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Recent Developments: 

•  Discovery of BEH-like boson ! Paradigm of 
symmetry-breaking in particle physics driven by 
a fundamental scalar likely correct 

•  Supersymmetry as an illustration 

•  Theoretical progress & challenges 

•  Our work 

•  Non-observation (so far) of physics beyond 
the Standard Model at the LHC 

•  New stringent limits on permanent electric 
dipole moments  
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The Simplest Extension 

Model 

Independent Parameters: 

   v0, x0, λ0, a1, a2, b3, b4 

H-S Mixing	

H1 ! H2H2	


€ 

M 2 =
µh
2 µhs

2 2
µhs
2 2 µs

2

" 

# 
$ 

% 

& 
' 

Mass matrix 

€ 

h1
h2

" 

# 
$ 

% 

& 
' =

sinθ cosθ
cosθ −sinθ
" 

# 
$ 

% 

& 
' 
h
s
" 

# 
$ 
% 

& 
' 

Stable S (dark matter?) 
•  Tree-level Z2 symmetry: a1=b3=0 to  

 prevent s-h mixing and one-loop s    hh    

•  x0 =0 to prevent h-s mixing xSM EWPT:  ✖ 

Signal Reduction Factor 

Production Decay 

Simplest extension of the SM scalar 
sector: add one real scalar S (SM singlet) 

EWPT: a1,2 = 0  & <S> = 0 

DM:      a1 = 0    & <S> = 0 

/ / 
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EWPT: Resonant Di-Higgs Production 
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h2 → h1h1 tt̄ Z bb̄ Z jj

bb̄τlepτhad bb̄ℓτhad bb̄τlepτhad bb̄τlepτhad jjτlepτhad
Event selection (see section V.C) 19.17 5249 762 601 98
∆Rbb > 2.1, PT,b1 > 45 GeV, PT,b2 > 30 GeV 11.45 2639 384 188 10.8
h1-mass: 90 GeV < mbb < 140 GeV 8.00 531 80 69 3.68
Collinear x1, x2 Cuts 4.81 209 36.4 41.6 2.41
∆Rℓτ > 2 4.10 129 23.1 26.5 2.03
mℓ

T < 30 GeV 3.44 30.9 11.1 24.4 1.90
h1-mass: 110 GeV < mcoll

ττ < 150 GeV 1.56 4.97 2.05 4.92 0.38
Emiss

T < 50 GeV 1.37 3.31 0.87 4.29 0.36
h2-mass: 230 GeV < mcoll

bbττ < 300 GeV 1.29 0.39 0.17 1.21 0.13

TABLE IV: Event selection and background reduction for the bb̄τlepτhad channel in the un-boosted benchmark scenario. We
show the NLO cross section (in fb) for the signal h2 → h1h1 → bb̄τlepτhad and the relevant backgrounds tt̄ → bb̄τlepτhad, bb̄ℓτhad,
Z bb̄ → bb̄τlepτhad and Z jj → jjτlepτhad after successive cuts (same efficiency and face rate assumptions as in Table II).

h2 → h1h1 tt̄ Z bb̄ Z jj

bb̄τlepτhad bb̄ℓτhad bb̄τlepτhad bb̄τlepτhad jjτlepτhad
Event selection (see section V.C) 10.73 5249 762 601 98
∆Rbb < 2.2, PT,b1 > 50 GeV, PT,b2 > 30 GeV 6.02 1576 223 85 2.46
h1-mass: 90 GeV < mbb < 140 GeV 4.77 672 94 31.5 0.84
|P⃗ bb

T | > 110 GeV 3.42 345 49 13.9 0.33
Collinear x1, x2 Cuts 2.31 136 22.3 8.38 0.22
∆Rℓτ < 2.3 1.71 68 11.1 4.31 0.055
mℓ

T < 30 GeV 1.46 18.4 5.64 4.02 0.051
h1-mass: 110 GeV < mcoll

ττ < 150 GeV 1.05 4.2 1.26 0.30 0.003
25 GeV < Emiss

T < 90 GeV 0.76 2.93 0.75 0.23 0.002
h2-mass: 330 GeV < mcoll

bbττ < 400 GeV 0.63 0.60 0.15 0.026 < 0.001

TABLE V: Event selection and background reduction for the bb̄τlepτhad channel in the boosted benchmark scenario (same
efficiency and face rate assumptions as in Table II).
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FIG. 7: Normalized Emiss
T distribution after event selection

(before cuts) for signal and background (“τlepτlep”)

events (largely dominated by tt̄ production), we cut on
the transverse mass of the lepton (see Fig. 8)

mℓ
T =

!

2pℓTE
miss
T (1 − cosφℓ,miss) < 30 GeV (13)

with φℓ,miss being the azimuthal angle between the di-
rection of missing energy and the lepton transverse mo-
mentum.

The corresponding impact of the cut-flow on signal
and background cross sections are given in Tables IV
and V for the unboosted and boosted scenarios. As for
the τlepτlep channel, the various cuts allow one to greatly
suppress the backgrounds and increase the signal signifi-
cance. For the τlepτhad channel, since it is not possible to
impose a Z-peak veto through a cut in the invariant mass
of the lepton pair, we increase the lower end of the mcoll

ττ

invariant mass signal window (from 100 GeV to 110 GeV)
in order to suppress Zbb̄ and Zjj backgrounds. The dis-
tributions for mcoll

ττ and mcoll
bbττ in this channel are shown

in Figs. 9 and 10.

From the results from Tables IV and V, we find that
for the semileptonic channel a S/

√
S +B ∼ 5 for the

unboosted benchmark scenario can be obtained with ∼
50 fb−1, while for the boosted benchmark scenario the re-
quired integrated luminosity is slightly higher, ∼ 90 fb−1.
This channel therefore appears to be promising both for
the boosted and unboosted regimes.
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D. Hadronic (τhadτhad) final states.

The selection criteria for this channel are given by two
hadronically-decaying τ -leptons (Nτh = 2), exactly zero
leptons ( Nℓ = 0), and a similar set of kinematic require-
ments on the τ leptons and b-jets as in the other chan-
nels: pτT > 10 GeV, |yb| < 2.5, ∆Rbb > 0.5, pbT > 10. As
compared to the semileptonic and leptonic channels, the
backgrounds for the purely hadronic channel are smaller.
The cut flows for the unboosted and boosted scenarios
are given in Tables VI and VII, respectively.
In light of the results from Tables VI and VII, we ob-

tain S/
√
S +B ∼ 5 with ∼ 100 fb−1 in the hadronic

channel for both the unboosted and boosted benchmark
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FIG. 10: Normalized mcoll
bbττ distribution for signal and back-

ground (“τlepτhad”).

scenarios. While this channel appears to be promising
both for both scenarios, we caution that we have not
considered other pure QCD backgrounds, such as multi-
jet or bb̄jj production, where the jets fake a hadronically
decaying τ lepton. The reason is the difficulty of reli-
ably quantifying the jet fake rate for these events, which
while being under 5%, depends strongly on the character-
istics of the jet [40]. While we do not expect this class of
background contamination to be an impediment to signal
observation in the τhadτhad channel, we are less confident
in our quantitative statements here than for the other
final states.

V. DISCUSSION AND OUTLOOK

Uncovering the full structure of the SM scalar sector
and its possible extensions will be a central task for the
LHC in the coming years. The results will have impor-
tant implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
for the origin of visible matter and the nature of dark
matter. Extensions of the SM scalar sector that address
one or both of these open questions may yield distinc-
tive signatures at the LHC associated with either mod-
ifications of the SM Higgs boson properties and/or the
existence of new states.
In this study, we have considered one class of Higgs

portal scalar sector extensions containing a singlet scalar
that can mix with the neutral component of the SU(2)L
doublet leading to two neutral states h1,2. This xSM
scenario can give rise to a strong first order electroweak
phase transition as needed for electroweak baryogenesis;
it maps direction onto the NMSSM in the decoupling
limit; and it serves as a simple paradigm for mixed state
signatures in Higgs portal scenarios that contain other
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D. Hadronic (τhadτhad) final states.

The selection criteria for this channel are given by two
hadronically-decaying τ -leptons (Nτh = 2), exactly zero
leptons ( Nℓ = 0), and a similar set of kinematic require-
ments on the τ leptons and b-jets as in the other chan-
nels: pτT > 10 GeV, |yb| < 2.5, ∆Rbb > 0.5, pbT > 10. As
compared to the semileptonic and leptonic channels, the
backgrounds for the purely hadronic channel are smaller.
The cut flows for the unboosted and boosted scenarios
are given in Tables VI and VII, respectively.
In light of the results from Tables VI and VII, we ob-

tain S/
√
S +B ∼ 5 with ∼ 100 fb−1 in the hadronic

channel for both the unboosted and boosted benchmark
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scenarios. While this channel appears to be promising
both for both scenarios, we caution that we have not
considered other pure QCD backgrounds, such as multi-
jet or bb̄jj production, where the jets fake a hadronically
decaying τ lepton. The reason is the difficulty of reli-
ably quantifying the jet fake rate for these events, which
while being under 5%, depends strongly on the character-
istics of the jet [40]. While we do not expect this class of
background contamination to be an impediment to signal
observation in the τhadτhad channel, we are less confident
in our quantitative statements here than for the other
final states.

V. DISCUSSION AND OUTLOOK

Uncovering the full structure of the SM scalar sector
and its possible extensions will be a central task for the
LHC in the coming years. The results will have impor-
tant implications not only for our understanding of the
mechanism of electroweak symmetry-breaking but also
for the origin of visible matter and the nature of dark
matter. Extensions of the SM scalar sector that address
one or both of these open questions may yield distinc-
tive signatures at the LHC associated with either mod-
ifications of the SM Higgs boson properties and/or the
existence of new states.
In this study, we have considered one class of Higgs

portal scalar sector extensions containing a singlet scalar
that can mix with the neutral component of the SU(2)L
doublet leading to two neutral states h1,2. This xSM
scenario can give rise to a strong first order electroweak
phase transition as needed for electroweak baryogenesis;
it maps direction onto the NMSSM in the decoupling
limit; and it serves as a simple paradigm for mixed state
signatures in Higgs portal scenarios that contain other
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Table 1
Field content for the quark, lepton and Higgs sectors of the MSSM

Quark sector Lepton sector Higgs sector

Q ū d̄ L ē Hu Hd

SU(3)c , SU(2)L , U(1)Y (3, 2, 1
6 ) (3̄, 1 � 2

3 ) (3̄, 1, 1
3 ) (1, 2, � 1

2 ) (1, 1, 1) (1, 2, 1
2 ) (1, 2, � 1

2 )

spin 0 (ũL , d̃L ) ũ⇤
R d̃⇤

R (⌫̃, ẽL ) ẽ⇤
R (H+

u , H0
u ) (H0

d , H�
d )

spin 1/2 (uL , dL ) uÑR dÑR (⌫, eL ) eÑR (H̃+
u , H̃0

u ) (H̃0
d , H̃�

d )

Table 2
Field content for the gauge sector of the MSSM

Gauge sector
SU(3)c , SU(2)L , U(1)Y (8, 1, 0) (1, 3, 0) (1, 1, 0)

spin 1/2 g̃ W̃±, W̃ 0 B̃0

spin 1 g W±, W 0 B0

with gi being the corresponding gauge coupling; and T a are the hermitian matrices for the generators of each gauge
group in the fundamental representation. The Lagrangian for the gauge fields Lgauge contains the kinetic term for
gauge bosons and two-component gaugino spinors �a :

Lgauge = �1
4

Fa
µ⌫Fµ⌫a � i�aÑ�̄µ Dµ�

a, (8)

where the metric is ⌘µ⌫ = diag(�1, 1, 1, 1), �̄µ = (�1, E� ), and Dµ is the gauge covariant derivative.5 The
Lagrangian for the matter fields Lchiral containing the kinetic terms and interactions is

Lchiral = �Dµ�⇤ Dµ� � i Ñ�̄µ Dµ + Lint, (9)

where  is a two component spinor for either left- or right-handed fermions and Lint can be obtained from the
superpotential W

WMSSM = ūy

u

Q Hu � d̄y

d

Q Hd � ēy

e

L Hd + µHu Hd (10)

using

Lint = (@W/@�i� j ) i j + (@W/@�i )(@W/@�i )
⇤. (11)

The first term in Eq. (11) gives rise to the usual Yukawa coupling [from the first three terms in Eq. (10)], and the
Higgsino mass [from the last term in Eq. (10)]. The second term in Eq. (11) and last term in Eq. (7) give rise to all the
cubic and quartic scalar interactions.

The general MSSM superpotential also includes baryon and lepton number violating interactions:

W�L=1 = 1
2
�i jk Li L j ēk + �0

i jk Li Q j d̄k + µ0
i Li Hu, (12)

W�B=1 = 1
2
�00

i jk ūi d̄ j d̄k . (13)

The simultaneous presence of non-vanishing �0 and �00 couplings allows for rapid proton decay that conflicts with
present bounds on the proton lifetime. One way to eliminate such terms is to introduce a new symmetry called R-
parity, defined by conservation of the quantum number

PR = (�1)3(B�L)+2s, (14)

5 Here, we have followed the conventions of Ref. [4].
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where s is the spin of the particle. All SM particles have PR = +1 while all the superpartners have PR = �1. If
R-parity is an exact symmetry, then all the terms appearing in Eqs. (12) and (13) are forbidden, and no dangerous
proton decay can occur via these interactions.

There are two important phenomenological consequence if R-parity is exactly conserved:

• The lightest supersymmetric particle is absolutely stable.
• SM particles are coupled to even numbers of superpartners (usually two).

If LSP is colorless and charge neutral, it can be a viable candidate for the cold dark matter. R-parity conservation
also implies that sparticles are produced in pairs in collider experiments and that each sparticle other than LSP
eventually decays into final states containing odd numbers of LSPs. Moreover, for low-energy processes involving
only SM particles in the initial and final states – such as those of interest in this article – supersymmetric contributions
appear only at loop-level (e.g. virtual superpartners are pair produced). However, one may relax the constrains of
R-parity conservation while preserving proton stability by, e.g., forbidding only the baryon number violating terms in
Eq. (13). In this case, the LSP is no longer stable and tree level SUSY contributions to low-energy processes appear
through R-parity violating interactions. In what follows, we will consider the implications of both R-parity conserving
and R-parity violating (RPV) supersymmetry.

2.3. Soft SUSY breaking

If supersymmetry is exact, superpartners have the same mass as the corresponding SM particles. However,
supersymmetry must be broken in nature because superpartners have not been experimentally observed at energies
where they could be pair produced if they are degenerate with SM particles. In order to retain the exact cancellation
of the quadratic �UV dependence of the Higgs mass corrections, all the SUSY breaking couplings must be “soft”
(of positive mass dimension). After adding the fermion and scalar contributions of Eqs. (1) and (2), the remaining
logarithmic correction to the Higgs mass is proportional to the soft SUSY breaking masses6:

�m2
h = � �S

8⇡2

h

�m2
S ln(�2

UV/m2
S) + · · ·

i

, (15)

where we have taken m2
S = m2

f + �m2
S . Therefore, the soft SUSY breaking mass parameters (e.g., �m2

S) should be
below a few TeV to avoid reintroduction of the naturalness problem. Throughout this work, we will refer to this
scale of SUSY-breaking mass parameters as m̃. A brief description of soft SUSY breaking parameters, SUSY particle
mass spectra and interactions is given below. For a more detailed review of MSSM and related phenomenology, see
Refs. [4,12].

In the MSSM, the Lagrangian for soft SUSY breaking terms is

Lsoft = �1
2
(M3g̃g̃ + M2W̃ W̃ + M1 B̃ B̃) + c.c. � ( ˜̄ua

u

Q̃ Hu � ˜̄da

d

Q̃ Hd � ˜̄ea

e

L̃ Hd) + c.c. � Q̃Ñ
m

2

Q

Q̃

� L̃Ñ
m

2

L

L̃ � ˜̄um

2

ū

˜̄uÑ � ˜̄dm

2

d̄

˜̄dÑ � ˜̄em

2

ē

˜̄eÑ � m2
Hu

H⇤
u Hu � m2

Hd
H⇤

d Hd � (bHu Hd + c.c.). (16)

The first set of terms give the gaugino mass Mi , i = 1, 2, 3 for the U(1)Y , SU(2)L and SU(3)C gauginos, respectively.
The second set of terms give the trilinear “A-term” that couples Higgs scalars with left- and right-squarks and sleptons.
The third group of terms give the scalar mass m2

q̃L ,R
, m2

l̃L ,R
, and m2

Hu,d
for squarks, sleptons and Higgs scalars,

respectively. The boldfaced quantities indicate matrices in flavor space. The final group gives the bilinear b-term,
which couples up- and down-type Higgses. In principle, one may also include RPV soft interactions that correspond
to the terms in the superpotentials W�L=1 and W�B=1. However, pure scalar RPV interactions are generally not
relevant to the low-energy observables discussed here, so we will not include them.

The trilinear A-terms and the soft SUSY breaking squark and slepton masses are in general non-diagonal in the
flavor basis, a feature that introduces flavor-changing-neutral-current (FCNC) effects beyond those that are GIM-
suppressed in the SM. Moreover, after performing an appropriate set of field redefinitions, Lsoft – together with the

6 There are additional logarithmic contributions proportional to the square of the triscalar coupling, a f , defined below [11].
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where s is the spin of the particle. All SM particles have PR = +1 while all the superpartners have PR = �1. If
R-parity is an exact symmetry, then all the terms appearing in Eqs. (12) and (13) are forbidden, and no dangerous
proton decay can occur via these interactions.

There are two important phenomenological consequence if R-parity is exactly conserved:

• The lightest supersymmetric particle is absolutely stable.
• SM particles are coupled to even numbers of superpartners (usually two).

If LSP is colorless and charge neutral, it can be a viable candidate for the cold dark matter. R-parity conservation
also implies that sparticles are produced in pairs in collider experiments and that each sparticle other than LSP
eventually decays into final states containing odd numbers of LSPs. Moreover, for low-energy processes involving
only SM particles in the initial and final states – such as those of interest in this article – supersymmetric contributions
appear only at loop-level (e.g. virtual superpartners are pair produced). However, one may relax the constrains of
R-parity conservation while preserving proton stability by, e.g., forbidding only the baryon number violating terms in
Eq. (13). In this case, the LSP is no longer stable and tree level SUSY contributions to low-energy processes appear
through R-parity violating interactions. In what follows, we will consider the implications of both R-parity conserving
and R-parity violating (RPV) supersymmetry.

2.3. Soft SUSY breaking

If supersymmetry is exact, superpartners have the same mass as the corresponding SM particles. However,
supersymmetry must be broken in nature because superpartners have not been experimentally observed at energies
where they could be pair produced if they are degenerate with SM particles. In order to retain the exact cancellation
of the quadratic �UV dependence of the Higgs mass corrections, all the SUSY breaking couplings must be “soft”
(of positive mass dimension). After adding the fermion and scalar contributions of Eqs. (1) and (2), the remaining
logarithmic correction to the Higgs mass is proportional to the soft SUSY breaking masses6:

�m2
h = � �S

8⇡2

h

�m2
S ln(�2

UV/m2
S) + · · ·

i

, (15)

where we have taken m2
S = m2

f + �m2
S . Therefore, the soft SUSY breaking mass parameters (e.g., �m2

S) should be
below a few TeV to avoid reintroduction of the naturalness problem. Throughout this work, we will refer to this
scale of SUSY-breaking mass parameters as m̃. A brief description of soft SUSY breaking parameters, SUSY particle
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The first set of terms give the gaugino mass Mi , i = 1, 2, 3 for the U(1)Y , SU(2)L and SU(3)C gauginos, respectively.
The second set of terms give the trilinear “A-term” that couples Higgs scalars with left- and right-squarks and sleptons.
The third group of terms give the scalar mass m2
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which couples up- and down-type Higgses. In principle, one may also include RPV soft interactions that correspond
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relevant to the low-energy observables discussed here, so we will not include them.

The trilinear A-terms and the soft SUSY breaking squark and slepton masses are in general non-diagonal in the
flavor basis, a feature that introduces flavor-changing-neutral-current (FCNC) effects beyond those that are GIM-
suppressed in the SM. Moreover, after performing an appropriate set of field redefinitions, Lsoft – together with the
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where s is the spin of the particle. All SM particles have PR = +1 while all the superpartners have PR = �1. If
R-parity is an exact symmetry, then all the terms appearing in Eqs. (12) and (13) are forbidden, and no dangerous
proton decay can occur via these interactions.

There are two important phenomenological consequence if R-parity is exactly conserved:

• The lightest supersymmetric particle is absolutely stable.
• SM particles are coupled to even numbers of superpartners (usually two).

If LSP is colorless and charge neutral, it can be a viable candidate for the cold dark matter. R-parity conservation
also implies that sparticles are produced in pairs in collider experiments and that each sparticle other than LSP
eventually decays into final states containing odd numbers of LSPs. Moreover, for low-energy processes involving
only SM particles in the initial and final states – such as those of interest in this article – supersymmetric contributions
appear only at loop-level (e.g. virtual superpartners are pair produced). However, one may relax the constrains of
R-parity conservation while preserving proton stability by, e.g., forbidding only the baryon number violating terms in
Eq. (13). In this case, the LSP is no longer stable and tree level SUSY contributions to low-energy processes appear
through R-parity violating interactions. In what follows, we will consider the implications of both R-parity conserving
and R-parity violating (RPV) supersymmetry.
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If supersymmetry is exact, superpartners have the same mass as the corresponding SM particles. However,
supersymmetry must be broken in nature because superpartners have not been experimentally observed at energies
where they could be pair produced if they are degenerate with SM particles. In order to retain the exact cancellation
of the quadratic �UV dependence of the Higgs mass corrections, all the SUSY breaking couplings must be “soft”
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The second set of terms give the trilinear “A-term” that couples Higgs scalars with left- and right-squarks and sleptons.
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respectively. The boldfaced quantities indicate matrices in flavor space. The final group gives the bilinear b-term,
which couples up- and down-type Higgses. In principle, one may also include RPV soft interactions that correspond
to the terms in the superpotentials W�L=1 and W�B=1. However, pure scalar RPV interactions are generally not
relevant to the low-energy observables discussed here, so we will not include them.
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3

II. 2HDM FRAMEWORK

A. Scalar potential

In this work, we consider the flavor-conserving 2HDM in order to avoid problematic flavor-changing neutral currents
(FCNCs). As observed by Glashow and Weinberg (GW) [12], one may avoid tree-level FCNCs if diagonalization of the
fermion mass matrices leads to flavor diagonal Yukawa interactions. One approach2 to realizing this requirement is to
impose a Z2 symmetry on the scalar potential together with an appropriate extension to the Yukawa interactions (see
below). In this scenario, however, one obtains no sources of CPV beyond the SM CKM complex phase. Consequently,
we introduce a soft Z2-breaking term that yields non-vanishing CPV terms in the scalar sector [16].

To that end, we choose a scalar field basis in which the two Higgs doublets �1,2 are oppositely charged under the
the Z2 symmetry:

�1 ! ��1 and �2 ! �2 , (1)

though this symmetry will in general have a di↵erent expression in another basis obtained by the transformation
�j = Ujk�

0
k. For example, taking
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We then take the Higgs potential to have the form
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The complex coe�cients in the potential are m2
12 and �5. In general, the presence of the �†

1�2 term, in conjunction
with the Z2-conserving quartic interactions, will induce other Z2-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coe�cients are finite with magnitude proportional tom2

12�k/(16⇡2). Given
the 1/16⇡2 suppression, we will restrict our attention to the tree-level Z2-breaking bilinear term.

It is instructive to identify the CPV complex phases that are invariant under a rephasing of the scalar fields. To
that end, we perform an SU(2)L⇥U(1)Y transformation to a basis where the vacuum expectation value (vev) of the
neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:
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, (5)

where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
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12, �0
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so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:
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2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.
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impose a Z2 symmetry on the scalar potential together with an appropriate extension to the Yukawa interactions (see
below). In this scenario, however, one obtains no sources of CPV beyond the SM CKM complex phase. Consequently,
we introduce a soft Z2-breaking term that yields non-vanishing CPV terms in the scalar sector [16].

To that end, we choose a scalar field basis in which the two Higgs doublets �1,2 are oppositely charged under the
the Z2 symmetry:

�1 ! ��1 and �2 ! �2 , (1)

though this symmetry will in general have a di↵erent expression in another basis obtained by the transformation
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The complex coe�cients in the potential are m2
12 and �5. In general, the presence of the �†

1�2 term, in conjunction
with the Z2-conserving quartic interactions, will induce other Z2-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coe�cients are finite with magnitude proportional tom2

12�k/(16⇡2). Given
the 1/16⇡2 suppression, we will restrict our attention to the tree-level Z2-breaking bilinear term.

It is instructive to identify the CPV complex phases that are invariant under a rephasing of the scalar fields. To
that end, we perform an SU(2)L⇥U(1)Y transformation to a basis where the vacuum expectation value (vev) of the
neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:
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where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
12)

0 = ei(✓2�✓1)m2
12, �0

5 = e2i(✓2�✓1)�5 , (7)

so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:
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2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.
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4

For future purposes, we emphasize that the value of ⇠ is not invariant.
Denoting tan� = |v2|/|v1|, the minimization conditions in the H0

k and A0
k directions give us the relations
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From the last equation, it is clear that the phase ⇠ can be solved for given the complex parameters m2
12 and �5. It is

useful, however, to express this condition in terms of the �k:

|m2
12| sin(�2 � �1) = |�5v1v2| sin(2�2 � �1) . (12)

In the limit that the �k are small but non-vanishing that will be appropriate for our later phenomenological discussion,
Eq. (12) then implies
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so that there exists only one independent CPV phase in the theory after EWSB.
A special case arises when �1 = 0. In this case, Eq. (12) implies that

|m2
12| sin(�2) = |�5v1v2| sin(2�2) , (14)

or
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When the right-hand side is less than 1, �2 has solutions two solutions of equal magnitude and opposite sign, corre-
sponding to the presence of spontaneous CPV (SCPV) [17, 18]:
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To the extent that the vacua associated with the two opposite sign solutions are degenerate, one would expect the
existence of cosmological domains [19] associated with these two vacua. Persistence of the corresponding domain walls
to late cosmic times is inconsistent with the observed homogeneity of structure and isotropy of the cosmic microwave
background. Consequently, parameter choices leading to �1 = 0 but �2 6= 0 should be avoided. In practice, we will
scan over model parameters when analyzing the EDM and LHC constraints. As a check, we have performed a scan
with 106 points and find less than ten that give �1 = 0. We are, thus, confident that the general features of our
phenomenological analysis are consistent with the absence of problematic SCPV domains.

Henceforth, for simplicity, we utilize the rephasing invariance of the �k and work in a basis where ⇠ = 0. In this
basis, the phases of m2

12 and �5 are redefined and related by Eq. (11). As we discuss below, we will trade the resulting
dependence of observables on �1 [and �2 via �1 in Eq. (13)] for one independent angle in the transformation that
diagonalizes the neutral scalar mass matrix.

B. Scalar spectrum

After EWSB, the diagonalization of the 2 ⇥ 2 charged Higgs mass matrix yields the physical charged scalar and
Goldstone modes,
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The charged scalar has a mass
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work, only the scalar loop could contribute to C12 and eventually to EDMs. A representative diagram is shown in
the right panel of Fig. 12. It is proportional to
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⇤
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� sin �2 . (A10)

Using the relation in Eq. (13), the above quantity is indeed related to the unique CPV source in the model.
The fermionic loops do not contribute because the physical charge Higgs and quark couplings have the structure

proportional to the corresponding CKM element. As a result, the coe�cients Cij are purely real and C̃ij are purely
imaginary. They contribute to magnetic dipole moments instead of EDMs.
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FIG. 12: Left: quark or lepton EDM from W ±H⌥ exchange and CPV Higgs interactions. Right: a scalar loop contribution
to �†

1
�a

2 W a
µ⌫�2B

µ⌫ e↵ective operator, which then contributes to EDM as the upper loop of the left panel.

The gauge invariant contributions to EDM from this class of diagrams have been calculated recently in [42],
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where the functions I4,5(m2
1,m

2
2) are given in the Appendix B. The coe�cient sf = �1 for up-type quarks, and

sf = +1 for down-type quarks and charged leptons.

To summarize, the total contribution to fermion EDM is the sum of Eqs (A3,A4,A5,A6,A7,A8,A11),
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II. 2HDM FRAMEWORK

A. Scalar potential

In this work, we consider the flavor-conserving 2HDM in order to avoid problematic flavor-changing neutral currents
(FCNCs). As observed by Glashow and Weinberg (GW) [12], one may avoid tree-level FCNCs if diagonalization of the
fermion mass matrices leads to flavor diagonal Yukawa interactions. One approach2 to realizing this requirement is to
impose a Z2 symmetry on the scalar potential together with an appropriate extension to the Yukawa interactions (see
below). In this scenario, however, one obtains no sources of CPV beyond the SM CKM complex phase. Consequently,
we introduce a soft Z2-breaking term that yields non-vanishing CPV terms in the scalar sector [16].

To that end, we choose a scalar field basis in which the two Higgs doublets �1,2 are oppositely charged under the
the Z2 symmetry:

�1 ! ��1 and �2 ! �2 , (1)

though this symmetry will in general have a di↵erent expression in another basis obtained by the transformation
�j = Ujk�

0
k. For example, taking
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the transformation (1) corresponds to
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The complex coe�cients in the potential are m2
12 and �5. In general, the presence of the �†

1�2 term, in conjunction
with the Z2-conserving quartic interactions, will induce other Z2-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coe�cients are finite with magnitude proportional tom2

12�k/(16⇡2). Given
the 1/16⇡2 suppression, we will restrict our attention to the tree-level Z2-breaking bilinear term.

It is instructive to identify the CPV complex phases that are invariant under a rephasing of the scalar fields. To
that end, we perform an SU(2)L⇥U(1)Y transformation to a basis where the vacuum expectation value (vev) of the
neutral component of �1 is real while that associated with the neutral component of �2 is in general complex:

�1 =

✓

H+
1

1p
2
(v1 +H0

1 + iA0
1)

◆
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where v =
p

|v1|2 + |v2|2 = 246GeV, v1 = v⇤1 and v2 = |v2|ei⇠. It is apparent that in general ⇠ denotes the relative
phase of v2 and v1. Under the global rephasing transformation

�j = ei✓j �0
j , (6)

the couplings m2
12 and �5 can be redefined to absorb the global phases

(m2
12)

0 = ei(✓2�✓1)m2
12, �0

5 = e2i(✓2�✓1)�5 , (7)

so that the form of the potential is unchanged. It is then straightforward to observe that there exist two rephasing
invariant complex phases:
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2 Another approach is to have 2HDM at the electroweak scale without the Z2 symmetry is to assume minimal flavor violation, flavor
alignment or other variants. We do not discuss this possibility, but refer to [13–15] for recent phenomenological studies.
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so that there exists only one independent CPV phase in the theory after EWSB.
A special case arises when �1 = 0. In this case, Eq. (12) implies that
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When the right-hand side is less than 1, �2 has solutions two solutions of equal magnitude and opposite sign, corre-
sponding to the presence of spontaneous CPV (SCPV) [17, 18]:
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To the extent that the vacua associated with the two opposite sign solutions are degenerate, one would expect the
existence of cosmological domains [19] associated with these two vacua. Persistence of the corresponding domain walls
to late cosmic times is inconsistent with the observed homogeneity of structure and isotropy of the cosmic microwave
background. Consequently, parameter choices leading to �1 = 0 but �2 6= 0 should be avoided. In practice, we will
scan over model parameters when analyzing the EDM and LHC constraints. As a check, we have performed a scan
with 106 points and find less than ten that give �1 = 0. We are, thus, confident that the general features of our
phenomenological analysis are consistent with the absence of problematic SCPV domains.

Henceforth, for simplicity, we utilize the rephasing invariance of the �k and work in a basis where ⇠ = 0. In this
basis, the phases of m2

12 and �5 are redefined and related by Eq. (11). As we discuss below, we will trade the resulting
dependence of observables on �1 [and �2 via �1 in Eq. (13)] for one independent angle in the transformation that
diagonalizes the neutral scalar mass matrix.

B. Scalar spectrum

After EWSB, the diagonalization of the 2 ⇥ 2 charged Higgs mass matrix yields the physical charged scalar and
Goldstone modes,
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FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present Future:  

 dn x 0.1 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra)  

Future:  

 dn x 0.01 

 dA(Hg) x 0.1 

 dThO x 0.1 

 dA(Ra)  

ThO 

 n 

Hg 

 sin αb : CPV 
scalar mixing 

Inoue, R-M, Zhang: 
1403.4257 



Summary 

•  Origin of visible matter remains a key unsolved 
problem at interface of particle & nuclear physics 
with cosmology 

•  Weak scale baryogenesis is a viable and testable 
scenario: EDM/LHC meeting ground 

•  EDM & LHC results inspire us to think more 
creatively about history of SSB & its interplay with 
CPV & flavor 



Back Up Slides 



Baryon Number Preservation “Washout factor” 

ζ = F(ϕ)	


 ln S ~ A(TC) e ζ 

Two qtys of interest:	


•  TC  from Veff 

•  Esph from Γeff	




Daisy Resummation 
Convergence of PT: going beyond     expansion 

Patel & R-M 
‘11 Light stop scenario   

Increased ΔV !   
Lowered TC    

For given T, increasingly 
negative         increases 
difference between two minima   

Csikor ‘00 



SM + Color Triplet 

H. Patel, R-M, Wise 
1303.1140 (2013) 

Decays: C ! <C> = υC : B violation 



SM + Color Triplet 

Upper bound on mC: 

H. Patel, R-M, Wise 1303.1140 (2013) 



SM + Color Triplet + Singlet 

H. Patel, R-M, Wise 1303.1140 (2013) 

Heavier colored scalar 



New Direction: Flavored CPV & EWB 

•  EDMs are 2-loop 

•  CPV is flavor non-diag 

Viable EWB & CPV: 

Liu, R-M, Shu ‘11; 
see also Tulin & 
Winslow ‘11; Cline 
et al ‘11 

CPV & 2HDM 

 LHCb 

 constant nB / s 

Tevatron w/o 
same-sign Aµµ 

Tevatron: same-sign 
Aµµ

 included 



New Direction: Flavored CPV & EWB 

•  EDMs are 2-loop 

•  CPV is flavor non-diag 

Viable EWB & CPV: 

Liu, R-M, Shu ‘11; 
see also Tulin & 
Winslow ‘11; Cline 
et al ‘11 

CPV & 2HDM 

 LHCb 

 constant nB / s 

of different families, right-chiral up, down, charm, strange,
top and beauty, and Higgs bosons. Since all light quarks
(except bL and sR) are mainly produced by strong spha-
leron processes and all quarks have similar diffusion con-
stants, baryon number conservation on time-scales shorter
than the inverse electroweak sphaleron rate implies the
approximate constraints Q1 ¼ Q2 ¼ "2U ¼ "2D ¼
"2C ¼ "2B and Sþ T þQ3 ¼ 0. The set of
Boltzmann equations is

@!Q3! ¼ !mt
ð"T " "Q3

Þ þ !tð"T " "H " "Q3
Þ

þ 2!ssð"T " 2"Q3
þ "S þ 8"BÞ þ SCPbL @

!T!

¼ "!mt
ð"T " "Q3

Þ " !tð"T " "H " "Q3
Þ

" !ssð"T " 2"Q3
þ "S þ 8"BÞ@!#!

¼ "SCPbL ;

ðwith # ¼ S" BÞ

@!H! ¼ !tð"T " "H " "Q3
Þ " 2!hH: (7)

Here @! ¼ vw
d
d"z "Da

d2

d"z2
in the planar bubble wall

approximation with Da being a diffusion constant, and
"a ¼ na=ka with na and ka being the number density and
the statistical factor of particle ‘‘a’’. Apart from the
CP-violating sources, the interactions in Eq. (7) include
(i) inelastic top Yukawa (!t) and strong sphaleron (!ss)
processes; (ii) top relaxation processes (!mt

), while we
neglect the other Yukawa interactions since !Dq=v

2
w < 1;

and (iii) Higgs relaxation processes (!h) due to Higgs mass
mixing, with typically !h < !mt

in this scenario.

Assuming SCPbL ð"z < 0Þ ¼ 0, we solve the Boltzmann

equations for the net left-handed fermion density nL ¼P3
i¼1 Qi analytically order-by-order in 1=!ss, with !ss ¼

16$4
sT. The leading contribution arises at first-order in this

expansion. The baryon asymmetry %B is then produced in
weak sphaleron process, described by [18]

@!%B! ¼ "#ð""zÞ!ws

!
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4
%B þ 3nL

"
; (8)

where !ws ¼ 120$5
wT is the weak sphaleron rate [19]. In

the broken phase this gives (kS ¼ kB is assumed)

%B ¼ 3!ws

v2
w

Z 1

0

#
r

v2
w

!ss
"D
ð1"Dq

"D
Þ
"Sð "zÞ
&þ e"&þ "z

$
d"z (9)

with r ¼ " 3
2 ½

kBðkQþ2kT Þ
kHð9kTþ9kQþkBÞ' and &þ ’ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
w þ 4 "! "D

q
þ

vwÞ=2 "D. Here "D, "! and "S are, respectively, the effective
diffusion constant, decay rate and CP-violating source for
the Higgs number density. "D is defined in [14], while

"! ¼ ð9kT þ 9kQ þ kBÞð!mt
þ 2!hÞ=X

"S ¼ kHðkQ3
" 7kT þ kBÞSCPbL =X

X ¼ 9kQ3
kT þ kBkQ3

þ 4kTkB þ kHð9kT þ 9kQ3
þ kBÞ:

(10)

Note that while the weak sphaleron transitions are driven
by the diffusion tail for nL that extends ahead of the
advancing wall in the unbroken phase ("z < 0), the solution
in Eq. (9) contains an integral over the source in the broken
phase that appears when matching the solutions to the
Boltzmann equations at the phase boundary.
CP-violation in the Bs- "Bs mixing.—Depending on the

details of the scalar potential, Hbs may be approximately a
mass eigenstate, which we assume for illustration. Tree-
level exchange of Hbs with a VEV insertion leads to a
Bs- "Bs mixing operator in the basis of quark mass eigen-
states ($bs is an effective new physics scale):

'2bs
$2

bs

ð "bLsRÞð "bLsRÞ; with $bs (m2
Hbs

=v:

The RG running of this operator involves a mixture of
scalar operatorObs

SRR ) ð "bPRsÞð "bPRsÞ and tensor operators
Obs

TRR ) ð "b(!)PRsÞð "b(!)PRs) whose matrix elements are
hBsjObs

SRRj "Bsi * "5mBs
f2Bs

Bbs
SRR=24 and hBsjObs

TRRj "Bsi *
"mBs

f2Bs
Bbs
TRR=2 [20]. Assuming m2

Bs
* ðmb þmsÞ2 and

Bbs
SRR ’ Bbs

TRR ¼ BBs
, we obtain Ms

12 ) hBsjH j "Bsi ¼
"'2bsf

2
Bs
mBs

BBs
ð5*SRR=24þ *TRR=2Þ=$2

bs, with *SRR *
1:87, *TRR * "0:01 [20].
Choosing !q to be real and parametrizing Ms

12 as [21]

Ms
12 ) ðMs

12ÞSM%s with %s ) j%sjei+
%
s , we have

%!s ¼ %!SM
s cosð+SM

s þ+%
s Þ; %ms ¼ %mSM

s j%sj;

asSL ¼ %!SM
s

%mSM
s

sinð+SM
s þ+%

s Þ
j%sj

; 2,s ¼ 2,SM
s "+%

s :

(11)

Here %ms and %!s are the mass and decay width differ-
ence between the heavy and light Bs mass eigenstates, asSL
is the charge asymmetry in semileptonic Bs decays, and ,s

measures the time-dependent CP asymmetries in the had-
ronic Bs decay.
The theoretical inputs and experimental results are listed

in the Table I. The decay constants and bag parameters are
taken from Ref. [24], while Ab

sl, and ,Exp
s , %!Exp are

obtained by combining the D0 and CDF measurements
[5,6]. We perform a -2 fit to the four observables in
Eq. (11), neglecting the correlation between %!s and ,s

for simplicity. Assuming $bs of 1 TeV, we scan over the
remaining parameters, yielding the regions of 95% C. L.
from the Tevatron and the LHCb results. We note that the

CP-violating source term SCPbL is not sensitive to $bs since

the mediator of Bs mixing is not directly involved in the

PRL 108, 221301 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

221301-3

Wrong flavor & chiral 
structure for EDM 

sR 

qL 
bL 

qR 

bL 



Complex Singlet: EWB & DM? 
Barger, Langacker, McCaskey, R-M Shaugnessy 

Spontaneously & softly broken global U(1) 

Controls ΩCDM , TC , & H-S mixing 

Gives  non-zero MA  

< S > = 0 



Complex Singlet: EWB & DM? 
Barger, Langacker, McCaskey, R-M Shaugnessy 

Consequences: 

Three scalars:  h1 , h2 :  mixtures of h & S  

 A :  dark matter  

Phenomenology: •  Produce h1 , h2 w/ reduced σ	

•  Reduce BR (hj ! SM) 

•  Observation of BR (invis) 

•  Possible obs of σSI 
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Collision Terms: Transfer Reactions 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

MSSM: ~ 30 Coupled Eqns 

Topological transitions 

MSSM: Chung, Garbrecht, R-M, Tulin ‘09 

Bubble interior 

Bubble exterior 

LH leptons 

LH quarks 
LH fermions 



Higgs Portal CPV 
Color breaking 

R-M, White, Winslow in 
progress 

Decays: C ! <C> = υC : B violation 

CPV phases 

? 

φ(x)
e 

u 



EDM Probes: EWB Implications 

Light staus: LHC 
consistent & suppress 
1-loop EDMs 

No CEDM (199 Hg): EWB-viable 
but mH ! New scalars for EWPT 

Kozaczuk, Wainwright, Profumo, RM 

Next gen dn 

Compatible with 
observed YB 

•  EDMs are 2-loop 

•  CPV is flavor non-diag 

Viable EWB & CPV: 



Theoretical Issues 

Gauge-dependence in VEFF (ϕ , T ) 

VEFF (ϕ , T ) ! VEFF (ϕ , T ; ξ )  

Ongoing research: approaches for 
carrying out tractable, GI computations 

•  H. Patel & MRM, JHEP 1107 (2011) 029 

•  C. Wainwright, S. Profumo, MRM Phys Rev. D84 (2011) 023521 

•  H. Gonderinger, H. Lim,  & MRM, arXiv:1202.1316  



Origin of Gauge Dependence 
Effective Action  

Effective Potential 

Source term: 

Not GI 



Nielsen Identities 
Identity:  

Extremal configurations:  

Effective potential:  



Baryon Number Preservation “Washout 
factor” 

ζ = F(ϕ)	


 ln S ~ A(TC) e ζ 

Two qtys of interest:	


•  TC  from Veff 

•  Esph from Γeff	




Baryon Number Preservation: Pert Theory 

~ 

ζ = F(ϕ)	


Conventional 
treatments 

Gauge Dep 

H. Patel & MRM, JHEP 1107 (2011) 029 
“Baryon number preservation 
criterion” (BNPC) 



Baryon Number Preservation: Pert Theory 

~ 

ζ = F(ϕ)	


Conventional 
treatments 

Gauge Dep 

•  GI TC from hbar exp, 
Veff (φ+φ), or Hamiltonian 
formulation 

•  Use GI scale in Esph 
computation 

H. Patel & MRM, JHEP 1107 (2011) 029 
“Baryon number preservation 
criterion” (BNPC) 



Nielsen Identities: Application to TC 
Critical Temperature  

Veff (ϕmin , TC) = Veff (0 , TC)  

Apply consistently order-by-order in    

Implement minimization order-by-order (defines φn )  

Fukuda & Kugo ‘74: T=0 VEFF 
Laine ‘95 : 3D high-T Eff Theory 
Patel & R-M ‘11: Full high T Theory 



Obtaining a GI TC 
Track evolution of minima with T using    expansion 

Track evolution of different minima 
with T using   

 n=1 

 n=2  n=3 

Patel & R-M ‘11 

Illustrative results in SM:   

Full φ 



Theoretical Issues 

Systematic Transport Theory 
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

€ 

˜ G (x, y) = Pϕa (x)ϕb
* (y) τ ab =

Gt (x, y) −G<(x,y)
G>(x, y) −Gt (x, y)

% 

& 
' 

( 

) 
* 

CTP or Schwinger-Keldysh Green’s functions 

•  Appropriate for evolution of “in-in” matrix elements 

•  Contain full info on number densities: nαβ	

•  Matrices in flavor space: (e,µ,τ) , ( tL, tR ), … ~ ~
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

= + + …

€ 

˜ G 

€ 

˜ G 0 +

€ 

˜ G 0

€ 

˜ G 0

€ 

˜ Σ 

€ 

˜ G (x, y) = Pϕa (x)ϕb
* (y) τ ab =

Gt (x, y) −G<(x,y)
G>(x, y) −Gt (x, y)

% 

& 
' 

( 

) 
* 

CTP or Schwinger-Keldysh Green’s functions 

•  Appropriate for evolution of “in-in” matrix elements 

•  Contain full info on number densities: nαβ	

•  Matrices in flavor space: (e,µ,τ) , ( tL, tR ), … ~ ~
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Systematic Baryo/leptogenesis: 

Scale Hierarchies 

Thermal, but not too dissipative 

Gradient expansion 

Quasiparticle description 

 εw =  vw (kw / ω ) << 1 

 εp =  Γp / ω << 1 

Plural, but not too flavored 

 εcoll =  Γcoll / ω << 1 

 εosc =  Δω / T << 1 

EW Baryogenesis Leptogenesis 

 εLNV =  ΓLNV / ΓΗ < 1 

Gradient expansion 

Quasiparticle description 

 εp =  Γp / ω << 1 

Thermal, but not too dissipative 

 εcoll =  Γcoll / ω << 1 

 !  power counting 
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Kinetic eq (approx) in Wigner space: Lowest non-trivial order in grad’s 



126 

Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Diagonal after rotation to local mass basis:  

€ 

M 2 X( ) =U + m2 X( )U

€ 

Σµ X( ) =U +∂µU
~ ~

( tL, tR ) !  ( t1, t2 ) 
~ ~
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

Flavor oscillations: flavor off-diag densities  
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

CPV in m2(X): for EWB, arises from spacetime 
varying complex phase(s) generated by 
interaction of background field(s) (Higgs vevs) 
with quantum fields 



129 

Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

CPV in m2(X): for EWB, arises from spacetime 
varying complex phase(s) generated by 
interaction of background field(s) (Higgs vevs) 
with quantum fields 

How large is CPV source ? Riotto; Carena et al; 
Prokopec et al; Cline et al; Konstandin et al; Cirigliano et 
al; Kainulainen…. 
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

CPV in m2(X): for EWB, arises from spacetime 
varying complex phase(s) generated by 
interaction of background field(s) (Higgs vevs) 
with quantum fields 

✔ 

✔ = recent progress 
Resonant enhancement of 
CPV sources for small εosc 

Cirigliano et al 
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CPV Sources: EW Baryogenesis 
CPV Sources: how large a sinφCPV necessary ? 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

VEV insert approx 
•  Riotto 
•  Carena et al 
•  Cirigliano et al 

Resummed vevs 
•  Konstandin, 
Prokpec, Schmidt 

Resummed vevs 
•  Cirigliano et al 

Large resonant 
enhancement but 
not realistic in 
small εosc regime 

Exact solution in two-
flavor toy model: 
large resonant 
enhancement 

Small resonant 
effect but neglected 
diffusion and off-
diag Σii Gij terms 
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CPV Sources: EW Baryogenesis 
CPV Sources: how large a sinφCPV necessary ? 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

VEV insert approx 
•  Riotto 
•  Carena et al 
•  Cirigliano et al 

Resummed vevs 
•  Konstandin, 
Prokpec, Schmidt 

Resummed vevs 
•  Cirigliano et al 

Large resonant 
enhancement but 
not realistic in 
small εosc regime 

Exact solution in two-
flavor toy model: 
large resonant 
enhancement 

Small resonant 
effect but neglected 
diffusion and off-
diag Σii Gij terms 
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CPV Sources: EW Baryogenesis 
CPV Sources: how large a sinφCPV necessary ? 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

VEV insert approx 
•  Riotto 
•  Carena et al 
•  Cirigliano et al 

Resummed vevs 
•  Konstandin, 
Prokpec, Schmidt 

Resummed vevs 
•  Cirigliano et al 

Large resonant 
enhancement but 
not realistic in 
small εosc regime 

Exact solution in two-
flavor toy model: 
large resonant 
enhancement 

Small resonant 
effect but neglected 
diffusion and off-
diag Σii Gij terms 
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CPV Sources: EW Baryogenesis 
CPV Sources: how large a sinφCPV necessary ? 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

VEV insert approx 
•  Riotto 
•  Carena et al 
•  Cirigliano et al 

Resummed vevs 
•  Konstandin, 
Prokpec, Schmidt 

Resummed vevs 
•  Cirigliano et al 

Neglect o-d Σii Gij 
terms & approx Λ  

Full 
solution   

Large resonant 
enhancement but 
not realistic in 
small εosc regime 

Exact solution in two-
flavor toy model: 
large resonant 
enhancement 

Small resonant 
effect but neglected 
diffusion and off-
diag Σii Gij terms 
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CPV Sources: EW Baryogenesis 
CPV Sources: how large a sinφCPV necessary ? 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

VEV insert approx 
•  Riotto 
•  Carena et al 
•  Cirigliano et al 

Resummed vevs 
•  Konstandin, 
Prokpec, Schmidt 

Resummed vevs 
•  Cirigliano et al 

Neglect o-d Σii Gij 
terms & approx Λ  

Full 
solution   

Large resonant 
enhancement but 
not realistic in 
small εosc regime 

Exact solution in two-
flavor toy model: 
large resonant 
enhancement 

Small resonant 
effect but neglected 
diffusion and off-
diag Σii Gij terms 

Next steps:  

1.  Apply to realistic model (MSSM) 

2.  Fermions 
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Systematic Baryo/leptogenesis: 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

EW Baryogenesis 

ACP
BSM ! ACP

SM 

“Superequilibrium” 

Diffusion 
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Collision Terms: Transfer Reactions 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

MSSM: ~ 30 Coupled Eqns 

Topological transitions 

MSSM: Chung, Garbrecht, R-M, Tulin ‘09 

Bubble interior 

Bubble exterior 

LH leptons 

LH quarks 
LH fermions 
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Collision Terms: Transfer Reactions 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

MSSM: ~ 30 Coupled Eqns 

Thanks: B. Garbrecht 

Topological transitions 

MSSM: Chung, Garbrecht, R-M, Tulin ‘09 

Bubble interior 

Bubble exterior 

LH leptons 

LH quarks 
LH fermions 



Solving the Transport Equations: MSSM 
Formalism: Kadanoff-Baym to Boltzmann 

Kinetic eq (approx) in Wigner space: 

€ 

2k ⋅ ∂X G
< k,X( ) = −i M 2 X( ),G< k,X( )[ ] − 2 k ⋅ Σ,G< k,X( )[ ] + Λ G k,X( )[ ]

MSSM: ~ 30 Coupled Eqns 

Thanks: B. Garbrecht 

Small tanβ 
 tanβ=20 

 muon g-2 ! 

Chung, Garbrecht, R-M, Tulin 


