
IV HIDDEN VALLEYS &

DARK SECTORS

§1. Motivation

• stability: Melw ∼ 100GeV ↔ MPlanck ∼ 1019GeV

⇒ hierarchy problem

solutions:

(i) SUSY [Λ ∼MGUT possible]

(ii) extra dimensions @ few-TeV scale:

gravity tested for d >∼ 0.1 mm

[mechanical torsion experiments → F]

−→ modifications for d <∼ 0.1 mm possible

[ADD, Randall-Sundrum]

(iii) heavy mediator(s) [Λ ∼Mmed
>∼ O(TeV)]

→ light dark sector possible

(iv) effective Lagrangians (dim 6) [Λ >∼ O(TeV)]

L = LSM+
ci
Λ2
Oi+· · · → 2499 dim6-operators
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modification of gravitational potential:

V (r) = −
GM

r

(

1+ αe−
r
λ

)
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∆Lbos =
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• after using EOM: 59 independent dim6

operators for single generation

⇒ 2499 operators for 3 generations

gg → H:

g

g

t, b H +

g

g

H

↑

c̄g
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§2. Hidden Valleys Strassler, Zurek

gauge group GSM × U(1)× SU(Nv) [Nv > 2]

g′ gv

[GSM = SU(3)× SU(2)× U(1)]

• confinement: 1 GeV <∼ Λv <∼ 1 TeV

• new Higgs field φ: 〈φ〉 breaks U(1)

⇒ Z ′ with MZ ′ ∼ 1− 6 TeV

• hidden U,C ferm., 3 right-handed neutrinos Ni:

mU,C ← 〈φ〉

Z2 symm. → Ni no Dirac mass → stable → DM

• kinetic mixing of Z,Z ′: L =
κ

2
BµνF ′µν

can be absorbed in field redef. → mod. charges

⇒ SM ferm. coupl. to Z ′: QZ ′ = Q0
Z ′ − κ

g1
g′
Y

q+ + q− = −Qφ = −2 [anomaly freedom]
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(i) 2LF: (two light flavours) [∼ 2F-QCD]

mU ∼ mC ≪ Λv ⇒ π
0,±
v pseudo Goldstones (light)

wfct. π0v ∼ ŪU − C̄C ⇒ π0v → Z ′→ ff̄

Γπ0v
=

1

8π

g′2

m2
Z ′

Q2
φQ

2
Hf

2
πvm

5
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(m2
πv −m

2
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2

∑

f
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2
fvf

⇒ heavy flavour preferred [helicity flip ∝ mf ]

L = ψ(i6∂ −mf)ψ = ψLi6∂ψL + ψRi6∂ψR +mf(ψLψR + ψRψL)

⇒ Leff ∝ imfπv(ψLψR − ψRψL)

[ψLψL = ψRψR = 0]

mπv ≫ mZ:

Γ(π0v → b̄b) ∼ 3× 1015s−1
f2πvmπv

(200 GeV)3

(

10 TeV

mZ ′/g
′

)4

mπv ≪ mZ:

Γ(π0v → b̄b) ∼ 6× 109s−1
f2πvm

5
πv

(20 GeV)7

(
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mZ ′/g
′

)4
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(ii) 1LF: (one light flavour) [6= QCD]

mU ≪ Λv ≪ mC

⇒ η′v (pseudoscalar), ωv (vector) lightest dark states

σv → ff̄ + η′v

Γωv ∼ 4× 1018s−1
(

mωv

200 GeV

)5
(

10 TeV

mZ ′/g
′

)4

(Γη′v: see above for πv)
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⇒ many displaced vertices → b-jets
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§3. Dark QCD

gauge group GSM × SU(Nd) (Nd ≥ 2)

• nf Dirac fermions: Nd colors, GSM singlet

⇒ dark quarks Qd

• confinement scale Λd
mπd < Λd pseudo Goldstones (← QCD)

• mπd,Λd ∼ 1− 10 GeV

• dark baryon number conserved

⇒ lightest dark baryon stable ⇒ DM

• scalar mediator: Lκ = κQ̄dqXd

Bai, Schwaller
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Schwaller, Stolarski, Weiler
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Γ(πd → dd̄) =
κ4Ncf2πdm

2
d

32πM4
Xd

mπd

⇒ cτ = 80mm×
1

κ4
×

(
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fπd

)2(
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)2(
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)(
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)4

⇒ flight distances ∼ cm. . .m possible

Emerging Jets:

Schwaller, Stolarski, Weiler
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