Indeed, in the mass range

12See however appendix A.2 for a discussion about their impact if compared with LHC searches.

13As discussed in ref. [24], renormalization group (RG) effects from the scale M down to the scale at
which the experimental measurements are performed — that is roughly given by pux in DD experiments
— mix effective operators among themselves (in fact no symmetry, but only selection rules reflecting the
UV particle content, forbid the presence of a vector over an axial structure); for instance, the operator
X7 x v, flows to xv*x U7, ¥ thus generating a sizable coupling with the vector quark current in the
nucleon. In the strongly coupled models we consider here, we expect multiple resonances at the cut-off M
with different properties (similarly to QCD), so that in general all structure can be generated in the UV;
for this reason we focus on the leading order contributions and neglect RG effects.

Tn the text we refer to the computation of the DM-nucleon (rather than DM-nucleus) elastic cross
section, since the experimental results in [76, 77| are normalized w.r.t. this quantity.
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1 <mpu < 8GeV limits from CDMSLite [78] and CRESST-II [79] imply osi|obs < 10738 —
10~* em?, in better agreement with eq. (3.17).
A similar estimate for D = 8 operators, whose contribution to the amplitude is sup-

pressed by an additional mpymy /M2, gives

2

4,2 2 4 9 TeV\ 8
Q. I« BNTDMMN 144 2 <g*) < mpMm ) 1Te
D=s8: ~ 22N DM NV~ ] el (31
JS1 3 0 cm” X X 60 Ge X (3 9)

Similarly to calculations for the RD, DD experiments have access to D = 8 operators only
for rather small M or large enough DM mass. We summarize these estimates in tables 3
and 4 and in what follows we provide more refined expressions. We parallel the sterile
presentation from the previous section on RD, and include more details in appendix A. In
particular, for completeness, in appendix A.2 we compare mono-jet LHC searches and RD
with spin-dependent and suppressed spin-independent DD cross sections.

Fermionic DM

D=6. For operator 6.7:1‘;, only the V'V structure — non vanishing in the case of Dirac
DM — gives relevant constraints, with

| _ 99ty
08I 6Fy 1Dy = aMA

(3.20)

where we assumed equal coupling with up- and down-type quarks, c}f = CZI/ = 1. Note that
this cross section falls in the ballpark estimated in eq. (3.17).

D=8. Similarly, for 8.7-"1})/ we consider only the chiral structure that has unsuppressed
effects in DD (without =5 in Dirac notation). In order to make contact with previous

literature on the subject [83], we rewrite it as!®

2

g - e 2
Cy W X" (0"x)] (‘Mﬁﬂf) =Cy

9x _ v 1 _ = 1
2 {op @) - ramocw} +0 (1)
(3.21)

0L, = =~ [97,(0,9) — (0, 9)7, T + U7, (0,9) — (3, 0)7 V¥ + imyg,, TT] | (3.22)

defines the so-called quark twist-2 operator whose nuclear matrix element (N |(’)ffl,]N ) is

known and can be parametrized in terms of the second moments ¢ () of the parton distri-
(N|mg ¥¥|N)

bution functions and the coefficients f}iv) = .

describing the light quark contri-
bution to the nucleon mass. We obtain
gepzmimis

MUIN S ST [30eay (0) + oy o)) + (£5) + 1527+ 1)

Y=u,d,s

USI’[SH{]C/‘V -

(3.23)

15Here we use the equivalence resulting from the equations of motion and add a mass-suppressed operator
that is always suppressed at high-energy; at low-energy, however, it has an O(1) effect on the result, captured
by the last 3 terms in eq. (3.23).
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where we assumed C,, = Cy = Cs = 1. In our analysis we use the numerical values quoted
in [84], evaluated at the scale pp = myz.'% Eq. (3.23) is valid in the case of Majorana DM
(in [83] the operator in eq. (3.21) was studied in the context of effective neutralino-quark
interactions). This is the relevant case in our analysis, since we consider the operator 8.7-"1})/
in the context of Goldstino DM.

The operator g F/,, on the other hand, is expected to play a role mostly in the Goldstino
case, where lower derivative terms are forbidden. In this situation, however, it is always
associated with the 5 structure (since for a Majorana fermion, like the Goldstino, xv.x =
0) and is therefore subdominant in DD experiments.

For interactions with gluons, the effect of the mass-suppressed operator 8]—"5 is well

known; with our power-counting we find

g = g =
stlirgip = 7 7Strgy STE

1 Cfglgmim} [ 8 (N)} i (3.25)
Let us now consider the operator g F¢, absent in previous literature. There are two different
chiral structures in the DM current, but only the one without the 4° — marked with a
sub-index V in the following — gives a stringent spin independent constraint. As already
discussed for the computation of the RD, we take the traceless part of Gszgp in order to
couple DM with a genuine tensor current. In the jargon of DD, the resulting combination
is known as gluon twist-2 operator 0%, = G% G.” — 19,,G%,G*"°. The nuclear matrix
element (N ]OEV\N ) at zero momentum transfer is known in terms of the second moment
of the gluon parton distribution function g)(uo) (evaluated at the scale g = mz) [84].

We find (see as usual appendix A for a more detailed computation)

1 C2g4 2 m2m2, [3 2
GI- Ny N[ g@)(m} (3.26)

USI|[st]5 ~ 1 USI|[8J’GW M8 2

Scalar DM

D=6. At the lowest order, interactions with SM quarks arise from the effective operator
681}}/ in table 2, which appears in two versions, depending on the SM fermion chiral structure
(eq. (A.3) in appendix A). For the vector interaction, we find

| 99t
ISH[6sy1S = T pgd

(3.27)

where we assumed equal unit coupling with up- and down-type quarks.

D=8. At D = 8, we have interactions with quarks and gluons, the former being captured
by the operator 885 . The computation of ogr closely follow what already discussed for the

1Formally, we have
1
oy (10) + Bay (p10) = / dwzlip(z, o) + B(@. o) (3.24)

where ¥(z, uo) and &(% o) are the parton distribution functions of quark and antiquark in the nucleon at
the scale po.
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operator 8.7-"1‘; since it exploits the properties of the quark twist-2 operator. We find

1

O‘SI|[85$}$/ = Z USI|[83$]7‘§ (3.28)
2
 glumimy 3 _ L/ ) V)
- SR Y Z(zp@)(uo)w(z)(uo)ni(Tu gl )

PY=u,d,s

Finally, scalar DM interactions with gluons are described by the operators 885v and 88%: .
We find

4,22 2 2
1 I HNTMINTVG | 8T ()
USI|[835]C = Z USI|[885]R = W |:9043 Ta 5 (329)
4,2 2 2 2
asl\[gsg;}c =1 USI\[SSQR = Ts‘i’ [49(2) (Mo)} (3.30)

3.4 Summary of results

From the discussions in section 2 and the construction of the effective Lagrangian in ref. [22],
we can compile a list of fundamental questions that deserve a phenomenological discussion.

For fermions:

(F1) What are the (g«, M) constraints if DM and the SM fermions are composite: 6}'}; ?

(F2) What reach in (g., M) have DM experiments, if DM is a Goldstino: 8]—"1(&/)?
(F3) What if the gluons are composite (according to ref. [19]): gFg?

Moreover it would be interesting to verify the consistency of the assumptions that led to

our construction:

(F4) D = 8 are small unless a symmetry differentiates them from D = 6: 6.7-"1‘; Vs. 8.7-"7‘; :

F5) Chiral symm. breaking operators can be neglected at LHC for light DM: gF, A vs.
(F5) y g op g g &
sFG-

(F6) If gluons are composite, can the operators of eq. (2.4) dominate: 6]-1/ vs g Fone?
Similar questions can be asked for scalar DM. In particular we are interested in

(S1) What are the (g«, M) constraints if DM is a multi-component PNGB and the SM
fermions are composite: 681‘; ?

(S2) What reach in (g4, M) have DM experiments, if DM is a PNGB of an abelian SSB
S, T T
pattern: S and 8S¢?
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F1 — composite fermions. The case of composite fermions 6]—"1‘; has already been dis-
cussed in previous literature (see in particular ref. [23] that uses our same power-counting);
we show our results in figure 1. It is interesting that EFT-consistent LHC searches exactly
exclude the light-mass region where the RD is correctly reproduced, and where DD experi-
ments have no access (recall also that DD constraints are mostly relevant for the V'V chiral
structure). This figure also shows in practice the necessity for a strong coupling: constraints
consistent with the EFT assumption only exist for a coupling g. 2 2 [22]. Notice that the
particular chiral structure of these higher dimension operators (solid versus dashed lines)
has little impact on the constraints away from threshold: this motivated our choice of Weyl

17 Finally, in this scenario (differently from what we will discuss

basis in the first place.
below) a single interaction dominates at all energies so that the complementarity between
LHC, RD and DD constraints, is solid. This is confirmed by the fact that, in this scenario,
the effects of D = 8 operators is small (question F4), as can be seen by comparing the con-
straints in figure 1 (on a D = 6 operator) with those in figure 2 (on a D = 8 operator with

the same field content): the latter are always poorer, meaning that their effect is smaller.

F2 — Goldstini. The case of Goldstini is novel to our analysis, we will therefore high-
light differences w.r.t. the previous case. Non-linearly realized supersymmetry suppresses
D=6 (6]:1})/) wrt. D=8 (8]:15}/)) operators; the former are suppressed by ~ m?C/M2 once
explicit SUSY breaking!® effects that give DM a mass are taken into account.

Beside the poorer collider reach on this scenario (figure 2), the most important aspect
of the Goldstino case, concerns DM complementarity. At the LHC, for £ > m, the D =8
effects, scaling in the amplitude as ~ g2 E*/M*, dominate over the SUSY breaking D = 6
ones, scaling as ~ gfmiEz /M* — see also the left panel of figure 3 for a quantitative
analysis of this statement. This is not the case however at the lower energies E? ~ mi
(cf. eq. (3.3)), relevant for the computation of the RD: there the two contributions are
comparable. This is exacerbated by the fact that in DM annihilation the D = 8 operators
are always p-wave suppressed, while the SUSY-breaking D = 6 ones are s-wave, and
hence enhanced. This implies that the error that we are committing when extracting RD
constraints from the D = 8 operator, are at least of order 100%. This is key to interpret the
results from figure 2 which shows constraints on the single operator g in the Goldstino
scenario: the RD band has to be taken as a rough indication only.

Similar arguments apply to DD experiments, whose characteristic energy scale can
be as low as the momentum transfer |q] = 2ENr Mxe =~ 0.05 GeV, with typical values
Exr = 10 keV, Mxe = 120 GeV for a target atom of Xenon. This is particularly visible for
the operator g F),, that receives LHC constraints comparable to g Fy,, but in DD experiments
its energy-dependence extends as low as E ~ |7] and makes the effects of this operator

17n fact different chiral structures can introduce factors of 2 in the relevant cross sections even at high-
E. Such factors of 2 are anyway not taken into account in our generic power-counting and, moreover, we
expect that in strongly coupled scenarios different chiral structures are generated at the same time. So, in
situations were LHC constraints differ substantially for different chiral structures, we include here only the
strongest ones.

8Tn the scenario of ref. [31, 32], A" = 1 SUSY is not strictly speaking broken; SUSY breaking effects refer
here to explicit departure from the sequestered limit with A" > 1 supersymmetries.
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’Fl — Composite fermions
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Figure 1. Constraints on DM mass versus new physics scale M for different values of g, in a model
with composite fermions (including fermionic DM), operator 6]—"1})/ . LEFT: LHC constraints as
colored solid (dashed) lines for the VV and VA (AA and AV) chiral structure; shadows correspond
to RD constraints for different couplings and chiral structure, light for AV, AA and dark for V'V,
VA. RIGHT: constraints from DD and RD for the V'V structure (other structures give weaker
constraints); shadowed the LHC bounds and hashed the region where 2m, > M and therefore the
EFT description breaks down.

unobservable (see discussion below eq. (3.23)). It is clear that in this situation DD are
more likely to see the effects of the SUSY breaking operator gfmi(g}"q}}/ )/M*. Of course
it is not always the case that DD experiments are irrelevant for D = 8 operators. Indeed,
in the non-relativistic limit, momentum and mass provide independent energy scales and,
while 8]—'1’/) is sensitive to the former, gFy is to the latter. So, with E' ~ m, this situation
is similar to that of RD discussed above: DD constraints on the effects generated by the
SUSY preserving gF,, are comparable to those from the SUSY breaking gfmiﬁ]:q‘; /M2,

In summary, in well-defined scenarios with unsuppressed D = 8 and suppressed D = 6
effects, DD experiments and the RD are typically sensitive to different effects than collider
experiments (either so, or RD and DD experiments receive equivalent contributions from
other operators, that are instead suppressed at colliders): the low/high energy complemen-
tarity that makes the comparison possible is in this case weak; we nevertheless show the
largest constraint you can obtain from DD experiments in figure 2. Given these uncertain-
ties, in addition to those associated with the possibility of a non-standard thermal history,
we can conclude that the LHC provides important information on this model with D = 8
strong interactions.

F3 — fermion DM with composite gluons. In most BSM models, the transverse
polarizations of vector bosons are assumed to be elementary and associated with the SM
couplings g, ¢, gs. In this case, operators 8'7:é and gFg are always suppressed by cen, or
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Figure 2. Same as figure 1, but for the D = 8 operator s Fy (sF,) in solid (dashed). All constraints
apply to Majorana DM, relevant for the Goldstino case.

as and their impact for LHC DM searches always negligible. Ref. [19] proposes however a
scenario, based on deformed symmetries, where these operators are sizable. The constraints
from DM searches on the possibility that DM be strongly coupled to gluons with deformed
symmetry, is shown in figure 3.

In this context we take the opportunity to discuss a few consistency aspects of our anal-
ysis (questions F5, F6). First of all, we compare in the right panel of figure 3 the collider
constraints from the operators with and without the mass suppression associated with chiral
symmetry breaking, 8.7-"é versus gJF. This clearly shows that for the interesting region with
small mpy, chiral symmetry breaking operators play a negligible réle — confirming F5.

Secondly, strongly interacting gluons [19] have large multipole interactions (associated
with G7,) but small monopole interactions (associated with the covariant derivative). In
this extreme situation, it is not clear whether emitting an additional jet directly from the
new physics vertex (an effect that is captured for instance by the D = 8 operator 8f$°“°),
might not have a larger probability than emitting an initial state radiation (ISR) gluon from
the quark in 6]—?{ — question F6. The relative cross sections for o(pp — xx + j) scale as

o % 2 4
|6]:1/J NQAE

— (3.31)
0—|8]:11/)n0n0 gz M4

and whether or not it is necessarily larger than unity, depends on the details of the analy-
sis. We perform this comparison in the right panel of figure 3 (dashed versus solid curves),
showing that the two are in fact comparable. This exposes a limitation of describing
inclusive observables in extreme strongly coupled situations with a parametrization de-
signed for the 2 — 2 process SM + SM — DM + DM. In what follows we shall as-
sume that the SM couplings to the strong mediator sector are slightly suppressed w.r.t.
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F3 — Fermionic DM with Composite Gluons
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Figure 3. Same labelling as figure 1. LEFT: comparison of constraints from the chirality-breaking,
mass-suppressed operator 8]__5 (solid) with the unsuppressed gF¢ (dashed). RIGHT: comparison
between constraints on 6]-'12/ (solid), where an additional mono-jets is emitted as ISR, versus con-
straints on gJf,;'*"° (dashed) where a hard jet is emitted from the new strong interaction directly.

to the DM couplings, a requirement that might also justify the absence of any departure
in pure SM + SM — SM + SM amplitudes in high-momentum distributions. Then the
parametrization discussed so far in terms of 4-point amplitudes is consistent.

S1 — complex scalar PNGB DM. In this case the leading interactions between DM
and the proton constituents are captured by the D = 6 operator 68}; . The same operator
describes well the DM interactions at the energies relevant for computation of the RD and
DD. So that the comparison between collider constraints and indications from the RD and
DD experiments in figure 4 is solid (notice however that while different chiral structures
have equivalent LHC limits, those from DD do depend on the chiral structure).

S2 — real scalar PNGB DM. If the DM is instead associated with a single degree of
freedom, as in the case of the abelian SSB U(1) — Z3, or SO(6)/SO(5), the first strong
interactions with (composite) SM fermions arise at D = 8: we show the constraints from
885 and 8Sg’T (for this interaction to be large vectors are also assumed to be composite)
in figure 5.

This scenario shares some similarities with the Goldstino case discussed above, but it’s
interesting to appreciate the differences. In particular in the case that the coupling to gluons
dominates, the high energy regime is dominated by 882’T, while at lower energy (for the RD
and DD), the symmetry breaking operator SSé contributes effects of the same order. More
precisely: 885 has s-wave annihilation like SSé, but gSg has only a d-wave annihilation, so
that in fact it is subleading to the symmetry breaking effects gSé during freeze-out. If in-
stead the couplings to fermions are more important, then we have an interesting twist in the
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Figure 4. Operator [GSTZ]V([GSJ{]A) in solid (dashed) with ¢ a complex scalar — labelling as in
figure 1, DD constraints only for the vector structure [681‘/,/ lv.

U(1)/Z5 case. Here the effects that break the non-linearly realized U(1) symmetry are cap-
tured by 681’5 , which accidentally is further suppressed by the small SM Yukawas. For this
reason, differently from the Goldstino case, symmetry breaking effects do not play an im-
portant role at freeze-out and the computation of the RD based on 885 are to be taken more
seriously; for DD, on the other hand, quark-mass suppressed effects in the nucleon matrix
element are enhanced and eventually appear proportional to my ~ 1 GeV, introducing an
error ~ my/mg in the DD constraint based on 885 only. In the SO(6)/SO(5) case (see the
third bullets of page 6 or the table in [22]), the operators GSj and ¢S are not suppressed
by the mass and do play a role in the computation of RD, as discussed in detail in [43].

4 Conclusions and outlook

We have studied scenarios for LHC DM searches based on underlying strongly coupled
dynamics. In these situations, the difficulty of performing perturbative calculations imply
that an EFT describing the low-energy degrees of freedom is in fact necessary. Moreover,
despite the large separation of scales EFC <« M required for the EFT to be predictive,
these scenarios can produce sizable effects (enhanced by the strong coupling), visible in LHC
searches based on missing energy. The crucial ingredient that guarantees the existence of
a weakly coupled SM at low energy, and the realization of the WIMP miracle, compatibly
with an underlying strong coupling, is approzimate global symmetry. We have identified 4
unique scenarios where light composite states (recognized with DM) can emerge from the
strong dynamics that match to the EFT we consider: scalar PNGB of a non-linearly realized
abelian (S2) or non-abelian (S1) symmetry, composite fermions with chiral symmetry (F1)
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Figure 5. Constraints on various D = 8 operators for a real scalar PNGB. LEFT: LHC constraints.
RIGHT: for the RD operator S5 (sSZ) annihilate in s-(d-)wave; DD bounds are universal for all
operators, except [SSX ]a. Color code as previous figures.

and Goldstini of non-linearly realized supersymmetry, spontaneously broken by strong
dynamics (F2).

Cases S2 and F2 are particularly interesting and novel to our discussion, since the
associated operators are characterized by higher derivatives (D = 8), while lower-dimension
effects are suppressed by powers of the small DM mass. At the LHC, the large energy E >
mpn implies that mass suppressed effects are subdominant. For computations of the RD,
on the other hand, E =~ mpyg, so that symmetry breaking and symmetry preserving effects
turn out to be often comparable: DM complementarity, thought as a comparison of different
constraints individually for each operator, is here lost, since different effects dominate at
different energies. This is even more relevant when constraints from DD are included.
Depending on the chiral structure of a given operator, its contribution to the amplitudes
relevant for DD might be proportional to the momentum transfer, and hence suppressed. In
other instances, this contribution might scale like the DM rest mass, and arguments similar
to RD apply for DD. Our discussion shows the limits of comparing experimental constraints
from widely separated regimes on individual operators, without a solid BSM perspective.
The LHC reach on these models is represented in figures 5 and 2, where constraints from RD
and DD have to be taken as a rough indication only: symmetry breaking effects introduce
an O(1) uncertainty. Given this uncertainty and our ignorance about the thermal history of
the universe, we conclude that the LHC is providing important information on these models,
constraining an interesting region of parameter space associated with very large couplings.

Cases S1 and F1 are instead closer to what has been studied in previous literature,
in terms of their effective Lagrangian. Yet, the power counting that we have introduced
allows to relate specific UV assumptions with the size of coefficients of EFT operators and
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understand what effects can be expected large. In particular, sizable couplings to gluons
are only possible if these have strong multipolar interactions, following the construction of
ref. [19]. Moreover, it highlights the necessity of strong coupling, as can be seen in most
of our figures, where constraints consistent with the EFT description exist only for very
large couplings (see also [22]).!? In these cases the comparison of LHC mono-jet searches
with DD and RD experiments is rather solid, since symmetry breaking effects are typically
further suppressed by small Yuakawa couplings. We show the results in figures 4 and 1.
First of all, our analysis reveals the interesting fact that even inherently strongly coupled
DM can reproduce the correct RD, as long as an approximate symmetry forbids the lower-
dimension interactions.?? Secondly, it shows that LHC experiments are pounding the very
region of parameter space where the RD is correctly reproduced.

In general, our scenario (in particular the novel S2 and F2) provide an interesting
modeling of missing transverse energy processes for the LHC (similar in that sense to the
spirit of simplified models), which is inspired by an explicit UV realization but captured
by a simple bottom-up EFT parametrization.

Natural extensions of our study, which we plan to entertain in the near future, include
studies of mono-W [88], mono-Z [89], mono-h [90] and mono-v [91] processes with the EFT
classification proposed in [22] and discussed in section 2. In particular it is already inter-

esting to recall that the operators qﬁTBH(b HTE“H and XTﬁf‘xHTB“H have been discarded
from our analysis, as they violate custodial symmetry: this represent another instance
where the hierarchy of operators that is traditionally assumed (associated uniquely to the
1/M expansion) is compromised in the presence of approximate symmetries. Another av-
enue that we intend to pursue stems from arguments based on the analyticity of scattering
amplitudes, together with crossing symmetry and unitarity, that allow to extract some
information, based on prime principles, about the coeflicients of operators with a particu-
larly soft IR behaviour. In our case this takes the form of positivity constraints on some
of the coefficients of the EFT operators; from a practical point of view this corresponds to
a theoretical prior in which to perform the statistical analysis.
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200n the same lines ref. [87] suppressed 2 — 2 interactions in favor of 2 — 3 which also allows a strong
coupling to be compatible with the observed RD.
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A Notation and conventions

This appendix is dedicated to expanding on our notation in terms of Weyl spinors and
comparing with previous literature. We also include details relative to the computation of
RD and direct detection cross sections that have been neglected in the main text.

A.1 Fermions in two-component notation

The building blocks of the Dirac Lagrangian Lg = ¥iy*(9,¥) —mg ¥V in two-component

spinor notation are
§a - 0 (Uu) ;
U= ), T=(peel), = _ ab Al
(n*“) (re) ((omﬂ 0 Ay

where the two Weyl spinors &, and % transform under the (1/2,0) and (0,1/2) repre-
sentations of the Lorentz group SO(1,3) ~ SL(2,C). The Pauli matrices o;—12,3 define
ot = (W¥q,d) and o# = (W9, —7), so that

Ly = £ (9,€) + nlict (9un) — mu (En +nleh) (A.2)

with Lorentz-invariant spinor contractions {n = €%, = faeagnﬁ =—nf €aplt = n? €8a§% =
77665 = n¢. For two four-component spinors Wi o, the relevant fermion bilinears in four-

and two-component notation are

U\ PLUy = méy, U1PrUs =&, Uiy PLUs = ¢l5,6, U17,Pr¥s = —nla,ms
(A.3)
A.2 Fermionic DM: effective operators in matrix form

The comparison between Weyl and Dirac notation is captured by the definition

Weyl: x = (&1,m) ¢ = (§2,m2) Dirac: x = (;Z) V= (fﬁi) ) (A4)
1 2

where in our notation, the two components of £ and 1 are summed as elements of a vector,
thinking of the Wilson coefficients as matrices, while in Dirac notation they are grouped into
a 4-component vector. This will become clearer in the case by case analysis that follows.

6.7:1},/ There are four possible D = 6 operators coupling the two fermions

cll o12 T5
coleiorglwtiom] = (elones aform ) [ %0 ) 27 (A.5)
cy Cp N0 M2
~———
CwGR

= ety [X7"X) [ %] + e/ 4 [7"x) [97.7° 7]
+ehy " °x] [97.8] + ey X" °x] [89,0°9]
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where we defined the four linear independent combinations

v _ 1. n 12 21 22 v 1 11 12 21 22
CVV = Z (Cw — Cw — Cw + Cw ) y CVA = 1 (—Cw — C’L/) + Cd] + Cw ) 5 (AG)
_ 1 11 12 21 22 _ 1 11 12 21 22
CX)V = Z (_C’LZJ + Cd) — Cw + Cw ) s CX)A = Z (C’LZJ + Cw + Cw + Cw ) . (A?)

Eq. (A.5) shows the clear advantage of our notation, since one matrix structure embodies
four different chiral operators. From the CP transformation properties

CP{U,T ¥} = (—1)(—1)" ¥, T+, (A.8)

with both T# = ~4# ~#~5 follows that the four operators in eq. (A.5) are CP-invariant.
Finally, note that if x is a Majorana fermion, x¢ = x, the vector bilinear vanishes since

X7*x = —x7y"x, and the only surviving operators are c4y and caa. In the following we
refer to the four operators with the notation [6]-'1}}/ ]Z%/V,V A.44> in which the additional

lower index refers to the chiral structure of the corresponding operator (first letter for the
DM current, second for the SM current). The upper index refers to the Majorana (M) or
Dirac (D) nature of the DM particle.

Relic density. We complement the information given in the text with an explicit calcu-
lation of the annihilation cross section for massive fermions; we find

b2 4 2 1— 2 2 2\,,2
¥ 2gh | myy/ T, (2 + @ ) v Ot (49)

O Urel ’ [G'F@‘LJ/]QV = MA i + (vrel) )

2 [1_2 2
0‘7}&‘/293 SmXM(Q‘H%)Lmi(8—4xi+5$i)7}§el+ v
2m |

O'Urel| ]:V D —
7By = g lom 122

2 2 24,2
c$fgf 3m?<(1_x12b)3/2 me 1—ﬂr:w(4+5:L‘¢)vm1 )

Uvr91][6fx]eA— Al - | o +O0(ve)| , (A1)
~—_— —

lunsuppressed s—wave

c;fAng 3m12p 5 mi (8— 22563) + 17$i)vfel

: = iy
7oelory R = "ap 2n VT 167, /1 — a2

lsuppressed s—wave

TV
L unsuppressed s—wave

Ovy)| ,  (A12)

with x,, = my/m,. This confirms our arguments based on conserved chiral symmetry,
given in section 3.2. Egs. (A.9)—-(A.12) are valid for a Dirac DM particle; for Majorana
DM, egs. (A.10)—(A.11) are equal to zero while the annihilation cross sections corresponding
to the operators [6]—"1‘; Jav and [6]—"}; ] 44 must be multiplied by a factor of 4 since the number

of diagrams in the scattering amplitude — fermions being equivalent to anti-fermions —
doubles.

—97 —



Direct detection. At the nucleon level, the amplitudes for the DM-nucleon scattering
in the non-relativistic limit are

Beavgimna [ o i o 2cky +edy (N=p)
My = B 5 75, - (3 <) % vt vy A1
4 2 2cH +Cd N =
My = S 268y T by (VD) (A14)
’ M ety +2¢py (N =n)
8gzmn ool e s N
MN’[G]'—X]VA = M2 |:_mXSN . 'UJ_ + ZSX . (SN X d)i| Z C‘%AAEZJ ) s (A15)
P=u,d,s
My _ Mgemany oo [ ep,a® (A.16)
NlleFylaa — M2 x SN AAR Y ) .

Y=u,d,s

where the coefficients A;N) , implicitly defined through the nuclear matrix element

QA;N)S“ = (N|py#y5)|N) parametrize the quark spin content of the nucleon N (s* is
the spin nucleon four-vector). We refer to [82] for the corresponding numerical values.
As discussed in the text, the operator [6]-"1‘; ]\gv generates a non-vanishing DM-nucleon
spin-independent elastic cross section that is not suppressed by small DM velocity or mo-

mentum transfer, while M N|[6 F¥va is certainly poorly constrained since it leads to a

Ay on

spin-dependent cross section suppressed also by o or ¢. The amplitude M N|[6 FY)
the contrary, is characterized by a spin-independent contribution suppressed by - only.
Given the remarkable constraining power of DD experiments in the presence of a spin-
independent cross section, it is worth studying this contribution in more detail (this has
been ignored in the main text since it is always subleading to VV, when both are present).
This is shown in the left panel of figure 6, in which the region shaded in blue reproduces
the observed RD (for different values of g., see caption) while DD bounds (from [76], at
90 % C.L.) correspond to lines in red (for each g., the region below the corresponding

red line is excluded). Finally, the amplitude M N|[6 F¥)an leads to a spin-dependent cross

section that is not suppressed neither by #- nor ¢. The LUX experiment set in [77] the
strongest bound on spin-dependent DM-neutron?®' cross section, and we use this result,
at 90 % C.L., to constrain the operator [6.7-"7‘; Jaa. We show the corresponding exclusion
regions in the right panel of figure 6 (red lines, see caption). As far as the DM-proton
spin dependent cross section is concerned, strong constraints were obtained by the PICO-
2L [93], Super-Kamiokande [94] and IceCube [95] experiments. The former is a bubble
chamber experiment while Super-Kamiokande and IceCube are neutrino telescopes that
can observe neutrinos originating from annihilation of DM captured in the Sun. For com-
parison, in figure 6 (black, magenta and green lines, see caption) we show the exclusion
regions obtained considering the results of the PICO-2L, Super-Kamiokande and IceCube

2IDM is coupled to the net spin of a nucleus, generated by its unpaired nucleon. For a Xenon detector,
constraints on DM-neutron spin dependent cross section are stronger since there are two naturally occurring
Xenon isotopes with an odd number of neutrons, 12°Xe and *'Xe.
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’Fl — Composite fermions — AA, AV Structures‘
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Figure 6. Interplay between LHC, RD, and DD for the operator [6]-'20/ 1By (left panel) and
[6F) |Vy (right panel). The region shaded in blue reproduces the observed RD while the red
lines correspond to DD bounds at 90 % C.L. (left panel: LUX experiment [76], spin-independent
DM-nucleon cross section; right panel, red lines (black, magenta, and green lines, respectively):
LUX experiment [77] (PICO-2L [93], Super-Kamiokande [94] and IceCube [95] experiments),
spin-dependent DM-neutron (DM-proton) cross section). Different lines correspond to different
values of strong coupling: g, = 4 (solid), 6 (dashed), 4 (dotted), 2.5 (dot-dashed). The region
shaded in gray is excluded by LHC mono-jet searches.

experiments. Notice that Super-Kamiokande and IceCube limits depend on the specific
DM annihilation channels. For the Super-Kamiokande results a 100% branching fraction
into bb has been assumed, whereas in the case of IceCube the full mass dependence of the
branching fraction was retained. Notice in particular the opening of the ¢t annihilation
channel at m, = m;. Compared to figure 1, DD bounds are much weaker but they still
place meaningful constraints on the parameter space in the presence of a strong coupling.
However, LHC mono-jet searches set the strongest constraints in the region favored by
the observed relic abundance. Figure 6 strengthens the importance of complementarity
between LHC, RD and DD constraints for the effective operator 6]-'1‘/}/ .

8.7:3,/ We recast this operator in matrix form as

B 5 ~ Cll 012 ng 8uf
Cy [XTau(a X)} [Wu(ayw)] = (516“(81’51) 7715#(8”771)) (Cgl C§2> <ﬁz;ZE5un3> +h.c.
—_———
C¢€C

= Cvv [X7"(0"X)] [¥7u(8,%)] + Cva [X7"(9"X)] [¥7,7° (0, 9)]
+Cav X7 (0" %)] [97: (00 9) ]+ Can [} 77 (0" X)] [#7,7° (0, ®) | +h.c., (A.17)
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where the coefficients are defined as in eqs. (A.6)—(A.7) with ¢ — C (with the difference
that now we are dealing with complex numbers).

Let us now assume that x is a Majorana fermion as for Goldstino DM, with x¢ = x.
For a Majorana fermion we have?? %5 (0"x) = (0"X)v*v®x and x7*(0"x) = —(0"%)7v"Xx.

Separating real and imaginary part in Cj; = C’]R +iCr

i ) and using that

CP{xy" ( )} ( DH(=1)"x7"(8"x) , (A.19)
CP {X’Y 7 = (=1)(=D*(=1)"X7"+°(0"x) » (A.20)
CP {UTH(0"¥) + } zp1 —1)*(=1)Y[UTH(0" W) £ (¥ U)THT], (A.21)

with both T* = v# ~#~5 we end up with the following interactions

CVV[ YHO"X)] % [U7,(0, ) — (0, 0)7, V] CP-preserving

vv X (97x)] x [ Yu(0,) + (8, 9) 7, ] CP-violating
CVA[_’Y“((?VX)] x [ ’Y;ﬁ — (0, 0)y, \If] CP-preserving

valx " (0x)] x [ Mﬁ + (8, 9)7, \I’} CP-violating (A.22)

CAV[X’Y 7 (0x)] x [U,(0y 3 )7, V] CP-preserving

X (0] X [99.(0,9) — (8,0), V] CP-violating
CAA[X’Y Y (8VX)] X [ ’Yu + (0, \I’)’y,ﬂ \If] CP-preserving

iCA XYY (0 X)] % [T,y (8»11) — (8,9)y,7/°¥]  CP-violating

We assume CP as a fundamental symmetry, then
v Y

In the text we assume coeflicients to be real.

Relic density. Goldstino annihilation cannot proceed via s-wave. In the initial state a
system of two Majorana particles with L = 0 is forced to stay in a state with total spin
S =0 (since C' = (—1)F+9 . 1). As a consequence, J = 0 considering s-wave annihilation.
However, the tensor current on the SM side has J = 2, thus forcing the s-wave to vanish
to conserve total angular momentum. The same argument shows that p-wave annihilation
is allowed since two Majorana particles with total orbital angular momentum L = 1 are
forced to stay in a state with total spin S = 1 (and hence J = 2 is an allowed eigenvalue).
In the massless limit for the final state quarks, we find eq. (3.12).

22From the definition of charge conjugation we have x° = Cx?, x° = x¥C, with C = 7’42 As a
consequence we write
X777 (0"%) = X797 (0"x7) = x" ey C(@"x ")
—(@"x)C" (") ¢ x = (0"x)C T (") Cx = (8" X)X (A.18)
where in the last line the first minus sign, coming from the transposition of spinors, gets absorbed by

CT = 7' = —C; in the final step we made use of C™(v*75)TC = v#45. A similar relation can be derived
for xv*(0”x). The difference in sign comes from C~'(y*)TC = —
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8.7:1),/ "l Here we have

ol o2 aeDg. (9,
cotons [ = (doe v ) (5 ) (),
( P 2/Y u\Yv

N——
Cz’peR

= CyyXV"'x [(0V ). (0,9)] + Co axy™x [(079) 77" (0,1)]
+C XYY X [(070) (8, 9)] + CUax V' x [(0"8) 7 ° (0, 9)] (A.24)

where the coefficients defined as in egs. (A.6)—(A.7) with ¢ — C’. This simplifies in the
case of Goldstino DM, where only the two CP-preserving combinations C’;, and C’; 4
survive.?? In the following, we refer to the two associated effective operators with the
notation [8.7-"1})/ "Nav.aa.

Interactions without derivatives in the DM current involve the following operator
in matrix form

Cxxvaver = (of ime + o elnl) viaver (A.27)
1 < 1 y a a uv
= [2 (cf+cls) xx+ 3 (-t +ct,) xv‘r’x} Vv

Clearly, only the first term is CP-preserving. CP-invariance, therefore, is preserved by
imposing in eq. (A.27) the condition C{il = 052. We refer to this operator with the

notation [8]-'5]1/. Here, the only subscript refers to chirality in the DM current. In the
following, we focus on the interactions with gluons, V = G.

This is a novel structure to this analysis and we shall discuss it more extensively.
CvxTﬁ“(ayx)VijUap = [CVJ{I&“(@”&) + C'V,gniﬁ“(a”m)} Vi VP +he (A28)

1 _ v 1 - v ayra
= |:2 (CVJ—CV’Q)X’Y“(a X)+§ (—C\/J—Cvg) X’y“75(8 X):| VupVV P+h.c.. (A.29)

Considering explicitly the hermitian conjugation, we have the following structures

— v * V.— a a 1
[CVXV#(a X) + CvV(8 X)ryuX] Vppvu 7, Cv = i(CV,l - CV,Q) (A )
.30
1
[Caxy"°(9"X) + CA(O" X" *X] Vi, VP, Ca= =5 (Cra + Cra)

Now, under CP, CP{V,V;'’} = (=1)*(=1)"V2 V" and CP{xT*(8"x) F (0"x)I'"x} =

1p
(£)(=D)*(=1)"[xT*(0x) F (0"x)THx], with both T* = ~v# ~4H~5. Imposing the restrictions

ZThe CP transformation properties follow from

CP{x+"7"x} = (-1)(=1)"x7v"+"x, (A.25)
CP{(8,0)T, (8" 0)} = (—1)(—1)* (8, 0)T, (8" W), (A.26)

with both T# = ~#, y#~5,
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Cy=—-C4 - R(Ca) =0and Cy = —Cj, — R(Cy) = 0 (which amount to take pure
imaginary coefficients Cy;—; 2 in eq. (A.28)), we have, in the case of Dirac DM, two possible
CP-invariant combinations

iCy [x7"(9"x) — ("x)v"x]1 Vi, Vi'? CP-preserving, Dirac and Majorana DM
iCa [)_(7“75(8”)() — (8")_()7”75)(] Vi, Vi'? . CP-preserving, Dirac DM
(A.31)

The effective operator in eq. (A.28) is present also for the case of Goldstino DM. Because
of the Majorana nature of the Goldstino (see footnote 22) we are left with only one CP-
invariant combination in eq. (A.31). In the following, we refer to eq. (A.31) with the
notation [gfv]a 4 for the two operators with Dirac DM, and [sFy/]{! for the only structure
present in the Majorana case.

Relic density. Let us discuss in more detail why for the vector operators [8.7:V]‘D,’M
annihilation in p-wave is allowed, while for the operator [sF|} only annihilation in d-
wave is possible, as mentioned in the text. Our argument goes as follows. First, note that
the traceless tensor gluon operator has J = 2. Conservation of total angular momentum
imposes J = 2 also in the initial state. Since the total spin of the two annihilating DM
particle is either S = 0 or S = 1, we have three possibilities. If S = 0, from J = 2 it
follows that the only allowed value of total orbital angular momentum is L = 2 (d-wave).
Note that in this case charge conjugation and parity are, respectively, C' =1, P = 1. If
S = 1, we have two cases since the condition J = 2 restricts the value of total orbital
angular momentum to L = 1 (p-wave, with C' =1, P = 1), L = 2 (d-wave, with C' = 1,
P = —1). Now, the DM current in the operator eq. (A.31), describes the annihilation of
two DM particles with ingoing momenta k1 2. In momentum space

XTH(0"x) — (0" X)"x] = (ki —k2)"XDx,  with T* =44M° . (A.32)

It is possible to extract the velocity-dependence of the two factor (k1 — ko)” and xI'Mx
separately. The kinematic in the initial state implies k12 = (1/5/2,0,0, £/Svpe1/4), with
5= 4m?< /(1—2v2,/4). As a consequence, only the spatial part of (k1 —k2)" is non-zero, and
we have (k1 —k2)" ~ vgl. As far as the DM current is concerned, in the non-relativistic limit
the velocity-independent terms are ¥y/x and ¥v"v°x. All in all, a p-wave contribution to
the annihilation cross section can be generated only by the combinations (k1 —ko)*x77x and
(k1 — k2)'x7°v’x. Under CP transformation we have CP{x7/x} = 1, CP{x?°v°x} = —1;
as a consequence, the axial-vector structure cannot give a p-wave cross section (since, as
discussed above, it would require C'P = 1). We thus reproduce egs. (3.10) and (3.11).

A.3 Scalar DM: effective operators in matrix form

681‘; At D = 6, the effective coupling with SM fermions is

ol apvTary = ¢1(0,0) (cg’lfgé“& + cg,gn;aﬂng) + h.c. (A.33)

= [v0! @) + (ev) @] 0¥ + [ead! 00) + (ca)" (Buo!)s ]| Br#°0
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where we defined ¢y = (CZ’I - 07‘272)/2’ cqA = (—c}Z,l - 01‘272)/2. We now impose CP-
invariance: as already discussed, on the SM side we have CP {UT*WU} = (—1)(—1)*WT*¥,
and on the DM side, CP {¢T(8#¢) — (8#¢1)p} = (—1)(—1) ¢! (0"¢) — (0*¢T)¢]. Imposing
cv = —(cv)* = R(ey) = 0 and ¢4 = —(ca)* — R(ca) = 0, we have two possible CP-
invariant combinations

icv [67(0"9) = (076 Ty, ica [6(9"0) — (9"6)0] Trs"w,

We refer to these two operators with the notation [GSZ ]6 4 (the additional upper index C
refers to the complex scalar nature of DM); these operators vanish if DM is a real scalar.

883: There are two possible combinations

ptoleyts, Dy, otelo ¢vis, Doy, (A.34)
with dltgta”lg = aretar e — 87 ¢Tor e, and tHeTd ¢ = d1eTdY ¢ + 0¥ ¢1d"¢. Using the

EoM and some algebra of Dirac matrices it is possible to recast the antisymmetric operator

in the following form [92]
o101 60ia, D = (0,01)0" (D 0)l o (A.35)

This operator shares the same symmetries as the operator ¢>Tau¢waw (in particular, note
that both vanish considering the case of real DM — that is the case S2 in section 3). Even
without restricting the analysis to the special case of real DM, it is easy to realize that
the two operators ¢, ¢ 541 and (8p¢T)5L (0r$)115,,1) contribute to a given observable
in the same way. For definiteness, let us consider the scattering process Y1) — ¢f¢, with
outgoing momenta pi o in the final state. At D = 6 — considering the first operator above
— the amplitude is proportional to (p; —p2) ,ﬂﬁ&’%ﬁ; on the contrary, at D = 8, the operator
(8p¢T)§‘(8p¢)wT6uw generates an amplitude proportional to py - pa(p1 — pg)udﬁfﬂ‘zp. As
anticipated, it follows that the two operators contribute to the analyzed observable in the
same way — the operator at D = 8 being a O(E?/M?) correction if compared to the one
at D = 6.

We now turn our attention to the symmetric operator in eq. (A.34). In component,
we have

910" 6015, D, = 016106 | CF 110,(D8) + CLon'au(Dum)| + e (A.36)

In more familiar four-component notation, we have

_ - 1
10V} ¢ [CyrB,(0,9) + Cy (8, 0)7, 9] | Cy = 5(051 —-CJy) )
.37
_ - 1
10V} ¢ [CaTy,1°(0,%) + C4(0,0), ], Ca= _5(0571 +CTy)
and two possible CP-invariant combinations
iCyolrgtarte [\I/’yu(&,\ll) — (GV\P)VM\I/} , CP-preserving, complex scalar DM
iC 0% ¢t 9" ¢ [\I/’yuff(&,‘lf) — (BV\TI)'yM'y5\II] , CP-preserving, complex scalar DM
(A.38)
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with real coefficients C'. In the case of real scalar DM, dt¢T9"}p = 2(9$) (0" ¢). We refer
to the two operators in eq. (A.38) with the notation [gSg]MA. As a rule of thumb, the
cross section for real scalar DM is four time larger if compared with the complex case.

Relic density. The annihilation cross section has a d-wave suppression since the tensor
structure in the SM current implies J = 2 while the two annihilating scalar particles
have S = 0, thus forcing L = 2 in the initial state in order to conserve the total angular
momentum. By direct computation, we find eq. (3.16).

B The event generation and analysis workflow

As opposed to previous studies, where pure monojet events were studied [23], we recast
a recent analysis by ATLAS [69] which allows for multiple jets. The cuts require at least
one jet with a pr > 120 GeV and allow for any number of additional jets. In particular
it allows for jets with a lower pp i.e. soft and/or collinear jets. It is well known that a
generation at Matrix Element (ME) level cannot accurately generate events with soft or
collinear jets. A two step generation is therefore inevitable. This section gives a detailed
account of the data generation workflow. We will also discuss the implementation of the
analysis and we will discuss some subtleties that are specific to a consistent EFT analysis.

We used FeynRules 2.0 [96] to create the model files. For Dirac fermions and scalars this
is very straight forward. There are however difficulties with four fermion vertices including
Majorana fermions. This problem has two possible solutions, both giving the same result.
We can introduced a new very heavy mediator with zero decay width. Choosing the mass
of this new particle very high we assure that introducing this new particle in the model
does not alter the interaction and that our effective field theory picture still applies. Note
that in this case we have to absorb the mass of the mediator in the vertex in order to be left
with exactly the same structure as for the EFT. Or, we can run the simulation with Dirac
fermions instead and keep track of the factor 4 that arise as a difference in the cross section
between Dirac and Majorana fermions. For the present work we chose the latter option.

The model files are passed to MADGRAPHS5 [97] interfaced with PYTHIA-6 [98].
MADGRAPH5 generates events at ME level which are then passed to PYTHIA-6 for
parton showering and hadronisation. As multiple jets are allowed by the selection cuts
chosen in [69] we have to generate events with an arbitrary number of jets. In [69] it was
pointed out that it is sufficient to only generate 0-, 1- and 2-jet events at ME level and
let PYTHIA generate the remaining arbitrary number of jets. The matching and merging
procedure which is necessary under this circumstances will veto a substantial part of the
created events. In order to still get enough statistics and because the signal regions used
in [69] include very high missing Er we have perform a binned data generation. For the
present study we chose three bins in Hy: Hi < 250GeV < HZ < 600GeV < H3. We
simulate 50k events in each bin, resulting in 150k events per DM mass. The scan over the
mass of the DM is performed in an interval from 1 GeV to 1 TeV.

For the analysis we need to have access to the events at parton and reconstructed
level. We need the event at parton level because we have to determine the relevant energy
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Figure 7. The yellow surface shows the constraints on g,. Values larger (above) the yellow surface
are excluded. We can infer the constraints on the physical scale of the dark mediator by intersecting
the yellow surface with the blue surface representing a fixed value of g..

of the event, which, as discussed in the text, we chose to be v/3. The information at the
reconstructed level is used for the recast of the ATLAS search [69], where the selection cuts
and the signal regions are defined in terms of the observables at the reconstructed level.
MadAnalyis5 [99] provides the framework needed for this analysis. In MadAnalysis expert
mode we can have access to both levels of information at the same time. An example of
the main and analyzer C++ files can be found on GitHub.

For each value of the DM mass we scan over M.y ranging from 10 GeV to 8 TeV. This
results in a consistent limit on g, for each value of mpjys and M.yt which can then easily be
inverted. By assuming that the physical scale of new physics M is also the scale Myt up
to which we can trust the EFT expansion (i.e. we saturate the EFT validity requirement),
we obtain a consistent limit on M for each value of the DM mass and the coupling g..
Figure 7 gives a graphical account of the procedure. The figure also shows very nicely the
need for strongly coupled theories in the context of collider DM searches.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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