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Dark matter problem

Many evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidencesMany evidences

But what is it? Not yet known
Many possible candidates →
→ Weakly Interacting Massive Particle (WIMP)
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Naturalness/Hierarchy

Naturalness principle
A guide on the size of couplings: [g ] =α → g ≈Λα

[λ] = 0 → |λ| ≈ 1, [m2
h] = 2 → m2

h ≈ m2
Pl

Hierarchy problem

h
t

h

t

Loop gives contribution δm2
h:

δm2
h ∝Λ2

N P À m2
h
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Open issues

Dark Matter
ΩDMh2 ≈ 0.1198

↘
Naturalness

mh ¿ mPl

↙
Composite Higgs

New particles → DM candidate?
New scale f : mh . f ¿ mPl
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CH paradigm (see e.g. 1105.5403)

There is a strong sector at m∗ = g∗ f

Spontaneous:

G
condensate−−−−−−−→H

=⇒ Particles generated

Explicit:

G
Yukawa, gauge−−−−−−−−−→H

=⇒ Masses generated

Where is the SM?

SM⊂ SO(4)c ⊂ H ′ 6=H

The two groups are misaligned!
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CH paradigm (see e.g. 1105.5403)

Two different vacua
↓

Two different field expansions

Related by rθ: sinθ = v/ f

Gauge basis T related to H ′: 〈h〉 = v

Physical basis Tθ related to H : 〈h〉 = 0

Tθ = rθT r −1
θ
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Generators

G =SO(7), H =SO(5)×SO(2)

TL,R ∼ SO(4)c , T5 ∼ SO(5)

SO(4)c
, T2 ∼ SO(2), T̂ ∼ SO(7)

SO(5)×SO(2)

(T, T̂ ) =

SO(7) → SO(5)xSO(2) =⇒ 10 NGBs generated in a (5,2)
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Our coset and pNGBs

2HDM {
singlets {

Field SO(4)′ C2 P7

φ1 4 + +
φ2 4 − +
η 1 + −
κ 1 − −

Symmetries
C2: no sizable vacuum for φ2 → safe custodial breaking
P7: no ηq̄q coupling → stability of DM
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Particle identification

φ1 =


G1

G2

G3

h

 , φ2 =



−ip
2

(H+−H−)

1p
2

(H++H−)

H0

A0


Why that H0 and A0 identification? (spoilers ahead)

L ⊃ −mq

v
q̄q(kq h +kH0q H0)− i

mq

v2
q̄γ5q(gηκqηκ+ g̃ h A0)
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CCWZ construction

First part of the model: CCWZ Lagrangian

~Φ = U (Π)~F , where U → g · U · h−1

We define a symbol: dµ ≡ i
∑

I Tr[U−1DµU T̂I ]T̂I

Dµ contains the SM gauge bosons!

Simplest invariant object: L (2)
Π = f 2

4
dµdµ
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CCWZ construction

We work in the physical basis!

Uθ = exp

(
i

p
2

f
ΠI T̂ θ

I

)

dµ contains SM particles (Wµ, Zµ, h) and new particles

⇒ mZ ,mW generated
⇒ SM Higgs interactions modified
⇒ totally new interactions with the new pNGBs
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VEV structure

sinθ1 =
√
ξcosβ, sinθ2 =

√
ξsinβ

⇓
m2

W = g 2v2

4 , m2
Z = v2(g 2+g ′2)

4

[
1−ξ(

1−cos(4β)
)]

⇓
(∆T̂ )2HDM = ξ

4(1−cos4β) ≈ 2ξβ2

What is the limit from EWPT?
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EWPT
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Partial compositeness

Linear coupling to strong sector:

L
f

int = q̄α
L Y α

L
T

OL + t̄R Y T
R OR +h.c.

We want H invariants:

Ȳ α
L ≡ (

r −1
θ U †

θ
YL

)α
, ȲR ≡ r −1

θ U †
θ
YR

Now we can give mass:

Lt = ct
m∗
g 2∗

q̄ α
L

(
Ȳ α

L

)I (
ȲR

)†
I tR
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Partial compositeness

Next choice, fermion embedding:
7 2

3
= 2 7

6
⊕2 1

6
⊕1 2

3
⊕1 2

3
⊕1 2

3

Do you remember P7? It forbids a 5th component

YL = yLp
2

(
0 0 i 1 0 0 0
i −1 0 0 0 0 0

)
YR = yR

(
0 0 0 0 0 cosθt i sinθt

)
Yt ≈ct

yL yR
g∗ (

√
1−ξcosθt +βsinθt )
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Potential construction

Without getting into the details of the invariant construction...

Fermions
Chirality → New objects ∆̄L = Ȳ ∗

L ȲL, ∆̄R = Ȳ ∗
R ȲR

I1 = ∆̄i i
L , I3 = ∆̄i j

L ∆̄
j i
L and so on

Gauge
Gα = g T α

L , G ′α = g ′T 3
R → Ḡ ≡ r −1

θ
U †

θ
G Uθrθ .

Make invariants with 21 = (10,1)⊕ (5,2)⊕ (1,1)

Embedding + symmetries → V =∑
i ciIi , ci ≈O (1)
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Potential

I4 breaks C2 =⇒ h, H0 can both acquire a VEV!
We want ξ≈ 0.05, β≈ 0.1, mh = 125GeV

Where is the fine tuning?

ξ≈ c3 +
g 2
∗

y2
L

c1

tanβ≈ 2y2
L

g 2∗

c4

c2
tan(2θt )

m2
h ≈ Nc g 2

∗
8π2

m2
t

(
2

y2
L

y2
R

c3 +
y2

R

y2
L

c5(3+4cos(2θt )+cos(4θt ))

)
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Spectrum

θt ≈π/4
Non-thermal relic

θt ≈π/2
Standard freeze-out
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Relic density

η SM

SMη

SM= b,W, Z ,h, t
h, H0

B W ∗, Z ∗ off-shell decays can be relevant!

Ωh2 = 0.03∫ ∞

xF

d x

p
g∗

x2

〈σv〉eff

1pb

, with xF ∼ 25
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Relic density θt .π/2

All processes included, no experimental limits (for now)

ξ= 0.061
β= 0.1

Naturalness X Perturbativity X
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Relic density θt .π/2

All processes included, no experimental limits (for now)

ξ= 0.061
β= 0.1

Naturalness X Perturbativity X
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LHC

q η

ηq̄

h, H0

q q

qq

η

η

h, H0

35 40 45 50 55 60
mη [GeV]

0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

B
R

in
v

Current LHC

HL− LHC

Loose Naturalness

Strict Naturalness

Relic Density

Γh→ηη =
g 2
ηh

32πmh
v2

√√√√1− 4m2
η

m2
h
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Indirect detection
⇒ We use γ-ray data
⇒ Overestimate σbb̄ =σtot
⇒ Processes are not p-wave suppressed
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Direct detection
⇒ We use XENON result
⇒ Energy exchanged of order keV
⇒ Processes are not p-wave suppressed
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Experimental constraints

- LHC: (CMS, 1809.05937)
MJ, VBF weaker than BRi nv and not relevant at higher masses
BRi nv constraining in the HL projection

- ID: (FERMI-LAT, 1503.02641)

dSPh data: we are safe

- DD: (XENON1T, 1705.06655)

aq = 1

2

[
gq

v2
−

(
kq

gηh

m2
h

−kH0q
gηH0

m2
H0

)]
cancellation possible, increasing coefficient tuning to evade
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Relic density θt .π/2 (again)
All processes included, no experimental limits (for now)

ξ= 0.061
β= 0.1

Naturalness X Perturbativity X
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Low mass regime (benchmark)

61 62 63 64 65
mη [GeV]

−0.014

−0.012

−0.010

−0.008

−0.006

−0.004

−0.002

g η
h

XENONnT

Relic density

Excluded by DD

Excluded by ID

ξ= 0.061
β= 0.1

Limited by DD, ID safe by a factor 1.1÷1.2

Available mass range . 1GeV wide
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High mass regime (benchmark)

340 360 380 400
mη [GeV]

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

g η
h

Relic density

Excluded by DD

Excluded by ID

ξ= 0.061
β= 0.1

Excluded by DD up to ξ≈ 0.01

Mass range defined by H0 −h cancellation
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Medium mass regime (benchmark)

130 140 150 160 170 180 190
mη [GeV]

−0.100

−0.075

−0.050

−0.025

0.000

0.025

0.050

g η
h

XENONnT

Relic density

Excluded by DD

Excluded by ID

ξ= 0.061
β= 0.1

Limited by DD, insensitive to other searches
Available mass range 130GeV÷175GeV

A. Morandini Two remarkable features of Composite Dark Matter 10/02/20 27 / 32



Medium mass regime (scan)

100 120 140 160 180 200
mη [GeV]

0.6

0.8

1.0

1.2

1.4

1.6
f

[T
eV

]

f = 1 TeV

EWPTs

0.02

0.03

0.05

0.08

0.13

ξ

Relic density X Direct detection X

Lowest fine tuning set by EWPTs
XENONnT will reduce, but not exclude, the model parameter space
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Relic density θt &π/4

Let’s go to the other θt regime
θt & π

4 has many consequences!

⇒ η becomes heavy (∼TeV)
mκ > mη > mH0, but η still stable

⇒ Particles become close in mass,
so coannihilations and long-lived particles

⇒ many natural suppressions become unnatural,
because sin(2θt ) ∼ 1
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Relic density θt &π/4

κ

η

q̄

q

Two contributions: ΩDMh2 =Ωηh2 + mη

mκ
Ωκh2

Late time decay: tFO < τκ < tBBN

Γκ∝∼
∆m5m2

q

m2
k v4 → 20GeV.∆m . 50GeV
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Non thermal

700 750 800 850
mη [GeV]

−0.250

−0.225

−0.200

−0.175

−0.150

−0.125

−0.100
g η
h

Relic density

Exluded by DD
ξ= 0.01
β= 0.2

Evade DD → ξ≈ 0.01 needed
Ωκ ≈Ωη: same order contribution
LHC and ID are not relevant
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Conclusions

CH model based on SO(7)/SO(5)xSO(2) delivers a
viable DM candidate consistent with all exp. results;
the level of fine tuning required is f & 0.8TeV (set
by EWPT);
DM can be produced non-thermally via decays of an
heavier pNGB (but with higher fine tuning).

Thank you!
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BACKUP
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ξ≈
2Nc y4

Lc (1)
(2,0) + g 2

∗
(
Nc y2

Lc (1)
(1,0) −3g 2c (1)

g − g ′2c (1)
g ′

)
Nc y4

Lc (1)
(2,0)

tanβ≈
Nc c (1)

(1,1)y2
L y2

R sin2θt

2g 2∗(g ′2c (1)
g ′ +2Nc y2

Rc (1)
(0,1) cos2θt )
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aq = 1

2

[
gq

v2
−

(
kq

gηh

m2
h

−kH0q
gηH0

m2
H0

)]
gq ≈−2ξ

cosβcosθq

cos(β−αqθq )

kq = 1+O (ξ)

gηh ≈− g 2∗
8π2 cos2θt

[
2c̃(5)

y − c̃(7)
y +2c̃(8)

y +2cos(2θt )(c̃(5)
y + c̃(8)

y )
]
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Fixing coefficients 6= Tuning coefficients

Fixing coefficient (with tuning)
ξ= c1 + c2 = 0.01 → c1 = 1.01, c2 =−1

Change c2: δc2 =+5% → δξ=+500%

Fixing coefficient (without tuning)
mh = c1 + c2 = 2 → c1 = 1, c2 = 1

Change c2: δc2 =+5% → δmh =+2.5%
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