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Abstract We examine the dark matter phenomenology of
a composite electroweak singlet state. This singlet belongs
to the Goldstone sector of a well-motivated extension of
the Littlest Higgs with T -parity. A viable parameter space,
consistent with the observed dark matter relic abundance
as well as with the various collider, electroweak precision
and dark matter direct detection experimental constraints is
found for this scenario. T-parity implies a rich LHC phe-
nomenology, which forms an interesting interplay between
conventional natural SUSY type of signals involving third
generation quarks and missing energy, from stop-like particle
production and decay, and composite Higgs type of signals
involving third generation quarks associated with Higgs and
electroweak gauge boson, from vector-like top-partners pro-
duction and decay. The composite features of the dark matter
phenomenology allows the composite singlet to produce the
correct relic abundance while interacting weakly with the
Higgs via the usual Higgs portal coupling Apm ~ O (1%),
thus evading direct detection.

1 Introduction

The Hierarchy problem of the Standard Model (SM) could
be solved by assuming that the Higgs is a pseudo Nambu-
Goldstone Boson (pNGB) of a spontaneously broken global
symmetry [ 1—4]. In this scenario, the Higgs is not an elemen-
tary particle but rather a composite state whose constituents
are held together by some new strong force. In this respect,
the Composite Higgs resembles other scalars found in nature,
the QCD pions. An extended composite sector could also
explain the origin of dark matter (DM) [5—-12]. The same
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strong dynamics responsible for the Higgs may produce a
stable neutral scalar bound state, a composite DM candidate.
This could be considered in analogy to the Proton, another
QCD bound state, which is an abundant particle in our uni-
verse, whose stability is insured by an (accidental) global
symmetry. The composite DM candidate is a pNGB and it
could be naturally as light as the weak scale, which fits in the
weakly interacting massive particle (WIMP) paradigm.

One realization of the composite Higgs scenario is the
Littlest Higgs [13—19]. The original model is strongly con-
strained by electroweak precision tests (EWPT) due to
tree level contributions to electroweak observables [20-27].
These constraints required the symmetry breaking scale f to
be a few TeV, thus reintroducing considerable fine-tuning.

T -Parity has been proposed in order to prevent tree-level
exchanges of heavy states [28-31]. The new heavy states
are odd under a discrete T -parity, therefore contributions to
electroweak observables are possible only at the 1-loop level.
This allows the symmetry breaking scale f to be O(1) TeV.
As an added benefit, 7-Parity can be used as a stabilizing
symmetry for a DM candidate, as the lightest 7'-odd particle
is guaranteed to be stable.

In this work, we consider the phenomenology of a Littlest
Higgs model with T-parity (LHT) with a consistent imple-
mentation of T-parity in the fermionic sector [32]. Com-
pared to the simplest LHT model, one enlarges the symmetry
breaking pattern and also the unbroken symmetry group H
which allows a complete composite representation contain-
ing just one fermion doublet. In particular, we analyze the
DM phenomenology of a composite singlet scalar. In Sect. 2
we present the model and motivate the extension leading
to the larger Goldstone sector. In Sect. 3 we briefly review
the scalar potential structure. A detailed discussion of the
scalar potential can be found in Appendix 1. In Sects. 4 and
5 we derive constraints on the model parameters from recent
LHC searches and EWPT. In Sect. 6 we discuss the DM phe-
nomenology of the composite singlet DM. We finally sum-
marize our results and conclude in Sect. 7.
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2 Model

The model is based on the Littlest Higgs (LH) ggg; non-

linear sigma model [13]. We define the scalar field ¥ in the
symmetric 15 representation of SU (5):

> - UsUT. (1
% develops a vacuum expectation value (VEV),

i)
(Z)=%0 = 1 , 2

spontaneously breaking SU(5) to SO(5). The 10 unbroken
SO (5) generators denoted by 7; satisfy

T; 2 + T, =0, 3
and the 14 broken SU(5) generators denoted by X ; satisfy
X;%o— ZoX| =0. 4)

We gauge two subgroups of SU (5), denoted by
[SU®2) x U(1)]; withi = 1, 2. The gauged generators are

00 0 2
0¢=(00 0 |. v,=— 2 . (5b)
00 =

2
-3
o witha =1, 2, 3 are the Pauli matrices.

%o spontaneously breaks the gauge symmetry to its diag-
onal subgroup [SU(2) x U(1)]14+2, which we identify as
the SM electroweak gauge group. The Nambu-Goldstone
bosons (NGB’s) associated with the broken SU(5) gener-
ators decompose under the SM gauge group to the following
representations

1o ® 30 @212 @ 3. (6)

We can parameterize the low energy degrees of freedom of
the X field using the NGB’s, defining [1y = 7, X,:

% = Mo/ 50 Me/f = 25/ 5, (7a)
T'TU + %12 % o
o7 f/—; re” %}12
with @ = ( o cb+/ﬁ>. (7¢)
q)+/ﬁ CI)O
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In the original LH model, the triplet T and the singlet ¢q
are “eaten” by the heavy gauge bosons. The physical scalar
spectrum contains the complex doublet H which we identify
as the SM Higgs field, and a heavy charged triplet . The
gauge spectrum contains the SM gauge fields and additional
heavy gauge fields with masses my, ~ gf,mp, ~ g'f.
with g, g’ the SM gauge couplings. The heavy gauge states
contribute at tree level to the electroweak oblique parame-
ters. These contributions lead to stringent constraints from
electroweak precision tests (EWPT), pushing the symmetry
breaking scale of the original LH model f ~ a few TeV
(e.g Ref. [20]). The corrections to electroweak observables
from the heavy gauge states are made smaller by introducing
a discrete symmetry which forbids tree level exchanges of
heavy states. The addition of a discrete symmetry stabilizes
the lightest odd particle, making it a viable DM candidate.
This discrete symmetry, usually referred to as T-parity, is
defined as [28]

T-parity: T; — QT;Q2, X; — —QX;Q ®)
with
Q= —exp[2m’Q?+2] = diag(l, 1, —1,1,1), )

which is an automorphism defined on the SU (5) generators.
This definition determines the T -parity of all the fields asso-
ciated with the SU (5) generators, namely the Goldstone and
gauge fields. The 2 rotation is introduced to make the Higgs
even under T -parity, while keeping the rest of the Goldstone
fields odd. For the gauge fields, the T -parity transformation
can be interpreted as an exchange symmetry between the
gauge groups 1 <> 2. Hence the diagonal combination is
even, and the broken combination is odd.

Let us understand how linear representations of SU (5)
transform under T -parity. One can use Eq. (9) to show that
each transformation g = ¢/*/Xi*AiTi ¢ §U(5) is mapped
under T -parity to

g — 2=0Tpg"20R. (10)

Therefore, up to a constant matrix, fundamental and anti-
fundamental indices of SU (5) are mapped to each other

: i
Vi o (S Ul . (11)
5 5

The X field transforms with two fundamental SU (5) indices,
so under T -parity

Y - =052 5. (12)

2.1 A UV doubling problem, making the 7-odd doublet
massive

The coset structure of LH with T -parity is in tension with the
SM matter content [32,33]. The low energy theory must con-
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tain a T-even massless SU (2) doublet, the left-handed quark
doublet of the SM. Since T -parity can be understood as an
exchange symmetry between the two gauged SU(2) sub-
groups of SU(5) (we omit the U (1) factors for the following
discussion), one must therefore introduce two doublets ¥;,
each transforming under a different SU (2); withi = 1, 2.
Under T -parity the two doublets are mapped into each other

Vi < Y. (13)

We would like to write a mass term for the 7-odd combination
Yv_ = (Y1 — o) that respects the SM gauge group. Let us
introduce a right-handed field ¢ transforming as a doublet
under the SM gauge group [SU (2)]142

L3 W =Yy (14)

This term respects the SM gauge group, however each term
by itself breaks SU(2); x SU(2)> and cannot be gener-
ated by a reasonable UV theory which respects those gauge
symmetries, unless they are spontaneously broken. Assum-
ing that ¢ cannot be a doublet of just one of the SU(2)'s,
we expect the mass term to arise as a result of spontaneous
symmetry breaking

L3> W (p1) — ¥l Ve, (15)

where we introduced two sources of spontaneous symmetry
breaking, the VEV’s (¢1) and (¢2).

Let us examine now the VEV’s which we can use to write this
term in a gauge-invariant way. In Sects. 2.1.1 and 2.1.2 we
briefly examine two different constructions presented in the
literature that generate the mass term of Eq. (14). We mention
possible shortcomings of these constructions, which motivate
the construction used in this work, presented in Sect. 2.1.3.
Readers interested only in the details of the model used in
this work, may skip directly to Sect. 2.1.3.

2.1.1 Non-linear formulation of a massive odd doublet

One construction commonly presented in the literature uses
the CCWZ formalism [34,35]. The main advantage of this
approach is that no new sources of spontaneous symmetry
breaking are needed.

First we have the linear representations of SU(5) [29]

Y1 0
v=[o], wmu=|o], (16)
0/5 V2/ 5

with the following T -parity transformation

¥ — QXg¥,. 17

A mass term for the 7-odd combination is constructed using
a non-linearly transforming field

) 41

‘_I]C — XC ,
143

Under a transformation g € SU (5)

a5of SO®). (18)

¢ - 0(Ilg, 9)¥¢, 0 eS05). (19)

¢'M=/f transforms under a transformation g € SU (5) in the
following way

M=l 5 g2/ 07 = 02/ (3087 %), (20)

The kinetic term for W€ contains the e, symbol defined
by [34,35]

ie” = (@, M=y = dl X7 + ¢ T'. (21)
Using the automorphism defined in Eq. (9) we can write
ey = e, T" ina T-parity symmetric form

ey = % (e—fnz/faue"“ﬂf + eiHZ/~f8Me_iH2/f) . (22)
The e, symbol transform as a covariant derivative

O +ex) = 0@, +e)0", (23)

which allows us to write an invariant kinetic term for W°¢.
Note that under T -parity

e, — Qe, 2, 24
therefore the transformation of W¢ under T -parity is
U — —QUC, (25)

The benefit of the CCWZ formalism is that the pion matrix
can be used to “dress” the field W* as linear representations
of SU(5),e.gSand 5

A G A (26)
and
Soe /U - g (Bge /1§, 27)

with g € SU(5). Finally the mass term is given by [29]

L> %(leoe‘f“f/f — Wae M=) ¢ +he
Ly a) U5+ @8

V2

The field ¥ must be a complete S O (5) representation, oth-
erwise the kinetic term for ¢ would explicitly break the
global symmetry protecting the Higgs mass [29]. The field
Y{ is still massless at this point. One could formally intro-
duce an additional doublet n and write a mass term

L5 M@y +he). (29)

@ Springer
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This term breaks the global symmetries protecting the Higgs
mass, generating O (M 2) contributions to the Higgs mass.

2.1.2 Adding a third SU(2) x U(1)

We conclude that the model requires additional structure in
order to give mass to the 7'-odd combination without explicit
breaking of the global symmetry.

One possible solution is to add an additional gauge
group [33,36], denoted by [SU(2) x U(1)]3. Now ¢¢ of
Eq. (15) transforms as a doublet under [SU (2) x U(1)]3 and
the scalars ¢; transform as a bi-fundamentals of [SU (2) x
U(1)]; x [SU®R) x U(1)]3 withi = 1, 2. This solution intro-
duces new heavy T -even gauge fields. The new T -even gauge
fields can be made heavy by making the coupling constant
of the third SU(2) x U(1) gauge group large, effectively
decoupling them from the theory without spoiling the natu-
ralness of the model. One has the choice of how to enlarge the
global symmetry to incorporate this additional gauge group.
The most naive extension is

SUGS) — SUB) x [SUR2) x U]z (30)

We introduce additional scalars ®; and @, transform under
the enlarged group as (5, 2) and (5, 2) respectively (disre-
garding the U (1) charges), namely

P — g*d1gl, Dy — gdagl,

g € SUB), g elSUQ) x UD)]s. €1y}
Under T'-parity
D > ToQdy, Y — —yY°. (32)

The T-odd doublet gets a mass

L3 (W(@)) — Ta(®2) Y°

V2
kf —  —\ .
= ﬁ(wl — V) Y+ ., (33)
after &1 and &, acquire VEV’s given by
I x2
(@1)=f |01 x2 | = ZoS(P2). (34
02 x 2

The appearance of @1, ®; resultsin adeviation from the orig-
inal coset structure of the LH, with the altered coset structure

SU®B) x SU2) x U()

[SUQ) x UDli+2+3
We now identify [SU(2) x U(1)]142+3 as the SM gauge
group. This coset contains in the original 14 NGB’s of the
LH coset, and additional 10 NGB’s from the spontaneously

broken SO(5). These 10 additional states decompose under
the SM gauge group as

(35)

1o®30@212@ 1. (36)

@ Springer

The additional neutral singlet 1 and triplet 3¢y are “eaten”
by the additional T-even gauge fields. This naive approach
unavoidably introduces additional physical NGB’s in the
form of a T'-odd doublet 21/, and a T-even complex scalar
11 2. These states must be made massive without spoiling the
symmetry protection of the SM Higgs. Additional NGB’s are
a generic result of the enlarged global symmetry structure,
even more so when the additional SU(2) is a gauged sub-
group of a larger global symmetry [33].

2.1.3 Mirroring the 1 <> 2 exchange symmetry

In this work we consider a concrete solution suggested in
Ref. [32]. We extend the global symmetry

SUGB)—=SUG) x[SUR)x UM)]L x[SUR2) x U(D)]g.
37)

We introduce a scalar field, X, which transforms linearly
under [SUR) x U] x [SUQR2) x U(1)]r

X — gLXg;Q. (38)

When the ¥ and X acquire VEV’s, (£) = g and (X) = 15,
the symmetry is spontaneously broken to

SUG) | [SU@) x U] x [SUQ) x U]k
SO(5) [SUR) x U]y

We gauge two SU (2) x U (1) subgroups defined as the com-
binations [SU (2) x U(1)]14+r and [SU(2) x U(1)]24+r. The
residual gauge symmetry [SU (2) x U (1)]14+2+1+r isidenti-
fied as the SM gauge group. We can parametrise X using the
non-linearly transforming Goldstone fields associated with
this symmetry breaking,

(39)

X = o7 )T = o7 Y (40a)
1 .
My =5 (niol + no]lz) . (40b)

Note that the symmetry breaking scale f’ may be different
than f, the symmetry breaking scale of the original coset
defined in Eq. (7). T -parity in the additional coset is realized
as an L < R exchange, mirroring the 1 < 2 exchange
symmetry of the original coset. Under T -parity,

HX — —Hx, (41)
We introduce a non-linear representation of
[SUQR) x U] x [SUR2) x U(1)]g.-

Y€ is a doublet of the unbroken subgroup [SU(2) X
U (1)]1+r, transforming non-linearly under

8L 8r € [SUQ2) x U] x [SU(2) x U(D)]k,

V¢ — V(Ix, g1, RV,
VelSUQR) x UM)]r4r.

(42a)
(42b)
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The transformation properties under [SU(2) x U(1)]r x
[SU®2) x U(1)]g of ¢/Mx/f" in this case are

SAX/f gLeil_[X/f/V+ = VeinX/f/g;. (43)

This object can be used to “dress” ¢ as linear representations

My — gy (M), (44a)
e My — gr(e My, (44b)
Finally the mass term can be written as [32]

L3 W™ g, sge M/ yy¢ 4 he. (45)

This extension allows us to add a single SU(2) doublet to
the spectrum, 1, and write a mass term for the 7-odd dou-
blet, without any explicit breaking of the global symmetry. In
additional to the 14 original NGB’s of Eq. (6), our spectrum
includes now an additional NGB’s, a real singlet 1y and a
real triplet 3.

2.2 Gauge sector

We write the Lagrangian for the non-linear o model

2 /
Lno = %Tr[(DHZ)(D“E*)] + ZTr[(DMX)(D“XT)].

(46)

We parameterize X, X using the NGB’s as defined in Eq. (7)
and Eq. (40). The exact form of the covariant derivatives can
be found in App. Appendix A

Once we set X, X to their respected VEV’s, we find that
the following linear combinations,

1 1
Wi = —=W{ = W3), By =—=(B1— B), (47)
H ﬁ 1 2 «/5
acquire a mass
1 1

My, =g fA(1+r%), Mg, = ¢ f? (1 + §r2> . (48)
with

/
r= i (49)

f

We recognize the orthogonal linear combinations,
W= (WE WS, B=—=(Bi+ By (50)

\/z 1 27/ \/E )

as the SM gauge fields.

2.3 Goldstone sector

In addition to the complex Higgs doublet H and the charged
triplet ®@, the Goldstone sector includes additional physical

states: a real singlet s and a real triplet ¢ = %gpuaa, defined

as the following linear combinations
§ = o1 + 5000, @a = C3Ta — $37q, (51

with the mixing angles

p
so0=4/l—c2= ——, (52a)
0" 5412
r
c3=4/1—s2= ——. (52b)
3 V1472
The orthogonal linear combinations,
Go = —somo + cogpo, G = 5374 + 374, (53)

are “eaten” by the heavy gauge fields and removed from the
spectrum in the unitary gauge.

2.4 Matter sector

The top Yukawa generates the largest quadratically divergent
contribution to the Higgs mass, therefore we limit our dis-
cussion to the third quark family. The terms in the top sector
must respect enough of the global symmetries in order for
the Higgs mass to be protected from 1-loop quadratically
divergent contributions. This mechanism is usually referred
to as “collective” symmetry breaking. In order to respect
these symmetries we enlarge the multiplets introduced in
Eq. (16) and introduce top partners. The quadratically diver-
gent contribution to the Higgs mass from these top partners
would eventually cancel out with the top contribution. We
start by introducing left-handed Weyl fermions. We embed
the doublets i1 » with the singlets i 2 (the top partners) in
incomplete SU (5) multiplets

Y 0
Vi=lxi], Y2=1|x2] - (54)
0/5 V2/ s

Under T -parity,
U — QXoWs, (55)
or equivalently

Y1 < Yo,

We introduce 3 right-handed singlets denoted by 7g, 7j 2.
Under T -parity,

X1 < —X2. (56)

fR <> fR, T < 7. (57)

The top Yukawa is given by [13,30]

M= — <\ -~
Liop = Tf (‘yliOi + (‘112920)1'01‘) IR (58a)
Mf _
+— T1 — X»72) + h.c,
/2 (X1 X2 )
0; = €ijkZjaSis,  Oi = €ijk S jaSss. (58b)

@ Springer
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3 is defined in Eq. (12). The indices i, j, k are summed over
1, 2, 3. We define the T-parity eigenstates

1 02QL
VU, = — W +QZ¥V)=| x+ |- (59a)
V2 0
1 oy
VU_ = — (V] — QXY = T, , (59b)
V2 0
with
0 —<5L>—io W1 + ) (602)
L by NG 2(Y1 2)
_ 1
v, = Edz(wl —V2). (60b)
The singlet T -parity eigenstates are defined as
P Lot (612)
= — — , T4+ = —7—=(T ), a
X+ NG X1 — X2 + NG 1+
_ 1 _ 1
I, = NG X1 +x2), Tp = 7 (1 — ). (61b)

Note that the T-even fields, and in particular 77, f, are not
the mass eigenstates (hence the tilde). After the Higgs field
acquires its VEV, (H) = %(O, v)T, we find the following
mass matrix for the 7-even fermions

_ Asuo 7
['top > f (fL 7+) (}u](lz-FCt;) k_z) < R) +h.c. (62)

w2 V7)) \T
We denoted
. v?
sy = siny/2&, ¢y = cos/2§&, §EF. (63)

The physical basis is given by

L\ _ (cL —SL i
()= (2 ) ().
IR\ __ (CR —SR IR
(1) =G (),

with sinf ;g = sy /g and cosf /g = cr/r. The mixing
angles are given by [31]

1 24/2A35,(1
0 = ~tan~" [ — V25 T ) e
2 405 + (1 4+ ¢)?A7 — 2478y
4r1ra(1
or = s tan! kel ) . (65b)
2 405 — A7(2s2 4+ (14 ¢p)?)

@ Springer

The masses at leading order in & are

1 Ao

mi = — | —= | V&r. (66a)
LoV2 VM A3

VAT + 23
mps = +—— " f. (66b)

V2
The top Yukawa coupling at leading order in & is therefore

AMA2

iy
22423

We shall keep X, as a free parameter and fix A to produce
the correct top Yukawa y; ~ 1. The mixing angles at leading
order in & are

(67)

_ )‘% Y z
= ivE= (1) Ve (68
M _x (68b)

SR=—_k .
2 2 2
JAT A3

For the T-odd sector we must introduce a mass term for
the doublet similar to the term in Eq. (45). We intro-
duce a RH doublet v/, transforming non-linearly under
[SUQ2) x U] x [SU®R) x U()]r according to
the CCWZ formalism. v/ is odd under 7 -parity

Vg = —Vk- (69)

The mass term is given by [32]

K _ € — L _
['K — 72 <wlo'zef/ Mx — w202g f/HX> wR + h.c. (70)

Our spectrum contains a 7-odd singlet 7~ and a 7-odd dou-
blet ¢~ with the following masses

A2
V2

Lastly, the explicit form of the kinetic terms can be found in
App. Appendix A.

mr- =

fo omy- =«f. (71)

3 Scalar potential

At tree level, the pNBG’s interact only through derivative
interactions and their classical potential vanishes. The gauge
and top sector couplings explicitly break the global sym-
metry. The classical scalar potential is radiatively generated
from fermion and gauge loops. At 1-loop the fermion and
gauge loops contributions are given by [37]
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Ne 2 i
Vi(H, ®,5,9) = =5 Nay Tr [ My M} |

8
- i
N, N2 MM
_16;2612% (MfM}) 10g( j\zf)] (722)
3
W(H, D,s,9) = ml\ztk Tr [M\z,]
3 [ M?2
ez My log (A—;')} (72b)

respectively. M ¢(H, ®, s, ¢) and M\z,(H, D, s, ) are the
fermion and gauge bosons mass matrices in the background
of the pNGB’s. The a; parameters with i = 1,..,4 are
unknown O (1) numbers originating from unknown UV con-
tributions to these operators. A ~ 4 f is the cutoff scale of
the theory. Expanding the scalar potential V = V¢ + Vy in
the NGB fields, we find that

V = myTr[@®] — 12| HI* + mTr[p?] + A H[*
+Apms? | H? + hps H ' oH + ... (73)

We have omitted additional radiatively generated operators
that are inconsequential for the upcoming discussions. A
detailed analysis of the symmetries of the scalar potential
of this model can be found in Appendix 1. In this section we
summarize the most important features of the scalar poten-
tial.

The mass of the charged triplet ® is quadratically diver-
gent,

mg ~ afew TeV. (74)

We consider energy scales well below mg¢. We remove @
from our spectrum by integrating it out. Due to T -parity,
integrating out @ at tree-level does not influence any of the
couplings explicitly written in the scalar potential of Eq. (73).
Like m%b, the Higgs quartic A is generated by 1-loop quadrat-
ically divergent diagrams.

The rest of the operators in Eq. (73), including the Higgs
mass term 2, are generated through logarithmically diver-
gent loops, and as such they exhibit a mild dependence
on the UV cutoff scale. The explicit calculations, found in
Appendix 1, give us an order of magnitude estimation for
the IR contribution to these operators at 1-loop. However
quadratically divergent 2-loop diagrams as well as UV con-
tributions can have comparable effects on these operators.
Therefore we do not presume to be able to predict these cou-
plings accurately in terms of the fundamental parameters of
this model. In this work we treat the couplings in Eq. (73) as
free parameters, except > and A which are already fixed by
experiment. Our goal is to allow the free parameters to take
values that are reasonable in light of the approximation given
by the 1-loop IR contribution, and state explicitly when this
is not the case.

In addition to mé , ADM, Ag, we mustintroduce a mass term
for the singlet s. The singlet remains massless at 1-loop, and
a mass for s is generated at the 2-loop level. We take the
pre-EWSB mass term of the singlet, denoted as ﬁ’t?, as a free
parameter as well. The sizes and ranges of m?ﬁ, Ag, nﬁ% ADM
are dictated by the DM phenomenology and are discussed in

Sect. 6.

4 LHC phenomenology
4.1 T-even singlet T™

The T'-even singlet is responsible for cancelling the quadrati-
cally divergent top loop contribution to the Higgs mass, hence
it is the standard top partner predicted by composite Higgs
models. It can be doubly produced at the LHC via QCD pro-
cesses, as well as singly produced with an associated third
generation quark through the following EW interactions

L> gcbWT;WbL n gc,ZTerL +he. (75)
In this model,
J2E 1\2/1TeV
wa=\/§SL’&’z—ZS%O35<— ( - ) (762)
23 A2 f
1\ /1TeV
Ciz = L o @2 ~0.28 (— ( © ) (76b)
cw CW)‘-Z )\2 f

Decay modes

We consider the limit my+ > mpg, my, mz. In this regime
EWSB effects are negligible and we can formally take & —
0. The dominant decays of T are to the physical Higgs or
to the longitudinal components of the SM gauge bosons with
an associated third generation quark, in accordance with the
equivalence theorem. We can parameterize the Higgs field in
a general Rg gauge using these would-be longitudinal com-
ponents as

¢+
H = (%(v th+ i¢0)) : (77)
The relevant interactions between the Higgs doublet and T+
are
Liop 3 —J5hask (T +h+igo) = V2bLg*) TE, (78)
predicting that in the high energy limit,

Br[Ty — ht]:Br[Ty — Z t]:Br[T — W7 b]
=1:1:2. (79)

The exact branching ratios 7" including EWSB and phase
space effects can be found on the left panel in Fig. 1.
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Fig. 1 Left panel : Numeric results for branching ratios of 7 for
f = 1TeV. Right Panel: Numeric results for branching ratios of 7~ for
f =1TeV,r =3 and mg; = 200 GeV. The mass of By is a function
of f,r,in this case mp, =270 GeV

LHC searches

Single production T, can be singly produced at the LHC in
association with a third generation quark. A recent search
from CMS [38] looked for (T — Z t)bg with a fully lep-
tonic Z decay. The search places a lower bound on the mass
of the singlet LH Top partner at 1.2 TeV, assuming negligi-
ble width and BR[T ™ — Zt] = 0.25. The bound strongly
relies on a model-dependent production cross-section, which
in term depends on the coefficients of Eq. (76). In the CMS
search the coupling is fixed at Cw = 0.5. Conservatively we
consider the mp+ > 1.2 TeV bound at face value, although
we expect a smaller value for Cpw, as can be seen in Eq. (76).
Cypw is further suppressed for A, > 1, which is the region in
parameters space that, as we later show, is consistent with the
LHC constraints on the 7 -odd top partners masses. The mass
of the T-odd singlet is bound from below tobe m7+ > +/2f.
The lower bound of 1.2 TeV can be trivially satisfied by tak-
ing f > 850 GeV.

Double production Ty can also be doubly-produced via
QCD processes. A recent search from ATLAS [39] looked
for a pair produced top partners in a range of final states,
assuming that at least one of the top partner decays to th.

@ Springer

The quoted nominal bound of the singlet top partner is
mr+ > 1.02 TeV. (80)

This bound can be satisfied by taking f > 700 GeV.

4.2 T-odd singlet T~

The phenomenology of the T-odd singlet resembles that of
a stop squark with conserved R-parity. It can be doubly pro-
duced at the LHC via QCD processes, and consequently
decay to tops and missing energy.

Decay modes

We consider the limit my— > mg, mp, ,m;. T~ couples to
the singlet ¢ of the original ggg; coset. In a general R;
gauge, ¢o is composed of the physical singlet and the would-

be longitudinal component of By,

$o = sos + coGo. (81)

The relevant interactions are

2 _
Liop > ml,/g (¢oT " tg) +hc
L (2 - -
=il g(SOST tR+coGo T tR)+h.C. (82)

Leading to the simple prediction in the high energy limit

S0 2,2
T~ —>st):I'(T™ — Byt) = (C—> = 5 (83)
0

The exact branching ratios of 7~ including EWSB and phase
space effects can be found on the right panel in Fig. 1.

LHC searches

We performed a simple recast of recent stop bounds by
accounting for the enhanced production cross section of the
fermionic T~ relative to the scalar stop squark case. We
would like to account for the presence of the 7-odd dou-
blet, which contributes to the same final states as 7. We
postpone the derivation of these bounds to Sect. 4.3.

4.3 T-odd doublet ¢~

The phenomenology of the 7-odd doublet resembles that of
a mass-degenerate stop and sbottom squarks with conserved
R-parity. The upper (lower) component up ¥~ can be doubly
produced at the LHC via QCD processes, and consequently
decay to tops (bottoms) and missing energy.
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Decay modes

We consider the limit where My~ 3> Mpy, My, Mg, My. In
a general Rg gauge, we can express our original pNGB'’s in
terms of the physical pPNGB’s and the would-be longitudinal
modes of the heavy gauge fields defined in Eqs. (51) and (53),

™\ ([ 53\ (0"

(re)= (5 0) (&) o
7% (co —s0 s

(¢0) B <So <o ) (G°> ' (840)

with the mixing angles ¢, c3, so, 53 defined in Eq. (52). The
relevant interaction in the & — 0 limit originate from L.
For (¥)"

i1 _ _
L3 7;[(608 —50Go)L + (—s3¢3 + ¢3G3)iL
+V2(—s39" + CSG)EL}(WE)Iv (85)
and similarly for (¢ X)2,
i1 — -
Le > 5 (cos — s0Go)bL — (—s393 + ¢c3G3)bL

+V2(=s30" + C3G+)?L](WR)2. (86)

In the high energy limit
2 2
_ g _ 55
Br[y™ — g s] = 1 Br[yy~ — g Gol = R (87a)
_ | s32
Brly™ > qe3l =S¥~ > q o+l = 7 (87b)
_ | c%
Brly™ = q Gs] =Sl = q G<l= . (87¢)

with the final state with ¢ = {b, t} depending on the electric
charge of the initial state. The exact branching ratios for ¢~
including EWSB and phase space effects can be found in
Fig. 2.

LHC searches

The T-odd sector contains two top-like and one bottom-like
fermions. We perform a recast of recent bounds on stop and
sbottom masses by accounting for the enhanced production
cross section of a fermionic colored top partner, along the
lines of [40] and [41]. The quoted bounds in Ref. [42] for the
stop and sbottom masses are

my > 1070 GeV, mj > 1175 GeV, (88)

respectively. We denote the QCD pair production cross sec-
tion at f = 13 TeV for a spin s coloured particle with mass
M as o’ . (M). We require that

pair

1.0f 3
-\J F=1TeV r=3, m,=200GeV, m, =1 TeV

By ex
X
Svx
X

0.6H ® Wit

0.8

Wi
04 ® But
W ost

(1)1 Branching Ratios

B ooyt
0.2
H oo b

L s d s
1000 1500 2000 2500 3000

[/‘ =1TeV r =3, m, =200GeV, my, =1 TCV}

osh| ™ 2tX

X
Svx
X

(1)7)2 Branching Ratios

Fig. 2 Numeric results for the branching ratios of the upper
(lower) component of 1{_ presented in the left (right) panel, with
f = 1TeV,r = 3,m; =200 GeV,my, = 1TeV and A, = 2.5.
The masses of the heavy gauge boson are fixed at m g,, = 270 GeV and
myy, = 2.1TeV. The dashed colored lines indicate the branching ratios
to the different exclusive final states. The solid thick lines indicate the
sum of branching ratios with either a top (purple curve) or a bottom
(yellow curve) at the final state

00 (1070 GeV) > o /2 (m7-) (89)
+ Oy (my-) X BRI(Y-)1 — 1 + MET]
and
005 (1175 GeV) = 0.} (m - (90)
xBR[(¥-)2 — b+ MET],
with my- = «f and mp- = \?f the masses of the T-

odd doublet and T-odd singlet top partners respectively. We
use 0. (M) reported by the CMS collaboration [43] and

pair

palr (M ) calculated using HATHOR [44]. The combination
of Egs. (90) and (90) in the (m.,—, m7-) plane is plotted in
the left panel of Fig. 3. We conservatively assume all the
branching ratios to be 100%. We thus obtain the following
lower bounds on the 7-odd fermion masses

My, mr_ > 1.6 TeV. 91
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Fig. 3 Left Panel: Exclusion limits (blue region) in the (m.y,—, my-)
plane, using recasted limits from the CMS SUSY search of Ref. [42].
We impose the condition of Egs. (90) and (90), assuming branching
ratios of 100%. Right Panel: Exclusion limits in the ( f, 1») plane using
Ref. [42] (blue region, using the bound from Eq. (92)), Ref. [38] (orange
region) and Ref. [39] (green region)

The combination of all LHC constrains in the (f, A») plane
is shown in the right panel of Fig. 3. We summarize the
constraints for the couplings for a for a given f,

1.6 TeV

<k <4m,

(92a)

< Ay < 4. (92b)

|: 2.3 TeV:|
Max |1, ———

5 Electroweak precision tests

The main contributions to electroweak precision observ-
ables are unaffected by the extended coset structure. The

@ Springer

mixing in the left-handed sector generates a correction to
the T oblique parameter due to loops of the 7T-even singlet
T+ [31]

T+ = Tspsi2 [S; — 2452 ] (93)
with
Tey = —— Lm—’zwlm (94a)
167 s2c2, m%
_omr (x50
w=—la (), (94b)
M+ A
and
. Xt
s =s8infp & | ———. 95
L L 21 95)

We express Tr+ in terms of x; using Eq. (95). In light of the
LHC constrains on the T-even top partner mass of Eq. (80),
we expect x; < 0.03 < 1. We therefore expand Eq. (93) to
leading order in x;:

Tre [ x 1 1|

R (75) (i ] ) o
(s i L]
‘(xa*)(21°g[<x%—1>s]+[xﬁ—l} 2)'

(96b)

An additional contribution to the T parameter is due to loops
of T-odd heavy gauge bosons. The correction is proportional
to the mass splitting after EWSB,

Am%VH Em%Vz — f g sin <\/§), 97

neglecting corrections of order O(g’?). The T-odd gauge
loops generate the following correction to the T parame-
ter [31]

9

A2
Ty = ———————Am}, log [ ————
Y T ler i Mt Ve g<f2 2(1+r2)>

l67rs2 §lo ©8)

(fgﬁ)

This correction is A, independent, and becomes the dom-
inant one for higher values of Ap as Tp+ — 0. We
assume that the UV contributions to these loop processes
are sub-leading with respect to the log-enhanced IR contri-
bution.

Let us mention that the oblique S and U parameters also
receive corrections due to the mixing the LH fermion sec-
tor. As noted in Ref. [31], the size of these corrections are
an order of magnitude smaller than the correction to the T
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Fig. 4 Combined EWPT and LHC exclusion regions in the (f, Ap)
plane, for r = 3 and A = 4xf. The EWPT exclusion regions due

to T-parameter (blue region) and (ng};h (orange region) are plotted at
the 30 level using the results of Ref. [45], T = 0.12 £ 0.07 and

Sgig = 0.002 £ 0.001. The LHC exclusion (green region) is due to
Ref. [42] using the lower bound of Eq. (92)

parameter and are therefore sub-leading. Additionally, the
Zb by vertex receives corrections due to 77 loops [31]

4 2
_ o m 1 m
s = £t ( )k’g e
cw 85y, mym7., \ A5 — 1 m;
B _ _ _ 2
with 5¢7%0 = gf"" — g% and gf%% = -3 + %

We constrain the parameters of the model using the results
of Ref. [45], namely

T =0.1240.07,
8gZP =0.002 4 0.001.

(100a)
(100b)

The combinations of the EWPT and LHC constraints are
plotted in Fig. 4. For f < 1.5 TeV values of 1, < 1.5
are excluded by LHC. The correction T+ decreases as Aj
increases, and in the allowed regions we find that Ty, >
Tr+. We conclude that the correction from 7-odd gauge
loops to the T-parameter is the dominant constraint in the
allowed region where X, is large. We find the following lower
bound on f from Eq. (98) at 3o after taking A = 4r f

f > (1240 GeV) x \/1 - élog(l +r2)
~ (970 GeV) x (1 —0.08(r — 3))). (101)

Therefore we set the lower bound on the symmetry breaking
scaletobe f > 1 TeV.

6 Dark matter phenomenology
6.1 Spectrum

The lightest 7-odd particle (LTP) in the spectrum is stable
and therefore a natural DM candidate. One possible LTP is
the gauge field By. This possibility has been considered in
the past in the context of the original LHT model [46]. In
this work we explore the possibility of DM being part of
the composite scalar sector, in particular the singlet s. The
singlet mass m; is a free parameter in our model. The mass
mp,, given in Eq. (48), is of order O (200) GeV. The region
in which s is the LTP corresponds to r ~ 2 — 3 and thus
would be the focus of our study. In this region we may safely
neglect co-annihilation effects of s with By. Since larger
values of r correspond to heavier 7-odd gauge bosons, there
is a small increase in the fine-tuning of the Higgs mass from
the gauge sector. We can easily see by comparing the loga-
rithmically divergent contributions to the Higgs mass from
the two sectors

2
Mawge g0+ g o

2 322 2 (I+7r%)
Hiop 12 2

~ afew precent x (1 + r?). (102)

that this increase is negligible compared to the dominant
source of tuning from the top sector.

6.2 Singlet-triplet mixing

The last term of the scalar potential in Eq. (73) induces mix-
ing between the singlet s and the neutral component of the
triplet 3 after EWSB. The effects of singlet-triplet mixing on
the DM phenomenology have been considered in Ref. [47].
We focus on the composite nature of the singlet DM. For sim-
plicity, we limit ourselves to the region in parameter space
where we may neglect the mixing effects. The mixing angle
is given by

(103a)

N =

5 1 12 4
sin” 6y = 1-— s =Z+0(t)’

2

1A
eV (103b)
2 |m% —m2|

Assuming for simplicity thatm ~ v, A, ~ 1 and demanding
conservatively that sinfy, < 5%, we find the following
lower bound

e >0,
mg ™

(104)
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which implies m, 2 600 GeV, consistent with current col-
lider bounds.! We note that the assumption A, ~ 1 as well as
the lower bound on m, are consistent with the IR contribution
of Eq. (73) to these operators. We find that the operator corre-
sponding to A, enjoys an accidental factor ~ 5 enhancement
to its coefficient in the CW potential. The IR contributions
can be found in Appendix 1 in Egs. (B.47) and (B.48). We
conclude that a moderate mass separation is sufficient in order
to neglect the singlet-triplet mixing effects.

6.3 Annihilation cross section

The DM relic abundance is calculated by solving the Boltz-

mann equation for the particle density [50]
fis + 3Hn, = — (o) [nf — (nEQ)Z] . (105)

The thermally averaged cross section for a non-relativistic
gas at temperature T is given by [51]

i dso(s - 4m?2)/sK1(/5/T)

ov , 106
ov) 8miTK3(m/T) (106)
and the usual approximation yields [50]

Qh? 3 x 10720 cm’ 57! Ipbc

R = . (107)

0.12 (ov) (ov)

The measured DM relic abundance is [52]
Qpmh? = 0.1199 + 0.0027. (108)

In the following we consider three types of interactions rel-
evant to our model that determine the annihilation cross sec-
tion, the Higgs portal, the derivative couplings and the contact
term [5,6].

6.3.1 Higgs portal

Due to the explicit breaking of the global symmetry, the scalar
potential of Eq. (73) is generated radiatively, and in particular
the following operators are present in the theory
1
L> —Enafsz — roms’HH. (109)
ApwM is the usual Higgs portal coupling of the singlet DM
model [53-55]. The Higgs mediates s-channel annihilation
to SM gauge fields and fermions. The annihilation channel
ss — hh is also possible via the s,f and u channels as well as
directly via the dimension 4 operator s2h%. We assume that

I The LHC phenomenology of ¢ resembles that of the Wino, which
implies that the charged components can be doubly produced via elec-
troweak processes and decay to W and missing energy. However, the
relevant SUSY searches, e.g [48,49], do not pose strong constraints on
my,, especially in light of the reduced production cross section of the
scalar triplet in comparison to the fermionic Wino.

@ Springer

freeze-out occurs after the EW phase transition. In unitary
gauge, we can rewrite Eq. (109) as
1 A
L> —3 (ﬁi% + )»DMv2> s% — Apmv 2h — %szhz.
(110)

We define the physical mass of the singlet
m? = m? 4+ Apmv’. (111)

As discussed in Sect. 3, we take m, ApyM to be free parame-
ters. We note a posteriori that the phenomenologically viable
regions not excluded by direct detection have Apm < 1%.
The naive IR contribution to App is O (10%). To obtain a
viable model we assume that additional contributions gener-
ate cancellations of order a few in order for the Higgs portal
coupling to take smaller values. These additional contribu-
tions can originate from UV physics, e.g loops of heavier
resonances, and higher loop order diagrams containing the
lightest top partners . The latter can be quadratically depen-
dent on the UV scale, since we expect the collective break-
ing mechanism to break down at higher loop order. These
additional contributions are expected to be comparable to
the leading logarithmic contributions, allowing a substantial
cancelation with the leading order contributions to take place
in some parts of parameter space.

6.3.2 Goldstone derivative interaction

The kinetic term of the non linear sigma model of Eq. (46)
contains derivative interactions among the Goldstone fields,
in particular

2

5s,
Loto 3 ﬁ [s(8ﬂs)8“(HTH) — 2" H 9, H)

—(HMS)ZHTH] . (112)
These derivative interactions scales like m% /f?%, and we
expect them to become increasingly stronger for heavier DM
masses or lower values of f. They affect all the annihilation
channels of the Higgs portal couplings, typically resulting in
destructive interferences [5]. We discuss this effect in detail in
Sect. 6.4. As r increases, 5o increases and approaches unity.
This is equivalent to decreasing the effective scale of this
operator f = f/so, thus making these interactions stronger
for lower DM masses.

6.3.3 Contact term

The non-renormalizable nature of the theory and the mixing
in the top sector leads to the appearance of the following
contact term,

Cs2ft 2+

Ltop B TS tt. (113)
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with

(114)

o= (38 (o (3 ).
5 12
As opposed to the standard singlet DM which interacts with
the SM only through the Higgs portal, this dimension 5 oper-
ator allows the singlet to annihilate directly into tops without
the mediation of the Higgs. Similarly to the derivative inter-
actions, the contact term becomes increasingly important at
higher energies. At leading order in &, we obtain

7 12
2

Asr increases, the effective scale of this operator f = f/J/s0
decreases, thus making this interaction stronger for lower DM
masses.

(115)

6.4 Relic abundance

We can characterize the DM phenomenology in 3 distinct
mass regions, see also [56]. In the first region where m; <
~Apm f, all the effects of the interactions originating from
higher dimensional operators, namely the derivative inter-
actions and contact term, are negligible compared to the
portal coupling interaction. The DM phenomenology in this
region coincides with the standard singlet DM [53-55]. In
regions where m; ~ +/Apm f, the effect of higher dimen-
sional operators becomes comparable with the marginal por-
tal coupling operator. In particular we find a destructive inter-
ference between the Higgs portal coupling and the derivative
interactions. Lastly, for heavy DM masses ni; > «/ApMm S,
the higher dimensional derivative operators dominate. For
the following discussion it would be useful to parameterize
the thermal cross section as

(ov) = 00 (1) [ Ghowt = fi ()2 + f2(0O s —m)
msg
7
00, f1, f> are monotonically increasing functions of x. Fur-
thermore, og, f1, f>» depend in general on f,r, Ao. fi(x)
parametrizes the destructive effects of the dimension 6 oper-
ator of Eq. (112), hence we expect f] ~ x> . f>(x) accounts
for the dimension 5 operator of Eq. (113), which allows the
singlet to annihilate into two tops independently of the Higgs
interactions, therefore we expect f> ~ x.

X (116)

6.4.1 Portal coupling dominance
In regions of parameter space where

my <K v/ Apm f,

(117)

the composite features of the DM are negligible, and the
phenomenology is that of the standard singlet DM [53—
55], where irrelevant operators are irrelevant. In this area
of parameter space, the thermally averaged cross section is
approximately

(ov) ~ 00 () A, (118)
and the observed relic abundance is produced for
1 pb
AL ~ . 119
pm (¥) 0 @) (119)

For Apm < )LJDFM the singlet is over-abundant. These regions
are experimentally excluded. In the range Apm > ABM the
singlet is under-abundant. In this region an additional source
of DM must be present in order to account for the observed
relic abundance. For a fixed value of f, this region is charac-
terized by a large portal couplings or small DM masses. The
mass region my < my, /2 is severely constrained by the LHC
due to the Higgs invisible width to singlets. For mgy =~ m, /2,
the Higgs mediator is resonantly produced and Apy must be
extremely suppressed in order to produce the correct relic
abundance, making this finely tuned region hard to probe
experimentally. We shall focus on DM masses above mj, /2
the avoid the above-mentioned issues.

This region can be seen in the left panel of Fig. 5 where
mg < 150 GeV. In this region the total annihilation cross sec-
tion for a fixed portal coupling decreases with m, as expected
in the standard singlet DM scenario for mg > my /2. In the
right panel of Fig. 5, the portal coupling dominance region
is to the right of the minima of the curves. In this region, for
a fixed value of the mass, the total annihilation cross section
increases with Apy.

6.4.2 Contact term dominance

In region of masses where

mg ~ v/ApMm [,

the derivative interactions and Higgs portal are compara-
ble. In this region Apm ~ x2 ~ fi(x) such that the portal
coupling and derivative interactions interfere destructively,
implying that

(120)

(ov) = 09 f2(x)O (my —m,). (121)

In regions where x < m;/f, (cv) becomes arbitrarily small
and the singlet is over-abundant. This parameter space is
experimentally excluded. In the range where x > m;/f we
find that (ov) is positive since the singlet is kinematically
allowed to decay into tops. For a particular value x = Xmax
defined by

00 (Xmax) f2(*max) = 1 pb, (122)
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the observed relic abundance is produced. In the parameter
space where m;/f < x < xmax We find that (ocv) < 1 pb and
the singlet is over-abundant. This range is also experimentally
excluded. For coupling and masses such that xp,x < x we
find that (ocv) > 1 pb and the singlet is under-abundant.
In this region an additional source of DM must be present
in order to account for the observed relic abundance. We
conclude that for a given point in (A, , f) parameter space,
the largest DM mass for which the singlet can account for
the entire DM relic abundance is therefore given by mj"®* =
e f -

The relevant parameter space in the left panel of Fig. 5
corresponds to the region where m; ~ 220 GeV, close to
the minimal value of the cross section. The annihilation to
the Higgs and gauge bosons is effectively suppressed by
the destructive interference between the portal coupling and
the derivative interactions. As this suppression occurs where
ms > m;, the remaining annihilation cross section is exclu-
sively to tops. In the right panel of Fig. 5, the minima of the
different curves are precisely mapped to this area of maximal
interference. For the fixed mass my; = 150 GeV, the singlet is
not allowed kinematically to decay into tops and the annihi-
lation cross section vanishes. Conversely, for my = 200 GeV
the decay into tops is allowed and the annihilation cross sec-
tion is dominated by the contact term. Lastly, the minimum of
the curve corresponding to my = 250 GeV is approximately
1 pb, meaning that for this particular point in the (A, 7, f)
parameter space, Xmax ~ 250/1000 = 1/4.

6.4.3 Derivative interaction dominance

In the regions of parameters space where

ms > v/ Apm S

the irrelevant operators, namely the dimension 6 operators
corresponding to the derivative interactions, are dominat-
ing, and the annihilation cross section grows with the singlet
mass. The observed relic abundance is produced for

(123)

! pb) (124)

Apm A f1(x) — \/— — L) ms —m;)

o0 (x

for x > xpmin, With xpi, defined by

Y — Ipb . M
fl (Xmin) = \/O'O Comin) f2(xmm)® (xmm I ) (125)

For x ~ xmin the correct relic abundance is recovered with
Apy < 1 and with DM mass m™" = | /Xmin . The nuclear
cross section is typically ~ 10~ pb, beyond the reach of
current direct detection experiments. For Apm > Apy, the
singlet is over-abundant. This regions are experimentally
excluded. In the region Apm < Apy the singlet is under-
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Fig. 5 Left panel: The thermally averaged cross section as a function
of the DM mass mg for Apyy = 0.07, f = 1000 GeV, r = 3 and
Ay = 3. The dashed line at (cv) = 1 pb represents the cross section
that produces the correct relic abundance according to Eq. (107). Right
panel: The thermally averaged cross section as a function of Apy for
different values of mg; with f = 1000 GeV,r = 3 and A, = 3. The
dashed line at (cv) = 1 pb represents the cross section that produces
the correct relic abundance according to Eq. (107)

abundant. In this region an additional source of DM must be
present in order to account for the observed relic abundance.

In the left panel of Fig. 5, the derivative interactions
become dominant at my; > 225 GeV. The total annihila-
tion cross section increases with m; for a fixed Appm, and
the annihilation channels to the Higgs and gauge bosons
become dominant compared to the annihilation channel to
tops. In the right panel of Fig. 5 the derivative interactions
dominance region can be identified to the left of the minima,
where Apy is small. The annihilation cross section increases
as Apm decreases. In this region smaller values of Apy cor-
respond to smaller destructive interference between the por-
tal coupling and the derivative interactions, and therefore an
increased overall annihilation cross section. For the curve
corresponding to my; = 150 GeV, we see that A$M ~ 0.065
and A, < 1, meaning that for this particular point in the
(A2, r, f) parameter space, xmin ~ 150/1000 = 0.15.

6.5 Direct detection

The model was implemented using FEYNRULES [57] and
exported to micrOMEGAs [58]. The strongest direct detec-
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Fig. 6 Singlet relic abundance in the mg, Apm plane for f = 1 TeV
(left), f = 1.2 TeV (middle) and f = 1.4 TeV (right), for fixed r = 3
and minimal A, ~ 296V The solid blue lines represent areas where
Qs = Qpm. The blue areas are regions where 2 > Qppm, and there-
fore are excluded. The grey regions are excluded by XENONIT [59]
after 34.2 live days. The Dashed lines are the projected sensitivities for
XENONIT at 1.1yrs x Ton[60]

tion bounds are due to XENONIT [59] after 34.2 live days.
Scan results for this model can be seen in Fig. 6. The two
branches appearing in each panel represent the two possi-
ble solutions for Apy for each mass value which produce
the observed relic abundance. The branches meet at some
maximal DM mass, above which the singlet is always under-
abundant. The upper branch is ruled out by direct detection.
Some of the lower branch is still consistent with experimen-
tal bounds. In the region where my; ~ /Xminf, Apm can
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Fig. 7 The effects of changing r and X, on the relic abundance curves,
shown as solid curves. The dashed curves represent the XENONIT [59]
bounds after 34.2 live days. Increasing r has similar effects to lowering
f - the coefficients of the non-renormalizable terms increase and their
effect is noticeable at lower DM masses. Increasing A, reduces the size
of the coefficient of the dimension 5 contact term, therefore increasing

m;nax = &/Xmax f

be arbitrarily small, thus avoiding direct detection. In this
regions, the theory gives a sharp prediction for the DM mass.
At mentioned previously, the naive IR contribution to Apym
is too big and of O(10%). We therefore assume that addi-
tional contributions from UV physics and higher loops gen-
erate mild cancellations, allowing this coupling to take the
allowed O (1%) values.

The impact of varying Aj, r for a fixed value of f can
be seen in Fig. 7. The largest effect is seen for increasing r,
which in turn raises the importance of the non-renormalizable
interactions at lower DM masses. A smaller effect due to
the increase of A; can be seen in the meeting point of the
two branches. Larger values of 1, decrease the contact term,
pushing m{* = /Xmax f to higher values.

7 Conclusions

In this work we have presented a viable composite dark mat-
ter (DM) candidate within the Littlest Higgs with T'-parity
framework. We started by motivating a minimal extension of
the original coset which allows the T-odd doublet to acquire a
mass without introducing additional sources of explicit sym-
metry breaking. The extended coset contains a 7-odd elec-
troweak singlet. This singlet is naturally light and therefore
it is reasonable to assume it is the lightest T-odd particle,
which insures its stability.

The top sector is implemented using a collective breaking
mechanism, insuring the absence of quadratically divergent
contribution to the Higgs mass at 1 loop. T -parity implies
a rich LHC phenomenology: in addition to the usual (7'-
even) top partners, the top sector contains 7'-odd top part-
ners. This 7T-odd top partners can be doubly produced via
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QCD in the LHC and decay to standard model (SM) parti-
cles and missing energy. We have derived lower bounds on
the masses of the 7'-even and T -odd top partners from various
LHC searches. When combined with electroweak-precision-
test (EWPT) bounds, we derived a set of constraints on the
parameter space of the model.

We examined the DM phenomenology of the composite
singlet DM within the allowed parameter space. The usual
“elementary” singlet DM scenario is heavily constrained
by direct detection experiments. In the composite singlet
DM scenario, the composite nature of the DM allows it to
escape detection in areas with O (1%) portal coupling, while
still producing the observed relic abundance via its deriva-
tive interactions with the Higgs. The “elementary” singlet
can only hide in the finely tuned “resonance” valley where
mg ~ mp/2. Conversely, the composite singlet can exist in
a broader region, corresponding to different values of f and
r, in which it can evade detection. In these regions the cor-
rect relic abundance can be produced only due to the deriva-
tive interactions. The small portal coupling needed in these
regions would in general require some mild amount of fine
tuning, unless one can find a way to suppress it e.g using
symmetries or additional dynamics.

Acknowledgements We thank D. Pappadopulo, M. Ruhdorfer, E.
Salvioni, and A. Vicchi for useful discussions. The work of RB is sup-
ported by the Minerva foundation. The work of GP is supported by
grants from the BSF, ERC, ISF, Minerva, and the Weizmann-UK Mak-
ing Connections Programme. RB and AW have been partially supported
by the DFG cluster of excellence EXC 153 “Origin and Structure of the
Universe”, by the Collaborative Research Center SFB1258, the COST
Action CA15108, and the European Union’s Horizon 2020 research and
innovation programme under the Marie Curie grant agreement, contract
No. 675440.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP?.

Appendix A:The complete Lagrangian

The model is defined by the global symmetry

G =SU(®5) (A.])
X [SUQR), x U] x [SUR)r x U(g] x U(1)g.

A global unbroken U(1)p is added in order to fix the
hyper charges of the matter fields. SU(5) contains two
SU(2) x U(1) subgroups defined in Egs. (5a) and (5b),
denoted by [SU(2) x U(1)]1/2. We gauge the following
subgroup

@ Springer

SU2) 4L x U440 X SU2)24r X U(D24R+0-
(A2)

We implicitly include SU (3). as an external gauge symme-
try. We introduce fields in representations of G denoted by
(R, R, RR)(IL,(IRJIQ' A generic representation of Eq. (A.1)
is mapped under T -parity to

(Rv RLa RR)qL,qR,qQ - (%7 RRv RL)qR,qL,qQ~ (A3)

The representation R is defined by the automorphism of
Eq. (9). The Lagrangian is described by the following sum

L= »Cgauge + Lyin + »Ctop + L. (A4)
The gauge kinetic terms are given as usual by
1 , 1 .
Lgauge = — 4 Z WiIZVWL% 4 Z BiWB,lw
i=1,2 i=1,2
1
- ZGZWGZU' (A.5)

We introduce two scalar fields with the following G repre-
sentation

(151, D000, X:(1,2,2) 4 —gx.0- (A.6)

The charges of X under U(1); x U(1l)g are constrained
by the requirement to preserve the 7-even combination
U (1) g+1. We determine the value of gx in Eq. (A.21). The
global symmetry is spontaneously broken by the VEV’s of
% and X with the following coset structure

SUGB)  [SUQ) x UL x [SUQ) x UMz x U
SOG) [SUR) x UM]L+r x U(Dg

(A7)

We parametrize ¥ and X following Eqgs. (7) and (40) and
write down the kinetic terms of the non-linear sigma model

12 i
Lato = - TH(DLE) (DB + - Trl(D, X) (D" X)),
(A3)
with
DT =9% —i ) &W(QIT+20!)
i=1,2

—i Y gBi(Yix +xv7), (A.9)
i=1,2
DX =0X — %(ng]”o“X — g Wi Xo%)
—iqx (g1 B1 — g)B2). (A.10)
T -parity dictates that
g1=8=+2, ¢ =g=v2 (A11)

with g, g’ the SM gauge couplings.
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The matter sector contains the following linearly trans-
forming fields

Vi
\Ijl = Xl : (55 17 1)010’%7 (A.lza)
0 3
0
"112 = X2 : (51 17 1)0,0’%5 (A.12b)
V2
and
15° 15>
7:2 : (17 17 1)%’%’07 (A.13b)
(1L 11y, (A.13c)

3
We introduce a non linearly transforming doublet ¥ . Non-

linear representations are described in terms of representa-
tions of the unbroken subgroup

H=S005) xSUQR)L+r xU)L1+r xU)g. (A.14)

Y transforms non-linearly under the full global group G
using the CCWZ formalism. In our case

Vgt (1,2)45.4, under H. (A.15)

The U(1) g charge of ¥/ , denoted here by gy, is determined
in Eq. (A.21). gx is the same charge appearing in Eq. (A.10).
Under T -parity,

U — Q3gWs,
Vg = ~Vr-
The U(1) charge assignments are fixed by matching the
required SM hyper charges and requiring that all the gauged

U (1) symmetries are conserved. The SM hyper charge is
given by

(A.16a)
(A.16b)

T < T2,

fR — lTR,

Ysm=Y1+Y2+q1L +gr +290. (A.17)
e.g for ¥y,
Y. 5 2+0+O+2 L_1 (A.18)
=—— - — X = =—. .
SMT 77010 376
Let us determine the gx and gy charges.
iMy

Defining U = e /', the combinations U/ and U'yg
transform linearly under the global group

Uyt (L2 Dgy0q,. UTg t (L1 2004y, (A19)

Using these identifications as linear representations, itis clear
that conservation of U(1) 14140 and U (1)24r+ 0, €.g in the
first term of Eq. (70), requires

3 1
i + =0 A.20
< 10 3> gx T gy ( )

and
1 n 1 n 0 2 1
—_ —_— - = — = — = -,
573) TV =15 =7
(A21)
We introduce the kinetic terms
Lyin =i Z W, PW; +i Z T D
i=1,2 i=1,2
+ilrDig + iz D5 (A.22)

The kinetic term for the non-linearly transforming doublet
Y is given by

Dyyg = Oy +eu —iqy(gBiu + 8By Yg.  (A23)

The e, = e}, T' symbol of the CCWZ formalism connects
the non-linearly transforming field and the NGB’s via the
matrix U [34,35]

UN(DU) =d] X/ + €, T", (A.24a)

a
DU = (aM — ingl“% — iqxgi&) : (A.24b)

Using the automorphism defined by T -parity we can also
write
UD U = —d] X7+, T', (A.25)

a
DU = (aﬂ - ingf% - ing§B2> . (A.25b)

This automorphism allows us to write the e, symbol in terms
of the pion matrix U and the gauge fields

1

=7 ( "D,U + UDMUT) . (A.26)
The covariant derivatives of W and W, are
D,V = <3u +i Y [&iWi, 0F + g/ Biu Y]
i=1,2
i
—§(g§ By + géBzu)>\I/1, (A.27)
D, ¥, = <8;L —i Z [gi W), Of + & BinYil
i=1,2
i
_§(giBlp, +g332u)>\p2- (A.28)

The covariant derivative of a singlet field x transforming as
(1,1, 1)y, gg.q0 is given by

Dyx = @y —i(qL +q0)g Biu —i(qr +q0)8>Bau)X-
(A.29)
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For completeness we report the top sector Lagrangian

A — — A0\ 7
['top = Tf <‘-IJ],~0,' + (‘-IJZQEO)iOi) IR

A
+2—f (X111 — X2m2) + hee,

V2

0i = €k EjaZks, O =26k S ja%ys,

(A.30a)

(A.30b)

and the terms that gives the 7-odd doublet combination a
mass

_ <

L=
V2

(WlazU — EzazUT) Vr +he (A31)

Appendix B:The scalar potential and its symmetries

In this appendix we discuss in detail the symmetry structure
of the model and the scalar potential. The Higgs doublet is
protected by two different shift symmetries. Each of the shift
symmetries is contained inside a different SU (3) subgroup
of SU(5)

. €
exp «/IE e’ e [SUB, (B.32a)
exp \/_’—2f eeT e [SUB)]h. (B.32b)

All the couplings that explicitly break the global symmetry
in this model, namely the gauge couplings and the top sector
couplings, preserve at least one of the SU (3) subgroups. A
Higgs potential is generated only when at least two couplings
are non zero, such that all the shift symmetries are broken.
This so-called “Collective Breaking” mechanism insures the
absence of quadratically divergent contributions to the Higgs
mass. The couplings and their T-parity conjugate respect
different symmetries, therefore it is useful to denote the T-
conjugate couplings with a tilde

Liop = £ (MWUO,' + il(wﬁzﬁo)iéi) IR

+% (Aﬁ] 7 — Xzyzq) +he, (B.33)
Lo = % (K%@U - me*) Vx +he. (B34

In order to better understand the structure of the generated
scalar potential, we assign spurionic U (1) charges to our
fields and couplings, which can be found in Table 1.

The combinations of couplings appearing in the quadrati-
cally divergent contribution to the scalar potential must be
of the form gg' or gg7. We can deduce from the resid-
ual symmetries a generic form for the quadratically diver-
gent potential. For concreteness let us consider the cou-

@ Springer

Table 1 Spurionic U (1) assignment for the couplings and fields

vy 2] t 7 5] Ve
a b c d e f

M 5»1 %) 5»2 K K
a—c b—c a—d b—e a—f b—f

pling A1 and set all the other explicit symmetry breaking
couplings to zero. The original coset in Eq. (A.7) contains
24 — 10) + (9 — 5) = 18 NGB'’s, out of which 4 are
eaten, leaving us with 14 physical NGB’s with the following
SUL(2) x Uy(1) representations

341 ©2+12 9300 10. (B.35)

Turning on only A breaks the global symmetry and changes
the coset structure

SU@B) x [SUR2) x UD)]»
[SU@2) x U(D]142
[SUR) x U] x[SUR) x UM)]g x U(1)g
[SU@R) x U(D]L+r x Ul

’

(B.36)

This coset contains (8§ +4) —4 + (9 —5) = 12 NGB’s, out
of which 4 are eaten, leaving us with 8 physical NGB’s with

the following SU7 (2) x Uy(1) representations
2412 @ 30 @ 1o. (B.37)

There must exist a non-linear combination of the goldstone

fields
P R L Ll Y
z/=f1 ,?,F,F,—fz ) e ij
+f (1 s s2 §02 |H|2 >HiHj (B.38)
J2 P R N X g eoe —_— .
VR A I

with f1, f> some functions of gauge-invariants, such that the
quadratically divergent potential can be written as gauge-
invariant function of only &

V(®, H,s,¢) = V(P). (B.39)

This constraint limits the form of the quadratically divergent
scalar potential. E.g the mass term in the RHS of Eq. (B.39)
would appear in the original NGB basis as

A0 PTr[ D] =

2 2 2 * 1 * T *
A" (LAl Te[ PP ]+?f1szr[H OH™]
1
72
This argument can be repeated for every coupling ¢ €
{r1, 81, 82, gi, gé} which generates a scalar potential propor-

L, T o 2 0t o2
+7f1 LTr[H ®"H]+ — | 2" (H"H)"). (B.40)



Eur. Phys. J. C (2018) 78:104

Page 19 of 20 104

tional to |c|>A”. We can immediately see that the symmetry
structure allows a quadratically divergent mass term for &.
The collective breaking structure prevents the appearance of
|H|? in the quadratically divergent potential, as well other
operators, such as

s2,¢% s?|H> and sH'@H. (B.41)

Logarithmically divergent 1-loop contributions to the scalar
potential contain four couplings. Possible combinations are
trivial combination like |c|?|c’|?, and non trivial combina-
tions like

AIXJ{EKT, XMJ{K/ZT + T-conjugates. (B.42)
At this level all scalar operators can be generated except
the singlet mass. The singlet remains exactly massless at
1-loop and must acquire a mass from higher order loops,
e.g 2-loop diagram by closing the Higgs loop in the 1-loop
induced s?|H|? interaction. We report the radiatively gen-
erated couplings calculated from Eq. (72) after setting all
the T-conjugate couplings to their respective values ¢ = c.
We neglect the gauge contributions which generate O (1%)
corrections to the fermion loops contribution. We define

C = lé\]ﬁaz log (?—j) Note that C ~ 0.1 for ap = 1 and
A =4rf.

c

N,
2 242
mg = —5ap|A|"A7,

B.43
4?2 B43)
N, A2
A= < a1|)»1|2 — |, (B.44)
1672 f
C|x112r2 (25|02)% + 6]k |? 5)2
rou = |A112r2 (2512212 + 6k |*(r + ))>2.3C,
30 (r2 +5)
(B.45)
1 = —CrAn Pl < —4cf?, (B.46)
CIr 22 (51h)? + 6k%(r + D(r + 5
Tl S G ) S
3Vt +6r2 +5
(B.47)

The bounds are calculated assuming «, 7 > 1. We find the
minimal/maximal value with respect to A1, A> under the top
Yukawa constraint. The triplet mass is generated only from
gauge loops.

We define D = c2raslog (47) = §% ~ 0.025. The
triplet mass is given by

8g4r2(1 +r)2
2 2
my = Df ( 1472

b f ’ (850 GeV)?
~ (S
0.025 ) \ 1200 GeV ’

where we used r = 3. Lastly, we report the Higgs potential.
The Higgs potential in the unitary gauge up to order O (sin* /)

(B.48)

62
+Cr (1R PIRE = ]kt = 111 P1Aa + g < 1) 5f

i 202 (1l +1402) s

1 - - -
+2CF* (=M PIR P = 1 PR P 4 20 Pl

sn - h
+4 ()\.i}\.]K}ZT — A1 |2|;Z|2) +[g < g]) sfl' ([Tf) .
(B.49)

where we defined s;, = sin” (
find

_h o5 —
ﬁf) After setting g = g, we

Vi = =2Cf* 1 P aaf?s?
Ne 5 2 2 2 21y 2.4
+[@A ar+ 2 (132 = ) | 210 s
(B.50)

Although terms proportional to |11 ||« |> could have appeared
a priori in the Higgs potential, they vanish due to T -parity.
Clearly if we were to set kK = —«, which is equivalent to
flipping the parity of ¥, and coupling it to the T-even com-
bination \% (Y1 + ¥n), the k coupling would have appeared
in the Higgs potential. Since x does not appear in the Higgs
potential, taking large values of ¥ would have no influence
on the tuning of the Higgs potential at one loop.
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