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Lecture 2: Visible Matter (Baryon Asymmetry)

• ∼ 5% of energy budget

• Baryonic: protons, neutrons

• Asymmetric: ∆B 6= 0.

From BBN (95% CL): PDG 2016

8.3 × 10−11 < nB/s < 9.4 × 10−11

s ∼ gsT 3, entropy density

• Negligible anti-matter today:

- No annihilation signals nearby

- Cosmic ray p̄ consistent with secondaries,. . .

• Matter/antimatter separation unlikely on large scales

- Note: e−m/T ∼ 10−10 at T ∼ 40 MeV; horizon contains ∼ 10−7M�
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Generation of Baryon Asymmetry

• Requires Sakharov’s conditions for baryogenesis:

(i) Baryon number violation

• An intuitive requirement: otherwise, starting from a baryon symmetric Universe,

no asymmetry would be generated

(ii) C and CP violation

• If density operator ρ preserves X = C,CP : X−1ρX = ρ, while X−1nBX = −nB

⇒ Tr[ρnB] = Tr[X−1ρX nB] = Tr[ρX nBX
−1] = −Tr[ρnB] = 0

(iii) Departure from equilibrium

B violating processes drive nB to zero in chemical equilibrium (assuming CPT
conservation).
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• Ingredients of Sakharov’s conditions present in SM, but not at
sufficient degrees

(i): EW anomaly: tunneling via instantons at T = 0; “sphalerons” at T �MW

Under SU(2)L × U(1)Y ; Ng generations:

(F̃ µν ≡ 1
2
εµναβFαβ)

∂µJ
µ
B = ∂µJ

µ
L = Ng

32π2

(
g2

2WµνW̃ µν − g2
1BµνB̃

µν
)

⇒ ∆(B − L) = 0 and ∆(B + L) 6= 0

T = 0 instanton rate ∝ e−16π2/g2
2 ∼ 10−180

T < Tc rate ∝ e−ξMW(T )/(αW T ); Tc ∼ 100 GeV, with ξ = 2Bλ/g2
2, B ∼ 2, αW ∼ 1/30

T > Tc rate ∼ κα5
WT

4; κ ∼ 30

(ii): Quark mass matrix (CKM), but CP violation too small

Asymmetry from SM CP violation <∼ 10−20

(Gavela, Hernandez, Orloff, Pène, Quimbay, 1994)

∆CP ∼ α3
WJm

4
tm

2
cm

4
bm

2
sM

−6
W T−6 for T >∼ 100 GeV

(iii) EW phase transition: not strongly first order (Higgs too heavy)

• nB/s small, but still too big to explain in SM! ⇒ New Physics
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Electroweak Baryogenesis
For a review, see e.g., Morrissey and Ramsey-Musolf, 1206.2942

• EW baryogenesis could become feasible in SM extensions

• Interesting possibility: testable at colliders probing E >∼ 100 GeV

• Various extensions of EW sector motivated by the hierarchy problem

• Hierarchy models: typically new states, Mnew >∼MH coupled to H

• In particular, new bosonic thermal loop effects → Enhanced cubic

term in effective potential: V (φ, T ) ≈ D(T 2 − T 2
0 )φ2 − ETφ3 + (λT/4)φ4

• Strong first order phase transition: φc/Tc = 2E/λT >∼ 1

For models using fermions see, e.g. Carena, Megevand, Quiros, Wagner, [hep-ph/0410352]; HD,

Lewis, Ponton, 1211.3449.

• Also, generic new physics introduces additional needed CP violation

• Contributions to electric dipole moments of n, e, . . . : Constraints and potential
future signals dn < 0.3×10−25 e cm; de < 0.87×10−28 e cm ; 90% CL PDG 2016

• Possible signals of CP violation in meson decays (LHCb, Belle II)

4



Aside: Effective Potential at Finite Temperatures

• Veff(φ, T ) = V0(φ) + V1(φ) + V1(φ, T )

V0 tree level ; V1: 1-loop at T = 0 ; V1(T ): 1-loop thermal contributions

V1(φ) =
∑
i

ni(−1)2si

64π2
m4
i (φ)

[
ln

(
m2
i (φ)2

µ2

)
− ci

]
Sum over particles i with ni degrees of freedom, spin si, and φ-dependent masses mi; µ is the
renormalization scale and ci is scheme dependent

V1(φ, T ) =
T 4

2π2

[ ∑
i=Boson

niBJB

(
m2
i

T 2

)
−

∑
i=Fermion

niFJF

(
m2
i

T 2

)]

• Expansion valid for x� 1

JB(x2) = −
π4

45
+
π2

12
x2 −

π

6
x3 −

1

32
x4 ln(x2/aB) +O(x6) ; ln aB ≈ 5.4076

JF(x2) = −
7π4

360
−
π2

24
x2 −

1

32
x4 ln(x2/aF) +O(x6) ; ln aF ≈ 2.6351

For example: Quiros, hep-ph/9901312; Morrissey and Ramsey-Musolf, 1206.2942
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• Generically, particles with substantial coupling to Higgs can affect
the phase transition

• May typically expect modifications of the Higgs properties, other collider signals

• For example, new scalars that can run in thermal loops and generate
the cubic term (barrier in Veff)

Figure from Morrissey and Ramsey-Musolf, 1206.2942
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CP

∆

(EW Symmetry Broken)
∆ (B+L) = 0

<H> = 0

<H> = 0

Schematic EW Baryogenesis

T ~ 100 GeV

Particle Scattering

 (B+L)       0

(EW Symmetric)  

Sphalerons

Bubble wall velocity v~O(c)
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MSSM

• Hierarchy, gauge coupling unification, possible DM candidate

• Supersymmetric partners for SM particles:

• Scalar partners for fermions

• Fermion partners for gauge fields and the Higgs

• Loop corrections to m2
H cancel between SM and supersymmetric

partners (up to supersymmetry breaking mass effects)

• Can resolve the hierarchy if super partner masses <∼ 1 TeV:

δm2
H ∼

g2

16π2M
2
new ⇒ δm2

H
<∼ (100)2 GeV2 ⇒ “Natural” MH

• The scalar partners of top quark, stops, significant couplings to H

• Light stop contributions to V (T ) can lead to a strong first order
EW phase transition
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• The measured Higgs mass MH ≈ 125 GeV implies

MSSM: m̃tR <∼ 120 GeV (EW baryogenesis) ; m̃tL � 1 TeV (Higgs mass)

Carena, Nardini, Quiros, Wagner, 0809.3760

• This already gives up on the idea of a “natural” Higgs mass

• Setup deemed disfavored early on Curtin, Jaiswal, Meade, 1203.2932

• By now, the LHC data has largely removed this possibility (MSSM)

• Parts of parameter space could still potentially be viable
Liebler, Profumo, Stefaniak, 1512.09172

********************

• Strong first order EW phase transition may also be possible by
coupling new scalars, with non-zero vevs near the weak scale, to the
Higgs potential (tree-level effect) Choi, Volkas, 1993

• Possible effects on Higgs properties, from loops or scalar mixing

• The new scalars can also be produced directly at colliders
For a recent discussion of collider signals see, for example, Chen, Kozaczuk, Lewis, 1704.05844
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Other SM Extensions

• MSSM not the only way to address the hierarchy

• Other SM extensions at or above the weak scale:

- Strong dynamics, composite Higgs

- Large or warped extra dimensions, lower gravity scales

• Generally, no sign of new physics up to ∼ 1 TeV

- This statement is model dependent

• There could be extensions that do not necessarily address hierarchy

- They may not be within experimental reach
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Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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O
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er

ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 1604.077736.58 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 15.7 n = 6 ATLAS-CONF-2016-0698.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 3.2 k/MPl = 0.1 1606.038333.2 TeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 13.2 k/MPl = 1.0 ATLAS-CONF-2016-0621.24 TeVGKK mass
Bulk RS GKK → HH → bbbb − 4 b − 13.3 k/MPl = 1.0 ATLAS-CONF-2016-049360-860 GeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 13.3 ATLAS-CONF-2016-0454.05 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 13.3 ATLAS-CONF-2016-0614.74 TeVW′ mass
HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 13.2 gV = 1 ATLAS-CONF-2016-0822.4 TeVW′ mass
HVT W ′ →WZ → qqqq model B − 2 J − 15.5 gV = 3 ATLAS-CONF-2016-0553.0 TeVW′ mass
HVT V ′ →WH/ZH model B multi-channel 3.2 gV = 3 1607.056212.31 TeVV′ mass
LRSM W ′

R → tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 15.7 ηLL = −1 ATLAS-CONF-2016-06919.9 TeVΛ

CI ℓℓqq 2 e, µ − − 3.2 ηLL = −1 1607.0366925.2 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 250 GeV 1604.077731.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 150 GeV 1604.01306710 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass
Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass
VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass
VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass
VLQ T5/3T5/3 →WtWt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 3.2 ATLAS-CONF-2016-032990 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 15.7 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2016-0695.6 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 8.8 ATLAS-CONF-2016-0602.3 TeVb∗ mass
Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass
Higgs triplet H±± → ee 2 e (SS) − − 13.9 DY production, BR(H±±L → ee)=1 ATLAS-CONF-2016-051570 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±

L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass
Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: August 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
†Small-radius (large-radius) jets are denoted by the letter j (J).
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• Roughly 3 times the current 13 TeV data could be collected before

end of Run 2

• A discovery may provide a link to EW baryogenesis

• In particular, a relation to strong EW phase transition

- Direct production and detection of new states

- Loop-effects on Higgs properties, e.g. cross section

- This, depending on the model, may be difficult to establish at the LHC

For example, Katz and Perelstein, 1401.1827

• Remarkably, future gravitational wave detectors may find a signal

- Primordial gravitational waves from bubble collisions, sound waves, MHD tur-

bulence

See, e.g., Grojean, Servant, hep-ph/0607107; Schwaller, 1504.07263; Caprini et al., 1512.06239
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From Schwaller, 1504.07263

(PTA = Pulsar Timing Array)
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Post LHC Run 2

• If no new physics <∼ 1 TeV: hierarchy solutions less motivated

• Need for other guiding principles, motivations

• High scale leptogenesis not directly related to hierarchy, but natu-

rally motivated by mν � 〈H〉 Fukugita, Yanagida, 1986

See, e.g., Di Bari 1206.3168; Petcov, 1405.2263 for introductory reviews of related physics

• Seesaw mechanism: Heavy right-handed Majorana neutrinos N

yνH̃L̄N +MNN̄
cN ⇒ mν ≈ (yν〈H〉)2

MN
(MN � 〈H〉; H̃ ≡ εabH∗b )

• Generic prediction: SM νs are Majorana

• 0νββ decay, low energy signal of L violation

• Rare nuclear decay with T1/2 >∼ 5× 1025 yr

• Active experimental program (CUORE, GERDA,. . . )

ν
W

W

n p

n p

e

e
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• General 3× 3 neutrino mass matrix: three angles and three phases

• CP violation: One Dirac phase (like CKM), two Majorana phases

• Oscillation experiments sensitive to Dirac phase

• CP violating decay of heavy N can result in a ∆L asymmetry

N → H` and N → H†¯̀ out of equilibrium (at T <∼MN)

N1 N1 N1 N2
N2

ℓ

H H

ℓ

H

ℓ

+ +

H

Hℓ

ℓ

• Leptogenesis, with 3 right handed neutrinos, a natural outcome in

SO(10) grand unified models; MN <∼MGUT ∼ 1015 GeV
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• Asymmetry from quantum interference

ε ≡ Γ1−Γ̄1
Γ1+Γ̄1

= 3
16πf(M1,M2)

Im(yνy
†
ν)2

12

(yνy
†
ν)11

f(M1,M2) a function of masses of N1 and N2

• SM sphalerons process ∆(B−L) into ∆B and ∆L via B+L violation

• First order EW phase transition not needed (out of equilibrium N decay)

• Motivated and economical scenario, but typically challenging to test

- Generically, N very heavy, well beyond the reach of colliders

• Baryogenesis possible through a variety of alternative scenarios

• For example, spontaneous baryogenesis, using a time varying modulus coupled to
a baryon current (∂µφ ψ̄γµψ) to induce dynamical CPT violation: baryon number
generation in thermal equilibrium Cohen and Kaplan, 1987

• Depending on scenario, new signals may be accessible

18



Summary

• The origin of baryon asymmetry remains unknown

• The SM cannot successfully account for it → New physics

• EW baryogenesis an interesting idea, also motivated by the hierarchy

problem, implies new states possibly accessible to LHC

• If such states not found, can become less compelling

• Leptogenesis an interesting alternative, tied to neutrino mass gen-

eration

• However, leptogenesis not readily testable, but typically implies

Majorana neutrinos and rare nuclear 0νββ decays

• Given our lack of knowledge of the early Universe for T >∼ few MeV

many ideas can be invoked, some with accessible signals
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