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Motivation

� Electroweak Hierarchy Problem and Dark Matter are two of the main
motivations to go beyond the SM.

� the Higgs mass is sensitive to new physics scales

� A 125 GeV Higgs is unnatural, unless there is some mechanism that
explains the hierarchy

� No collider discoveries so far, but the problem remains

� Maybe some symmetry makes the Higgs mass insensitive to higher
scales

� In supersymmetric theories the masses of scalars are related to fermions,
which can be protected by chiral symmetry
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Motivation

� Beyond this theoretical puzzle, there is experimental evidence for DM

� If the DM has weak scale couplings to the SM and a weak scale mass
then its thermal relic abundance matches observation

� It is suggestive that both Higgs naturalness and WIMP dark matter point
to the weak scale

� This connection has been explored in many ways, perhaps most pop-
ularly through SUSY neutralinos, supersymmetric partners of the elec-
troweak gauge fields
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Motivation

� Another possibility to have naturally light scalar is if they are pNGBs,
which are generated when global symmetry is sponteniously broken

� In Composite Higgs models, the Higgs doublet arises as a pseudo
Nambu-Goldstone bosons (pNGBs) of a spontaneously broken global
symmetry. Kaplan, Georgi: 84

� Minimal composite Higgs model: SO(5) → SO(4), the 4 Goldstone
bosons make the Higgs doublet H . Agashe, Contino, Pomarol:hep-ph/0412089

� Non-minimal composite Higgs models involve extra pNGBs

� Extra pNGBs can be WIMP dark matter candidates if they are stable!
Frigerio, Pomarol, Riva, Urbano:1204.2808; Balkin, Ruhdorfer, Salvioni,Weiler:1707.07685 +....

� pNGB dark matter is naturally light and weakly coupled. Its mass and
interactions are determined by the global symmetry.
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Example pNGB WIMP

� Consider a SO(7)/SO(6) model
with pNGBs given by
Balkin, Ruhdorfer, Salvioni, Weiler,
1707.07685, where
Φ = f

√
1− 2|H|2+2|χ|2

f2
, f is

symmetry breaking VEV

� The complex scalar χ is
stabilized by the residual global
symmetry SO(2) ≈ U(1)D

√
2H =







SO(4)C

−iImh+

Reh+

iImh0

Reh0

U(1)D
Imχ
Reχ√

2Φ
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Example pNGB WIMP

χ is neutral under all SM gauge groups, but develops couplings to
the Higgs through explicit breaking of the SO(7)

For instance, elements of the top
multiplet must be lifted to higher
scales due to collider bounds
This is a soft breaking of the
SO(7)

√
2Q =







SO(4)C

ibL
bL
itL
−tL

U(1)D
0
0
0

And generates a potential at 1-loop
VS = 1

2
µ2
hh

2 + λh
4
h4 + µ2

χ|χ|2 + λχ|χ|4 + λhχh
2|χ|2
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Naturalness and Dark Matter

� Collider bounds on new colored states imply that the soft symmetry
breaking is somewhat large, with new colored states above the TeV
scale

� This increases the size of the potential terms, producing heavier dark
matter and stronger coupling to the Higgs

VS = 1
2µ

2
hh

2 + λh
4 h

4 + µ2
χ|χ|2 + λχ|χ|4 + λhχh

2|χ|2

� Thus, minimal realizations of this model are in tension with direct DM
searches

� If we can lower the scale of the top partners, we not only make the
model more natural, we explain why we have not yet seen the WIMPs!
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Neutral Naturalness from SO(7)/SO(6)

� The global symmetry structure: SO(7)× U(6)

� U(6) ' SU(6)× U(1)X ⊃ SU(3)c × SU(3)ĉ × U(1)X

� At some scale f the global SO(7) is broken to
SO(6) ⊃ SO(4)× SO(2) ∼= SU(2)L × SU(2)R × U(1)D

� We gauge the SM subgroup ' SU(2)L × U(1)Y ,
where Y = T 3

R +X
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The Model

� Same scalar sector as before:
Φ = f

√
1− 2|H|2+2|χ|2

f2

H =

(
h+

h0

)

� But, now the top multiplets
are

SU(3)c SU(3)ĉ( )
TR = tR T̂R

√
2H =







SO(4)C

−iImh+
Reh+

iImh0

Reh0

U(1)D
Imχ
Reχ√

2Φ

√
2QL =

SU(3)c SU(3)ĉ





SO(4)

ibL îbL
bL b̂L
itL it̂L
−tL −t̂L

U(1)D
0 iX̂L − iŶL
0 X̂L + ŶL
0

√
2T̂L
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The quark sector

� In order to get the correct hypercharge for tL, tR, bL, both Q and TR
have a U(1)X charge of 2

3

� This would introduce hypercharge for : T̂ , t̂, b̂, X̂, Ŷ

� This feature of top-partners give interesting collider signatures!

� LEP excludes such new EW charged fermions for . 100GeV

� Top sector Yukawa coupling: L ⊃ λtQLHTR + H.c.

� These hidden quarks can be lifted through vector-like mass terms
Lvec mass = −mQq̂Lq̂R −mXX̂LX̂R −mY Ŷ LŶR + H.c.

where q̂R = (t̂R, b̂R)T , an SU(2)L
For simplicity: mX = mY ≡ mV
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Top Partners

L ⊃λtQLΣTR + H.c.

=λt

[(
qLtR + q̂LT̂R

)
H̃ + X̂LT̂Rχ

∗ + Ŷ LT̂Rχ+ f

(
1− |H|

2 + |χ|2
f2

+ . . .

)
T̂LT̂R

]
+ H.c.

� These fermion interactions induce potential for for pNGBs.
� Quadratic divergent terms are canceled

H

λt λt

H

tR

SU(3)c

qL

H

λt λt

H

T̂R

SU(3)ĉ

q̂L

H H−2λt
f

λtf

T̂L T̂R
SU(3)ĉ

χ
λt λt

χ

T̂R

X̂L

SU(3)ĉ
χ
λt λt

χ

T̂R

ŶL

SU(3)ĉ
χ χ−2λt

f

λtf

T̂L T̂R
SU(3)ĉ
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The scalar potential

� The Coleman-Weinburg potential at one loop leads to:

VS = 1
2µ

2
hh

2
+ λh

4 h
4

+ µ2
χ|χ|2 + λχ|χ|4 + λhχh

2|χ|2

SCALAR POTENTIAL
✦ The effective Coleman-Weinberg potential at one-loop leads to

✦ For the DM stability we require            to be unbroken therefore, 
the vacuum is 

U(1)D
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We need the dark U(1) to remain unbroken so that � is stable. This means we are
interested in vacua with h�i = 0. In this case we find

µ2
h = ��hv2, m2

h = 2�hv2cv, m2
� = µ2

� + �h�v2 (2.25)

Because we know v ⇡ 246 GeV and the Higgs mass mh ⇡ 125 GeV we have that �h ⇡ 0.13

and µh ⇡ 89 GeV. The constraints on Higgs couplings (see Sec. 3) imply that f & 800 GeV,
which means �m ⇠ 10�2. It then makes sense to expand the potential terms to leading
order in �m. We find
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Here we have taken ln
⇤2

UV
m2

Q
to be order one, as expected for a cut off of a few TeV.

It is clear that the Higgs potential has logarithmic dependence on ⇤UV. This is similar
to both the Twin Higgs [7] and SO(6)/SO(5) constructions [4] where sizable UV contribu-
tions lead to the correct Higgs mass. In the limit of small �m and taking �MS

t = 0.936 we
find µ2

h ⇡ �(146)2 GeV2 and �h ⇡ 0.13 for mQ = 800 GeV and ⇤UV = 3 TeV. These can
be compared with the SM listed above. It is clear that these UV completion independent
contributions give a Higgs potential of the correct order and that a suitable UV completion,
perhaps composite or holographic, can easily accommodate the measured Higgs mass.

At the same time the quartic couplings that involve � are determined completely by the
low-energy theory. Thus, we can make robust predictions about the dark matter without
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✦ Fixing               GeV and                  GeV would require  
GeV and                  .
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� For DM stability we require U(1)D to be unbroken theerfore, the
vacuum is 〈χ〉 = 0, h = v

µ2
h = −λhv2, m2

h = 2λhv
2cv, m2

χ = µ2
χ + λhχv

2

� Fixing v = 246GeV and mh = 125GeV would require f & 750GeV and
mQ ≈ λtf
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Tuning

� Tuning of the Higgs mass parameter is ∆ =
∣∣∣2δµ2m2

h

∣∣∣
−1

� where δµ2 = 3
8π2λ

2
t

(
m2
Q − λ2

t f
2
)

ln
Λ2
UV

m2
Q

� Minimizing the Higgs potential leads to v2

f2
= 1− m2

Q

λ2t f
2
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Electroweak Precision Test

The top-partners are electroweak charged, so they introduce
corrections to the electroweak precision tests.

ELECTROWEAK PRECISION TESTS
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✦ The top-partners are electroweak charged, so they introduce 
corrections to the electroweak precision tests.
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HIGGS PHYSICS
HIGGS PHYSICS

✦ Higgs signal strength measurements of massive gauge bosons and 
fermions are reduced.

✦ The existence of new fermionic states with electric charge that 
couple to the Higgs amplifies its coupling to photons. 

Aqeel Ahmed                                                       Neutral Naturalness and Dark Matter                                                               16/27

h→γγ

500 600 700 800 900 1000
0.80

0.85

0.90

0.95

1.00

mQ (GeV)

σ
⨯Γ S
M

c
2v
=

1�
v
2

f
2

<latexit sha1_base64="8MYDp6xJKr1UGWG/0YpQ39u3/zs="></latexit>

h ! WW/ZZ/ff̄

<latexit sha1_base64="OHqb/+85YIPXT/nImNXFVGnRXKM="></latexit>

mQ [GeV]

<latexit sha1_base64="F1Bg34Ob/85asSvXwfgTn11br4Q="></latexit>

�
(i

!
h
)
·B

R
(h

!
j)

�
S
M

(i
!

h
)
·B

R
S
M

(h
!

j)

<latexit sha1_base64="UGygDKgGPCkBqBK96dh6miPXDiY="></latexit>

h ! ��

<latexit sha1_base64="AXBBPYXwUIi6VQp3YgtHkiGVKFQ="></latexit>

� Higgs signal strength measurements of massive gauge bosons and
fermions are reduced.

� The existence of new fermionic states with electric charge that couple
to the Higgs amplifies its coupling to photons.
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SM and hidden sector
SM AND HIDDEN SECTORS

SM sector Hidden sector

Light hidden hadrons are the hidden 
glueballs.
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HIDDEM GLUBALLS DECAYS

✦ Hidden glueballs are produced via the SM Higgs
HIDDEN GLUEBALL PRODUCTION

g
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t
hidden glueball

hidden glueball

hidden QCD
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bg
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Figure 3: Ratio of the production of a the Higgs boson and subsequent prompt decay into SM
final states. The h ! �� line is given by the dashed orange curve, while all other prompt SM final
states fall along the solid blue curve.
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This leads to the Higgs width into hidden gluons

�(h ! bgbg) =
b↵sm

5
h

288⇡3v2
|cg|2, (3.9)

which may be detectable at future lepton colliders.
Since the states charged with hidden color carry U(1)X charge, they are electrically

charged under the SM. Bounds from LEP imply that such states cannot be lighter than
about 100 GeV. Consequently, the lightest hadrons of the hidden confining group are the
glueballs. The lightest glueball state is a 0++ and has a small mixing with the Higgs. This
allows the glueballs to decay with long lifetime to SM states. From [10] we find the glueball
partial width into SM states to be

�
�
0++ ! XSMXSM

�
= |cg|2

 b↵s

6⇡v

f0++

m2
h � m2

0

�2

�SM (h(m0) ! XSMXSM) (3.10)

where m0 is the mass of the lightest glueball, f0++ = h0|Tr bGµ⌫
bGµ⌫ |0++i, and � (h(m0) ! XSMXSM)

is the SM Higgs partial width for a Higgs with mass m0. Lattice calculations have deter-
mined 4⇡b↵sf0++ = 3.1m3

0 [11]. In addition, the exotic decays of the Higgs into glueballs
with displaced decays can lead to striking signals at the LHC [12].

To be more precise we must estimate the mass of the hidden glueball. This is done
by estimating the hidden scale b⇤QCD using two-loop running. We assume at scales near
the cutoff of a few TeV the two strong couplings become equal. Thus, we can run the SM
strong coupling up to the cutoff and then run the hidden coupling down from the cutoff for
a given spectrum. In Fig. 4 we find find that the hidden color strong scale varies between
about 4.5 to 6.5 GeV. This implies the lightest glueball mass, taken to be about 6.8b⇤QCD,
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✦ Higgs decay width to hidden gluons

Note that in order for m2
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p
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3.1 Scalar Sector

In all pNGB Higgs models the tree level couplings of the Higgs to SM states are reduced.
In our construction they reduction factor is cv, which follows immediately from Eq. (2.10).
This leads to the usual bound of f & 3v from the LHC measurement of Higgs couplings to
gauge bosons. It may also lead to interesting signals at the HL-LHC and future colliders.
At the same time, the existence of new fermionic states with electric charge that couple to
the Higgs amplifies its coupling to photons. As in the quirky little Higgs model [8], this
pushes the rate of h ! �� closer to the SM prediction [9].

Explicitly, we find the Higgs width into diphotons is dominated by
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In Fig. 3 we see how the production of a given Higgs to SM final state rate changes relative
to the SM prediction. The blue curve shows the usual result for tree level Higgs coupling
deviations, while the dashed orange curve denotes the diphoton decay. We see that the latter
is amplified relative to the SM, but by only a small amount, such as would likely require a
future lepton collider to measure.[CV: Ref?] Current Higgs coupling measurements require
this ratio be no less than 0.8, and the HL-LHC is expected to reach a precision corresponding
to 0.9. We see that these already begin to bound mQ, because it is tied to the VEV f .

The Higgs also develops a loop level coupling to the gluons of the hidden QCD. Similar
to coupling to the photon, we find the Higgs coupling to hidden gluons takes the form
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Higgs decay width to hidden gluons: Γ(h→ ĝĝ) =
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Ligthest hidden gluballs: m0̂++ ' 6.8Λ̂QCD

Λ̂QCD ≈ [4, 7]GeV
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HIDDEM GLUBALLS DECAYS

Dark gluball mixes with the SM Higgs and decays to SM light
fermions with displaced vertices.✦          dark glueball mixes with the SM Higgs and decays to SM 

light fermions with displaced vertices.

HIDDEN GLUEBALL DECAYS

0̂++ h

b, · · ·

b̄, · · ·

0̂++

Figure 3: Ratio of the production of a the Higgs boson and subsequent prompt decay into SM
final states. The h ! �� line is given by the dashed orange curve, while all other prompt SM final
states fall along the solid blue curve.
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This leads to the Higgs width into hidden gluons

�(h ! bgbg) =
b↵sm

5
h

288⇡3v2
|cg|2, (3.9)

which may be detectable at future lepton colliders.
Since the states charged with hidden color carry U(1)X charge, they are electrically

charged under the SM. Bounds from LEP imply that such states cannot be lighter than
about 100 GeV. Consequently, the lightest hadrons of the hidden confining group are the
glueballs. The lightest glueball state is a 0++ and has a small mixing with the Higgs. This
allows the glueballs to decay with long lifetime to SM states. From [10] we find the glueball
partial width into SM states to be
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where m0 is the mass of the lightest glueball, f0++ = h0|Tr bGµ⌫
bGµ⌫ |0++i, and � (h(m0) ! XSMXSM)

is the SM Higgs partial width for a Higgs with mass m0. Lattice calculations have deter-
mined 4⇡b↵sf0++ = 3.1m3

0 [11]. In addition, the exotic decays of the Higgs into glueballs
with displaced decays can lead to striking signals at the LHC [12].

To be more precise we must estimate the mass of the hidden glueball. This is done
by estimating the hidden scale b⇤QCD using two-loop running. We assume at scales near
the cutoff of a few TeV the two strong couplings become equal. Thus, we can run the SM
strong coupling up to the cutoff and then run the hidden coupling down from the cutoff for
a given spectrum. In Fig. 4 we find find that the hidden color strong scale varies between
about 4.5 to 6.5 GeV. This implies the lightest glueball mass, taken to be about 6.8b⇤QCD,
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✦ Glueballs decay length ~ [10 – 100] meters which might be 
accessible at future MATHUSLA-like detectors.

see e.g. Curtin, Verhaaren:1506.06141
Curtin et al.:1806.07396

m0 2 [30 � 50] GeV
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Glueballs decay length about [10 -100] meters which might be
accessible at future MATHUSLA-like detectors.
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QUIRKY SIGNALS
QUIRKY SIGNALS

Hidden sector quarks ( ) can be produced through 
Drell-Yan due to their electroweak charges.

̂T±, ̂b , ̂X , ̂Y
Kang, Luty:0805.4642
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DM ANNIHILATION

� The pNGB DM interacts with the SM via the Higgs portal:
1

2f2
∂µ
(
h2
)
∂µ (χ∗χ) + λhχh

2χ∗χ

� DM annihilation to the SM

DM ANNIHILATION
✦ The pNGB DM interacts with the SM via the Higgs portal: 
 

✦ DM annihilation to the SM
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✦  symmetry implies semi-annihilation processes, e.g.U(1)D
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Figure 10: The Feynman diagrams for the DM semi-annihilation/conversion through the dark

quirks.

line of Eq. (4.2) describes the dynamics of the standard DM annihilation to the SM final

states as shown in Fig. 9. The second and third lines describe the semi-annihilation and

conversion processes shown in Fig. 10.

The dominant DM annihilation channels are to the SM, i.e. ��⇤ ! WW, hh,ZZ, tt̄, bb̄,

while the semi-annihilation and conversion processes are only relevant if the masses the

quirk states (bV , bT±) are similar to m�. When the quirk masses are much larger than the

DM, their thermal distributions are Boltzmann suppressed, making semi-annihilation or

conversion processes very rare as compared to the standard annihilation processes. The

relevant Feynman rules to calculate the DM annihilation or semi-annihilation processes

are given in Appendix B. The DM relic abundance is computed using the public code

micrOMEGAs [84].

Before discussing these results we emphasis some of the features of this model.

• The top partners are SM color neutral, therefore the symmetry breaking scale f may

be at or below a TeV. This leads to significant improvements in the fine-tuning while

simultaneously allowing a larger window for the pNGB DM masses in comparison to

colored top partner models [31, 33, 34].

• The DM annihilations to SM are dominated by s-channel Higgs exchange. The

amplitude for such processes is,

M����0 /
⇣ s

f2
� 2�h�

⌘
v, (4.3)

where s = 4m2
�. The s dependent term originates from the derivative coupling

@µh @µ(�⇤�), while the �h� term is a loop induced explicit breaking of the � shift

symmetry, see Eq. (2.19).
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line of Eq. (4.2) describes the dynamics of the standard DM annihilation to the SM final

states as shown in Fig. 9. The second and third lines describe the semi-annihilation and

conversion processes shown in Fig. 10.

The dominant DM annihilation channels are to the SM, i.e. ��⇤ ! WW, hh,ZZ, tt̄, bb̄,

while the semi-annihilation and conversion processes are only relevant if the masses the

quirk states (bV , bT±) are similar to m�. When the quirk masses are much larger than the

DM, their thermal distributions are Boltzmann suppressed, making semi-annihilation or

conversion processes very rare as compared to the standard annihilation processes. The

relevant Feynman rules to calculate the DM annihilation or semi-annihilation processes

are given in Appendix B. The DM relic abundance is computed using the public code

micrOMEGAs [84].

Before discussing these results we emphasis some of the features of this model.

• The top partners are SM color neutral, therefore the symmetry breaking scale f may

be at or below a TeV. This leads to significant improvements in the fine-tuning while

simultaneously allowing a larger window for the pNGB DM masses in comparison to

colored top partner models [31, 33, 34].

• The DM annihilations to SM are dominated by s-channel Higgs exchange. The

amplitude for such processes is,
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where s = 4m2
�. The s dependent term originates from the derivative coupling
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are given in Appendix B. The DM relic abundance is computed using the public code
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Before discussing these results we emphasis some of the features of this model.

• The top partners are SM color neutral, therefore the symmetry breaking scale f may

be at or below a TeV. This leads to significant improvements in the fine-tuning while

simultaneously allowing a larger window for the pNGB DM masses in comparison to

colored top partner models [31, 33, 34].

• The DM annihilations to SM are dominated by s-channel Higgs exchange. The

amplitude for such processes is,
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�. The s dependent term originates from the derivative coupling

@µh @µ(�⇤�), while the �h� term is a loop induced explicit breaking of the � shift
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line of Eq. (4.2) describes the dynamics of the standard DM annihilation to the SM final

states as shown in Fig. 9. The second and third lines describe the semi-annihilation and

conversion processes shown in Fig. 10.
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relevant Feynman rules to calculate the DM annihilation or semi-annihilation processes

are given in Appendix B. The DM relic abundance is computed using the public code

micrOMEGAs [84].

Before discussing these results we emphasis some of the features of this model.

• The top partners are SM color neutral, therefore the symmetry breaking scale f may

be at or below a TeV. This leads to significant improvements in the fine-tuning while
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colored top partner models [31, 33, 34].
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HIGGS PORTAL COUPLING
HIGGS PORTAL COUPLING

✦ Relatively small  leads to very small DM-Higgs portal coupling. 

✦ Significant implications for the DM direct detection.
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� Relatively small mV leads to very small DM-Higgs portal coupling
� Significant implications for the DM direct detection.
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DARK MATTER: THERMAL FREEZE-OUT
DARK MATTER: THERMAL FREEZE-OUT
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DARK MATTER: DIRECT DETECTION

Direct detection experiments provide the most stringent constraints on
WIMP DM.

✦ Direct detection experiments provide the most stringent 
constraints on WIMP DM.
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DARK MATTER: INDIRECT DETECTION

Indirect signals of DM
annihilation in galaxies

DARK MATTER: INDIRECT DETECTION
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DARK MATTER: SUMMARY

Direct Detection: XENON1T
Indirect Detection: Fermi-LAT
LHC: quirky signals
Current and future
direct/indirect detection
experiments along with the
collider searches of quirky
dynamics would probe all the
natural parameter space.
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Conclusions

� A minimal model of neutral naturalness SO(7)/SO(6) pNGBs: SM
Higgs doublet + a complex scalar DM

� The top-partners are SM color-neutral and hence evade the LHC con-
straints (also reduce fine-tuning).

� The hidden glueballs and top-partner quirks lead to interesting signa-
tures at the LHC.

� The pNGB DM is light, weakly coupled, and stable under the global
U(1)D symmetry

� The natural parameter space of our model is within the reach of current
and future experiments.
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