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In the presence of approximate global symmetries that forbid relevant interactions, strongly coupled
light Dark Matter (DM) can appear weakly coupled at small-energy and generate a sizable relic
abundance. Fundamental principles like unitarity restrict these symmetries to a small class, where
the leading interactions are captured by effective operators up to dimension-8. Chiral symmetry,
spontaneously broken global symmetries and non-linearly realized supersymmetry are examples of
this. Their DM candidates (composite fermions, pseudo-Nambu—Goldstone Bosons and Goldstini)
are interesting targets for LHC missing-energy searches.

Studies of processes with missing energy at the
LHC constitute an important part of the Dark Mat-
ter (DM) research program, in particular for light DM,
mpm S 10 GeV, below the threshold for direct de-
tection experiments. In this case, parameterizing the
thermally-averaged annihilation cross section as (o vye) ~
a1 /mdy — with mpy, apy the DM mass and coupling

to the Standard Model (SM) fields — the WIMP miracle

—26 3 2
Qpuh? ~ 107*° cm /Sz0.1<0'01> (
<0vrel> QDM

mpM 2
100 GeV) ’
seems to provide a convincing hint that light DM origi-
nates from weakly coupled dynamics apy < 1, in order
to reproduce the observed value Qpyh? ~ 0.1 [1]. In
this letter we want to explore how solid this indication
is and study the viability of light DM associated with
a new strong coupling, which we call g. < 4w. The
core aspect of our analysis is approximate symmetries,
which forbid relevant (renormalizable) SM-DM interac-
tions, but allow irrelevant (non-renormalizable) interac-
tions of dimension D. Referring to M as the physical
scale suppressing the latter, the amplitude for 2 — 2
annihilation would scale as

gf B D—4 .

ooni ~ ( M) , M

where E denotes the collision energy. At low energies
E <« M, such as those relevant at freeze-out, these inter-
actions appear weak, despite their strongly coupled na-
ture at high-energy: this reconciles strong coupling with

the WIMP miracle. For instance, for D=6, considering
that in the relevant non-relativistic limit £ ~ mpy,

4e\* (5GeV\? / M \*
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This is particularly important for the LHC which, op-

erating at high-energy, has direct access to the strongly
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FIG. 1. Constraints on scalar DM with mpym = 5 GeV. Blue
region: consistent LHC constraints on D=6 operator c}; m
Eq. (3) (e.g. pseudo-NGB DM from a non-abelian SSB pat-
tern), and comparison with RD (solid green). Red region:
LHC constraints on D=8, C’,g in Eq. (4) (e.g. one scalar DM
from an abelian SSB).

coupled regime, as we anticipate in Fig. 1, where we com-
pare the LHC reach in the (g., M)-plane with relic den-
sity (RD) expectations. As a matter of fact the combi-
nation of a large scale and strong coupling provide one
of the few examples where the use of a DM effective field
theory (EFT) [2—4] is well motivated even to parametrize
LHC DM searches; we discuss this in detail in a compan-
ion paper [5].

So, what symmetries are compatible with irrelevant
operators only? For scalars a well-known example is
the shift symmetry associated with Nambu—Goldstone
bosons (NGBs) of a global symmetry G, spontaneously
broken to a subgroup H by strong dynamics. As we will
see below, depending on G, the leading interactions ap-
pear at D=6 or D=8 [6]. For Dirac fermions, on the other
hand, chiral symmetry and the absence of gauge interac-
tions are enough to guarantee D > 6. Alternatively, for
Majorana fermions (in analogy with NGBs), non-linearly
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realized supersymmetry (SUSY) ensures that D > 8. In-
deed the leading interactions of Goldstini from sponta-
neously broken SUSY only exhibit higher-derivative in-
teractions in the limit where all other SUSY particles are
heavy [7]. The question now is whether, beyond these
examples, we can find an infinite set of symmetries such
that the low-energy amplitude is suppressed by higher
and higher powers of energy, i.e. where D > 10 consti-
tute the only interactions allowed in the limit of exact
symmetry. As a matter of fact the answer is negative.
Fundamental principles based on analyticity, unitarity
and crossing symmetry of the 2 — 2 amplitude provide
strict positivity constraints for some of the coefficients
of D=8 operators, so that there is no limit in which a
symmetry that protects operators with four fields and
D > 10, forbidding D < 8, can be considered exact [§].
So the complete set of scenarios with a naturally light
strongly coupled DM, that however appears weakly cou-
pled at small E (and therefore fulfills the WIMP mir-
acle) is given by the above examples' and is captured
by operators of D < 8. In this letter we rely on simple
power counting rules to build the generic EFT describing
the low-energy physics of these scenarios, and discuss the
implications.

Scalar Dark Matter. Naturally light scalars originate
as pseudo-NGBs of the spontaneously symmetry break-
ing (SSB) pattern G/H, in analogy with the QCD pi-
ons; if the sector responsible for SSB is strong, NGB
interactions become strong at high-E. These scenarios
are particularly interesting in association with the hi-
erarchy problem [10-16], but also independently from
it [17, 18]. Qualitatively different cases of interest can be
identified, depending on the particular group structure
being considered and the interplay with Higgs physics.
First, a light scalar DM can be associated with an abelian
U(1) — Z5 breaking pattern, while a light composite
Higgs originates from e.g. G/H = SO(5)/SO(4) [19].
Alternatively, the DM originates from a non-abelian,
e.g. SU(2) — U(1) or larger, symmetry breaking pat-
terns [14-17]. Finally, both the Higgs and DM can
arise together from a non-factorizable group G, such as

0(6)/S0O(5) [10-12, 20]. The very power of EFTs is
that, at low-FE, large groups of theories fall in the same
universality classes: in our case the generic EFTs that
we will now build to describe the above-mentioned sce-
narios can be matched to any model with approximate
symmetries.

In all these cases, the NGB interactions are described
by the CCWZ construction [6]: the light degrees of free-
dom ¢® are contained in the coset representative U =

L Ref. [9] proposes a somewhat different realization of the same
principle, where symmetries imply suppression of the 2 — 2 am-
plitude in favor of the 3 — 2, which decouples fast as the DM
density dilutes. Alternatively, selection rules in the UV could
imply p- or d-wave suppressions in the non-relativistic limit, also
satisfying our high-energy/strong-coupling, low-energy/weak-
coupling dichotomy (yet the implied crossection suppression is
mild ~ 0.2 + 0.1 [5]).

exp(i¢?t®/f) € G/H and appear in the Lagrangian only?
through the building blocks df, and eﬁ in U7'9,U =
idit® +iey T4, where t*(T#) are the broken (unbroken)
generators in G, f is the analog of the pion decay constant
and is related to the mass and couplings of resonances
from the (strong) sector that induces SSB through the

naive dimensional analysis estimate f = M/g,. In par-
ticular,
G/H| ¢ | d; -
U ger 6;¢ 0
T gec | aelete |2,
00 | g € R| (Lo 8 )2 21t

where dots denote higher order terms in 1/f. Un-
der a transformation ¢ € G, U — gUh(¢,g)~ "', where
h(¢,g) € H. Then d, = dj;t* and ¢ = efTA transform
under G respectively in the fundamental representation
of H and shift as a connection, so that Dy, = 0, + ig,, is
the covariant derivative. Then the low energy Lagrangian
describing the canonically normalized light scalars only,
is simply £¢7f = M2 f2L (dﬁ/fM, Di/M) with the ad-
ditional requirement of H invariance: this automatically
guarantees also G invariance.

Clearly DM cannot be an exact massless NGB: the
global symmetry must be broken explicitly. We keep
track of this breaking by weighting interactions that vi-
olate the CCWZ construction with m?/M?; an assump-
tion that reflects to good extent the expectations in ex-
plicit models (see for instance [10]). We further assume
the most favorable case in which, to the extent possible,
the SM itself is part of the strong dynamics, as discussed
in Ref. [21],® so that DM-SM interactions do not intro-
duce further symmetry breaking effects (we discuss below
cases where only some species take part in the new dy-
namics). This implies in particular that we assume the
new dynamics respects the SM (approximate) symme-
tries: custodial symmetry, CP, flavor symmetry (broken
only by the SM Yukawas [25]) and baryon and lepton
numbers. Finally we assume the new dynamics can be
faithfully described by a single new scale M and cou-
pling g. [22]. Compatibly with these assumptions, the
most general Lagrangian at the leading order in the 1/M

expansion, and the maximum coefficient that we can ex-

2 We will assume that anomalies and the Wess-Zumino-Witten
term, that might lead to DM decay in similarity to @ — ~vy
in QCD, vanish.

3 This implies that the Higgs is itself a PNGB [19, 22], SM fermions
are partially composite [19, 23], and the transverse polarizations
of gauge bosons have strong multipolar interactions [21] — con-
straints on these possibilities, independent of the new sector cou-
plings to DM, will be studied in [24].



pect following the appropriate power-counting rules is*
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and at D=8, focussing on operators that contribute to
2 — 2 scattering,
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with VI, = B, W2, Gy, for U(1)y x SU(2) x SU(3)c
gauge bosons, and v, H the SM fermions and Higgs.
We use a notation based on left-handed Weyl fermions,
which carry additional internal indices to differentiate
left-handed ¢ and right-handed (v°)" components of
Dirac fermions [5]; the Wilson coefficients ¢, C, associ-
ated to the D = 6, 8 Lagrangians respectively, carry these
indices, and are expected to be O(1), unless otherwise

stated, see table below.
Of course there are more operators that contribute to
2 — 2 scattering, but these can either be eliminated
through partial integration, field redefinitions (that elim-
inate operators proportional to the equations of motion),
Bianchi or Fierz identities®, or they violate some of the
linearly realized symmetries that we assume (CP, custo-
dial), as we now discuss. Operators antisymmetric in the

Higgs field, such as

9 45 s gthe
50t 0, 0 D' H (5)

transform as (1,3) under custodial symmetry SU(2), x
SU(2)g: their coefficient is expected to be generated first
at loop level by custodial breaking dynamics, involving
for instance ¢’, which satisfies the required transforma-
tion rules ¢ ~ ¢g’2/1672. On the other hand at D=8,

946t 0,0,00T" 0, (6)

share the same symmetries (among the linearly and non-
linearly realized ones that we have presented®) as oper-

. DM,
ators in ¢L_ g

<> <>
M1 d,0,0H D" H |

and contribute to the same observables;

4 The scaling in powers of the coupling g« can be unambiguously
determined from a bottom-up perspective by restoring i # 1 in
the Lagrangian [22, 26, 27]: the coefficient ¢; of an operator O;
with n fields scales as ¢; ~ (coupling)™~2.

5 We eliminate structures involving o*¥ in favor of structures that
can be generated by tree-level exchange of scalars or vectors.

6 Technically the set of infinite symmetries of the free Lagrangian

for this reason their contribution is expected to be always
suppressed by ~ E?/M? < 1 in the amplitude and we
neglect them. Similarly, m3|¢|*|H|* and 8,¢'0"¢|H|*
give a subleading (by a factor g2v?/M? < 1) contri-
bution w.r.t. c% and cfl, in processes with 2 longitu-
dinal vectors or Higgses and can only be distinguished
in processes with three or more external longitudinal
vector bosons/Higgses. Finally operators of the form
9|2 x6 LM, where ¢ LZM is the D=6 SM Lagrangian (see
Ref. [28]) but also includes total derivatives, are gener-
ally further suppressed by mi /M? and count as D=10
effects in our perspective.

The important aspect that is emphasized by our anal-
ysis is that both the D=6 and D=8 Lagrangians can
be important, as symmetries can suppress the expected
leading interactions in favor of higher order ones. In-
deed, the structures ¢, vanishes for antisymmetry if DM
has a single real degree of freedom; on the other hand
the structures ¢* and cfl are unsuppressed only when
the generators associated with ¢ and H do not commute
(such as in the SO(6)/SO(5) model [10, 20]), but will
be suppressed by ~ mj ;/M? in other cases. In this ta-
ble we summarize situations in which one or more of the
above operators are suppressed:

| | A 3 e S A
Velem X X X
Veiem X X
U(1)/ 2, X X | x| x
U(2)/U(1) X | X | X
0(6)/SO(5)| x| x

We denote with t¢jer, the limit where SM fermions are
only partially composite, where the operators marked
with X are suppressed by the degree of composite-
ness &7 [19, 23] — a favorable situation is when only
the right-handed top quark is fully composite [31]: see
Ref. [32] for a discussion of DM in this case. With Ve,
we denote instead the familiar case where the transverse
polarizations of vectors are genuinely elementary (as op-
posed to having strong multipolar interactions [21]): in
this case the interactions denoted by x are suppressed by
g% /92 (notice that our power-counting only keeps track
of symmetry selection rules and powers of couplings —
see footnote 4; properties of the underlying theory, such
as minimal coupling, can lead to additional suppressions
~ g2/1672, that we neglect in this analysis).

In Fig. 1 we quantify, for the scalar case, the fact that
approximate symmetries imply small(large) crossections
at small(large) energies, thus providing visible LHC ef-
fects compatibly with a non-vanishing RD. For D = 6

(e.g. DM as a PNGB of SU(2)/U(1)) this dichotomy is

d(p) — P g(p), 6(—p) = —6(p) in momentum space, is broken
by the operators of Eq. (6) and those in Egs. (3,4) to different
subgroups, so that a Lagrangian with only the interactions of
Eq. (6) is technically natural per se [29]; yet, it is incompatible
with the positivity constraints mentioned in the introduction.



in fact remarkable, as we show in Fig. 1 for the case in
which SM fermions are composite and gauge fields are
not (see [5] for a more complete discussion and details of
the analysis — in particular we have use data from [33]
and the techniques of [34, 35] to ensure a consistent use
of the EFT for LHC). As shown in the above table,
the same reasoning reveals examples where D=8 repre-
sent the leading effect at high-F (this includes models
where DM has a single degree of freedom, e.g. U(1)/2Zs
and SO(6)/S0O(5), but also models where the DM dom-
inantly couples to gluons only), the relative LHC con-
straints are also shown in Fig. 1 with a dashed curve.
Notice that here, while the F-growing cross sections im-
plied by our symmetry structure clearly dominate at LHC
energies M 2 E > mpy, they might be comparable to
symmetry breaking mpy-suppressed interaction at low-
E, relevant at freeze-out. In other words, the comple-
mentarity between different DM experiments is partially
lost in this setup — we discuss this issue further in [5].

Fermionic Dark Matter. As mentioned above, if DM
is a strongly interacting fermion y there are two struc-
turally robust situations in which its mass and low-energy
interactions might appear small: chiral symmetry for
Dirac fermions or non-linearly realized SUSY for Majo-
rana fermions. The first case is familiar: interactions
involving the product XT 7, “Xa preserve chiral symme-
try, while x,x“ break it and are expected to be weighed
by mDM/M.

In the second case, DM fermions are Goldstini of non-
linearly realized SUSY. There are different motivations to
discuss this scenario. First of all, a supersymmetric ver-
sion of the equivalence theorem [36] implies that in the
high-energy limit £ >> ms /s, the gravitino behaves effec-
tively like a Goldstino (in this case, however, the relation
mg/o ~ F'/Mp) implies — for a SUSY breaking sector at

VF ~ TeV, necessary to have sizable LHC effects — a
very light gravitino). Goldstini are even more interesting
in scenarios where N’ =1 SUSY is spontaneously broken
in n > 1 nearly sequestered sectors [37]: in this case n—1
approximate Goldstini appear in the light spectrum and
are good DM candidates (their mass being independent
from the strength of their interactions). More generally,
in an EFT perspective, we can consider the case of ap-
proximate A" > 1 SUSY that, when spontaneously bro-
ken, includes light Goldstini in the spectrum [38], and
these are good DM candidates.

We work in the simplified limit where all SUSY part-
ners are heavy mgysy ~ V' F so that the physics of Gold-
stini at £ < VF = M can be described in a formalism
that parallels the CCWZ construction [39, 40], adapted
to the breaking of spacetime symmetries [41-43]. The
coset, representative can be written as

U= ezPuL LQQ LXTQ (7)

where @ and @ are the SUSY generators, x the Gold-
stino, and the presence of momenta P is a peculiarity
of spontaneously broken space-time symmetries (it can

be somehow thought as due to the fact that transla-
tions themselves are realized through coordinates shifts,
in a way that mimics non-linear realizations [43]). The
Maurer-Cartan form is now

U=19,U =i (53 + zaﬂxaaxf) P+ 3aﬂxQ+ 3@»&@ :

Here the important bulldmg block of the low-energy La-
grangian is E; = 4j + 50,x0" x', which transforms
as a vierbein and plays the analogous role as ¢, for
NGBs, rendering a Poincarré-invariant action, written
in terms of these building blocks, into one invariant un-
der (non-linear) SUSY. In particular, [ dz*F?det B} =

iXTﬁ“(?MX + -+, contains the kinetic term for the canon-
ically normalized Goldstino [44], while interactions with
light matter can be described through the vierbein £ (x)
and metric g,, (x) = Ej;(x)E;(x). For our purpose, the
important result is that interactions with light fermions
1, scalars ¢ or gauge field strengths F},,, are captured by
the following D=8 operators:

1 1
F2X 0”8,,)(1/)0#8 P fo Juxanguavw (8)

ﬁx 0“8pxFWFp” F2X telv 6M}X8VHT8”H.
An explicit Goldstino mass can only be associated with
explicit SUSY breaking (or departures from exact seques-
tering in [37]), which will generate operators different
from Eq. (8), suppressed by mpy/M. Similarly to the
scalar case above, we use this fact and power-counting ar-
guments to write the most general effective Lagrangian
weighed by the strongest possible interaction that can be
achieved in the scenarios under scrutiny, and postpone
more restrictions below. At leading order in the 1/M
expansion,

g* 93
6£§f = Cg a2 X UMleTU/ﬂ/) +cf % XH'H

(gp g;wzx X" xBuw 9)
where the coefficient of 7, reflects the fact that it does
not respect the Higgs NGB symmetry (recall that in or-
der for the Higgs to take part in the strong dynamics and
be light, it is expected to arise as a PNGB [22]) and can
only arise via effects involving SM symmetry breaking
couplings, that we denote generically as gsy. At D=8
we find,

“+c

£DM _ ¢F My Yugs ¢¢H+C'§’ MYy g b H
8 1/; M4 XX M4 X X
_’_C,s‘ g* Va VapV+C g* o_p,ay Va Vap
|4 MA XX X X
x50 w6, Do + O i 15" D" 15, D,
+Cy —x Y¢19"xD,H' D, H (10)

For generic Wilson coefficients, Eqgs. (9,10) represent the
most general D=6,8 contributions to 2 — 2 on-shell scat-
tering at D < 8 (for D=6 see also [45]). Other structures
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FIG. 2. Same as in Fig. 1, but for fermionic Dirac DM.

The region shaded in green corresponds to the observed relic
abundance (fermionic DM comes with incertitude about the
chiral structure of the D = 6 effective operator considered [5],
reflected by the width of the band, contrary to the single line
of the scalar case).

either violate underlying symmetries or can be elimi-
nated as described in the scalar case above. In partic-
ular it can be shown that only three hermitian operators
of the form D?y* exist at D=8 and one, correspond-
ing to the imaginary part of Cy in Eq. (10), violates
CP and we neglect it. Similarly operators antisymmet-

<

ric in H « HT, like XTéﬂxHTD#H that plays a role
in mono-Higgs searches [46], violate custodial symmetry
and we neglect them. Moreover, operators of the form
|H|? x ¢L£¢ff also appear at D = 8, but, similarly to
the scalar DM case they are are expected to be small (if
the Higgs is also a PNGB) and moreover they only affect
processes with additional h.

So, for composite Dirac fermions, only the D = 6 cI‘Z is

important (also, for light DM c}?p and ¢, are constrained
by constraints from Z and h decays) in Fig. 2 we show
that the LHC is here providing the most important piece
of information, accessing the region in parameter space

that reproduces the observed RD.” Nevertheless, if y is
a Goldstino, then the D = 6 Lagrangian vanishes in the
limit of exact SUSY, and the first strong interactions ap-
pear at D = 8. In this case only Cy and Cfp/) are impor-
tant for mono-jet analyses. This is an example (similar
to the U(1)/Z; PNGB) where approximate symmetries,
that were invoked to hide strong coupling at small en-
ergy, go as far as suppressing the first order 1/M? terms
but allow the 1/M* ones. Even in this case the LHC
contains important information (dashed line of Fig. 2).
Outlook. In Summary, we have discussed natu-
ral situations in which light DM originates from a
strongly-coupled sector but its interactions are small at
low-energies because of approximate symmetries, that
forbid relevant interactions and allow only irrelevant
(higher-derivative) ones. Prime principles dictate that
such symmetries are consistent only with D=6 and D=8
operators for 2 — 2 scattering, corresponding to DM as
PNGB, strongly coupled fermions or Goldstini: we have
built their EFT and identified the most relevant effects.
These provide a class of models in which the LHC
high-FE reach plays an important réle with respect ot
other types of experiments (such as RD indications and
direct detection) and contains genuinely complementary
information. Moreover, in these scenarios the DM EFT
is not only consistent with LHC analysis (due to the
underlying strong coupling, as shown in Figs. 1 and 2),
but also necessary, as the underlying dynamics is uncal-
culable. Our characterization provides a well-motivated
context to model missing transverse-energy distributions
at the LHC, in mono-jet, mono-W,Z,y or mono-Higgs
searches, with a handful of relevant parameters and
yet a clear and consistent microscopic perspective. To
the question of what we have learned from LHC DM
searches, these models provide one answer.
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