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On a Beautiful 
Summer Day, a 
Badger is Wondering

Soranokokage

• Why is this acorn the size of a 
coffee mug (bigger than I expect)?

• Why do the shadows of the Terrace 
chairs, tables, and myself all look 
the same? 

• Why there are three flavors of ice 
cream?

• How many generations are there?
• Why are we even here in the first 

place?
• How can I test my theories?
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On a Beautiful 
Summer Day

• At the Terrace, I asked my share of 
those questions, with Vernon, and 
fellow badgers

• Of course, some badgers are 
smarter than others

Soranokokage
2



SuperSymmetry!

Soranokokage

• Why is this acorn bigger than I 
expect?

• Why do the shadows of the Terrace 
chairs, tables, and myself all look 
the same? 

• Why there are three flavors of ice 
cream?

• How many generations are there?
• Why are we even here in the first 

place?
• How can we test those solutions?
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Some Acorns are Big, Some Bosons are Heavy 

• In 2012, the Higgs boson is discovered, and 
its mass is measured ~ 124 GeV
• Hmm, a bit too heavy for Supersymmetry!!
• With Howie, Vernon, Azar Mustafayev, and 

Xerxes Tata, we showed how a Natural 
SUSY spectrum can be generated 
radiatively. 
• No large cancellation to get the right Z 

boson mass
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Fig. 6. The observed local p-value p0 (left) and best-fit µ̂ = σ /σSM (right) as a function of the SM Higgs boson mass in the range 110–145 GeV. The global significance of
the observed maximum excess (minimum local p-value) in this mass range is about 2.1σ , estimated using pseudo-experiments. The dashed line on the left plot shows the
expected local p-values p0(mH), should a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1σ uncertainties on the µ̂ values.

Fig. 7. Values of µ̂ = σ /σSM for the combination (solid vertical line) and for contributing channels (points) for two hypothesized Higgs boson masses. The band corresponds
to ±1σ uncertainties on the overall µ̂ value. The horizontal bars indicate ±1σ uncertainties on the µ̂ values for individual channels.

In this fit the constraint µ̂ ≥ 0 is not applied, so that a negative
value of µ̂ indicates an observation below the expectation from
the background-only hypothesis. The band corresponds to the ±1σ
uncertainty (statistical + systematic) on the value of µ̂ obtained
from a change in qµ by one unit ("qµ = 1), after removing the µ̂
constraint in Eq. (5). The observed µ̂ values are within 1σ of unity
in the mass range from 117–126 GeV.

Fig. 7 shows the interplay of contributing channels for the two
Higgs boson mass hypotheses mH = 119.5 and 124 GeV. The choice
of these mass points is motivated by the features seen in Fig. 6
(left). The plots show the level of statistical compatibility between
the channels contributing to the combination.

5. Conclusions

Combined results are reported from searches for the SM Higgs
boson in proton–proton collisions at

√
s = 7 TeV in five Higgs bo-

son decay modes: γ γ , bb, ττ , WW, and ZZ. The explored Higgs
boson mass range is 110–600 GeV. The analysed data correspond
to an integrated luminosity of 4.6–4.8 fb−1. The expected excluded
mass range in the absence of the standard model Higgs boson is
118–543 GeV at 95% CL. The observed results exclude the standard
model Higgs boson in the mass range 127–600 GeV at 95% CL, and

in the mass range 129–525 GeV at 99% CL. An excess of events
above the expected standard model background is observed at the
low end of the explored mass range making the observed lim-
its weaker than expected in the absence of a signal. The largest
excess, with a local significance of 3.1σ , is observed for a Higgs
boson mass hypothesis of 124 GeV. The global significance of ob-
serving an excess with a local significance !3.1σ anywhere in
the search range 110–600 (110–145) GeV is estimated to be 1.5σ
(2.1σ ). More data are required to ascertain the origin of the ob-
served excess.
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It has been argued that requiring low electroweak fine-tuning (EWFT) along with a (partial)
decoupling solution to the SUSY flavor and CP problems leads to a sparticle mass spectra char-
acterized by light Higgsinos at 100-300 GeV, sub-TeV third generation scalars, gluinos at a few
TeV and multi-TeV first/second generation scalars (natural SUSY). We show that by starting with
multi-TeV first/second and third generation scalars and trilinear soft breaking terms, the natural
SUSY spectrum can be generated radiatively via renormalization group running effects. Using the
complete 1-loop effective potential to calculate EWFT, significantly heavier third generation squarks
can be allowed even with low EWFT. The large negative trilinear term and heavier top squarks allow
for a light Higgs scalar in the ∼ 125 GeV regime.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.Ly, 11.30.Pb

Over 11 fb−1 of data has now been collected at the
CERN LHC, and evidence at the 5σ level has emerged for
the existence of a Higgs-like boson with mass mh → 125
GeV[1, 2]. While the Standard Model (SM) allows for a
Higgs scalar anywhere within the range∼ 115−800 GeV1

the minimal supersymmetric Standard Model (MSSM)

requires that mh
<∼ 135 GeV[5]. That the Higgs boson

mass value falls within the narrow MSSM window may
be regarded at least as supportive evidence for the exis-
tence of weak scale supersymmetry[6]. However, during
the same data taking run of LHC, no signal for SUSY
has emerged[7–9], leading to mass limits of mg̃ > 1.4

TeV for mq̃ ∼ mg̃, and mg̃
>∼ 0.85 TeV when mq̃ $

mg̃ within the popular minimal supergravity (mSUGRA
or CMSSM) model[10]. These strong new sparticle
mass limits from LHC push models such as mSUGRA
into rather severe conflict with electroweak fine-tuning
(EWFT) calculations[11], leading many physicists to con-
sider alternative SUSY models which allow for much
lower EWFT[12–20].
The EWFT arising in SUSY models can be gleaned

most easily from the Higgs portion of the scalar potential,
which in the MSSM is given by

VHiggs = Vtree +∆V, (1)

where the tree level portion is given by

Vtree = (m2
Hu

+ µ2)|h0
u|2 + (m2

Hd
+ µ2)|h0

d|2

−Bµ(h0
uh

0
d + h.c.) +

1

8
(g2 + g′2)(|h0

u|2 − |h0
d|2)2 (2)

and the radiative corrections (in the effective potential

1 The lower end of this mass range comes from previous Higgs
searches at the LEP2 collider[3], while the upper value comes
from the classic unitarity limits[4].

approximation) by

∆V =
∑

i

(−1)2si

64π2
Tr

(

(MiM†
i )

2

[

log
MiM†

i

Q2
−

3

2

])

,

(3)
where the sum over i runs over all fields that couple
to Higgs fields, M2

i is the Higgs field dependent mass
squared matrix (defined as the second derivative of the
tree level Lagrangian) of each of these fields, and the trace
is over the internal as well as any spin indices. Minimiza-
tion of the scalar potential in the h0

u and h0
d directions

allows one to compute the gauge boson masses in terms
of the Higgs field vacuum expectation values vu and vd,
and leads to the well-known condition that

m2
Z

2
=

(m2
Hd

+ Σd
d)− (m2

Hu
+ Σu

u) tan
2 β

(tan2 β − 1)
− µ2, (4)

where the Σu
u and Σd

d terms arise from derivatives of ∆V
evaluated at the potential minimum and tanβ ≡ vu

vd
. At

the one-loop level, Σu
u contains 18 and Σd

d contains 19 sep-
arate contributions from various particles/sparticles[11].
This minimization condition relates the Z-boson mass
scale to the soft SUSY breaking terms and the superpo-
tential higgsino mass µ.
In order for the model to enjoy electroweak natural-

ness2 we adopt a fine-tuning measure which requires that

2 Our definition of electroweak naturalness derives directly from
the relation Eq. 4, which only involves SUSY parameters at the
electroweak scale. Alternatively, one may apply fine-tuning con-
siderations to how likely it is to generate specific weak scale
parameter sets from high scale model parameters, or on how
sensitive MZ is to GUT scale parameters. The hyperbolic
branch/focus point (HB/FP) region of the mSUGRA model is
not fine-tuned with respect to the µ-parameter, but the presence
of heavy third generation scalars requires large cancellations be-
tween m2

Hu
and Σu

u terms in Eq. (4).
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GeV[1, 2]. While the Standard Model (SM) allows for a
Higgs scalar anywhere within the range∼ 115−800 GeV1

the minimal supersymmetric Standard Model (MSSM)

requires that mh
<∼ 135 GeV[5]. That the Higgs boson

mass value falls within the narrow MSSM window may
be regarded at least as supportive evidence for the exis-
tence of weak scale supersymmetry[6]. However, during
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has emerged[7–9], leading to mass limits of mg̃ > 1.4
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mg̃ within the popular minimal supergravity (mSUGRA
or CMSSM) model[10]. These strong new sparticle
mass limits from LHC push models such as mSUGRA
into rather severe conflict with electroweak fine-tuning
(EWFT) calculations[11], leading many physicists to con-
sider alternative SUSY models which allow for much
lower EWFT[12–20].
The EWFT arising in SUSY models can be gleaned

most easily from the Higgs portion of the scalar potential,
which in the MSSM is given by

VHiggs = Vtree +∆V, (1)

where the tree level portion is given by

Vtree = (m2
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u|2 + (m2
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−Bµ(h0
uh

0
d + h.c.) +

1

8
(g2 + g′2)(|h0

u|2 − |h0
d|2)2 (2)

and the radiative corrections (in the effective potential

1 The lower end of this mass range comes from previous Higgs
searches at the LEP2 collider[3], while the upper value comes
from the classic unitarity limits[4].

approximation) by
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∑
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(3)
where the sum over i runs over all fields that couple
to Higgs fields, M2

i is the Higgs field dependent mass
squared matrix (defined as the second derivative of the
tree level Lagrangian) of each of these fields, and the trace
is over the internal as well as any spin indices. Minimiza-
tion of the scalar potential in the h0

u and h0
d directions

allows one to compute the gauge boson masses in terms
of the Higgs field vacuum expectation values vu and vd,
and leads to the well-known condition that

m2
Z

2
=

(m2
Hd

+ Σd
d)− (m2

Hu
+ Σu

u) tan
2 β

(tan2 β − 1)
− µ2, (4)

where the Σu
u and Σd

d terms arise from derivatives of ∆V
evaluated at the potential minimum and tanβ ≡ vu

vd
. At

the one-loop level, Σu
u contains 18 and Σd

d contains 19 sep-
arate contributions from various particles/sparticles[11].
This minimization condition relates the Z-boson mass
scale to the soft SUSY breaking terms and the superpo-
tential higgsino mass µ.
In order for the model to enjoy electroweak natural-

ness2 we adopt a fine-tuning measure which requires that

2 Our definition of electroweak naturalness derives directly from
the relation Eq. 4, which only involves SUSY parameters at the
electroweak scale. Alternatively, one may apply fine-tuning con-
siderations to how likely it is to generate specific weak scale
parameter sets from high scale model parameters, or on how
sensitive MZ is to GUT scale parameters. The hyperbolic
branch/focus point (HB/FP) region of the mSUGRA model is
not fine-tuned with respect to the µ-parameter, but the presence
of heavy third generation scalars requires large cancellations be-
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Hu
and Σu

u terms in Eq. (4).

Some Acorns are Big, Some Bosons are Heavy

Major contribution

Large mixing is preferred to naturalness
Also, good for the Higgs mass!

3

[
f2
t → g2Z ∓

f2
t A

2
t → 8g2Z(

1
4
→ 2

3
xW )∆t

m2

t̃2
→m2

t̃1

]

(5)

where ∆t = (m2

t̃L
→ m2

t̃R
)/2 + m2

Z cos 2β(1
4
→ 2

3
xW ),

g2Z = (g2 + g′2)/8 and xW ≡ sin2 θW . This equation
is somewhat more complicated than the naive expression
mentioned earlier, and contains contributions from the
At parameter. For the case of the t̃1 contribution, as |At|
gets large there is a suppression of Σu

u(t̃1) due to a can-
cellation between terms in the square brackets of Eq. (5).
For the t̃2 contribution, the large splitting between
mt̃2 and mt̃1 yields a large cancellation within F (m2

t̃2
)(

log(m2

t̃2
/Q2) → log(mt̃2/mt̃1) → 1

)
, leading also to

suppression. So while large |At| values suppress both
top squark contributions to Σu

u, at the same time they
also lift up the value of mh, which is near maximal for
large, negative At. Combining all effects, there exists
the possibility that the same mechanism responsible for
boosting the value of mh into accord with LHC measure-
ments can also suppress EWFT, leading to a model with
electroweak naturalness.
To illustrate these ideas, we adopt a simple bench-

mark point from the 2-parameter non-universal Higgs
mass SUSY model NUHM2[35], but with split gener-
ations, where m0(3) < m0(1, 2). In Fig. 1, we take
m0(3) = 5 TeV, m0(1, 2) = 10 TeV, m1/2 = 700 GeV,
tanβ = 10 with µ = 150 GeV, mA = 1000 GeV and
mt = 173.2 GeV. We allow the GUT scale parameter A0

to vary, and calculate the sparticle mass spectrum using
Isajet 7.83[36], which includes the new EWFT measure.
In frame a)., we plot the value ofmh versus A0. While for
A0 ∼ 0 the value of mh ∼ 120 GeV, as A0 moves towards
→2m0(3), the top squark radiative contributions to mh

increase, pushing its value up to 125 GeV. (There is an
expected theory error of ±2 GeV in our RGE-improved
effective potential calculation ofmh, which includes lead-
ing 2-loop effects.[37]) At the same time, in frame b)., we
see the values of mt̃1,2 versus A0. In this case, large

values of A0 suppress the soft terms m2
Q3

and m2
U3

via
RGE running. But also large weak scale values of At pro-
vide large mixing in the top squark mass matrix which
suppresses mt̃1 and leads to an increased splitting be-
tween the two mass eigenstates which suppresses the top
squark radiative corrections Σu

u. The EWFT measure ∆
is shown in frame c)., where we see that while ∆ ∼ 50
for A0 = 0, when A0 becomes large, then ∆ drops to
10, or ∆−1 = 10% EWFT. In frame d)., we show the
weak scale value of At versus A0 variation. While the
EWFT is quite low– in the range expected for natural
SUSY models– we note that the top squark masses re-
main above the TeV level, and in particular mt̃2 ∼ 3.5
TeV, in contrast to previous natural SUSY expectations.
The sparticle mass spectrum for this radiative NS

benchmark point (RNS1) is shown in Table I for A0 =
→7300 GeV. The heavier spectrum of top and bot-

m0(3)=5TeV, m0(1,2)=10TeV, m1/2 =0.7TeV, tanβ=10, µ=150GeV, mA =1TeV
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FIG. 1: Plot of a). mh, b). mt̃1,2
, c). ∆ and d). At versus

variation in A0 for a model with m0(1, 2) = 10 TeV, m0(3) =
5 TeV, m1/2 = 700 GeV, tan β = 10 and µ = 150 GeV and
mA = 1 TeV.

tom squarks seem likely outside of any near-term LHC
reach, although in this case gluino[38] and possibly heavy
electroweak-ino[39] pair production may be accessible to
LHC14. Dialing the A0 parameter up to →8 TeV allows
for mh = 125.2 GeV but increases EWFT to ∆ = 29.5,
or 3.4% fine-tuning. Alternatively, pushing mt up to
174.4 GeV increases mh to 124.5 GeV with 6.2% fine-
tuning; increasing tanβ to 20 increases mh to 124.6 GeV
with 3.3% fine-tuning. We show a second point RNS2
with m0(1, 2) = m0(3) = 7.0 TeV and ∆ = 11.5 with
mh = 125 GeV; note the common sfermion mass param-
eter at the high scale. For comparison, we also show in
Table I the NS2 benchmark from Ref. [16]; in this case,
a more conventional light spectra of top squarks is gen-
erated leading to mh = 121.1 GeV, but the model– with
∆ = 23.7– has higher EWFT than RNS1 or RNS2.

To illustrate how low EWFT comes about even with
rather heavy top squarks, we show in Fig. 2 the various
third generation contributions to Σu

u, where the lighter
mass eigenstates are shown as solid curves, while heavier
eigenstates are dashed. The sum of all contributions to
Σu

u is shown by the black curve marked total. From the
figure we see that for A0 ∼ 0, indeed both top squark
contributions to Σu

u are large and negative, leading to
a large value of Σu

u(total), which will require large fine-
tuning in Eq. (4). As A0 gets large negative, both top
squark contributions to Σu

u are suppressed, and Σu
u(t̃1)

even changes sign, leading to cancellations amongst the
various Σu

u contributions.

The overall effect on EWFT is exhibited in Fig. 3

H. Baer, V. Barger, PH, A. Mustafayev, and X. Tata 2012 
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Figure 2: Plot of �HS versus m0 from a scan over NUHM2 model parameters, accepting only
points where mh = 125± 2 GeV and which obey LHC sparticle mass constraints.

one-loop level, ⌃u
u contains the contributions[39, 40] ⌃u

u(t̃1,2), ⌃
u
u(b̃1,2), ⌃

u
u(⌧̃1,2), ⌃

u
u(fW1,2),

⌃u
u( eZ1�4), ⌃u

u(h,H), ⌃u
u(H

±), ⌃u
u(W

±), ⌃u
u(Z), and ⌃u

u(t). ⌃
d

d
contains similar terms along

with ⌃d

d
(b) and ⌃d

d
(⌧) while ⌃d

d
(t) = 0. The complete set of one-loop contributions to these

is listed in the Appendix. There are additional contributions from first/second generation

sparticles from their D-term couplings to Higgs scalars. If these squarks, and separately

sleptons, are degenerate then these contributions cancel within each generation because the

sum of weak isospins/hypercharges of squarks/sleptons total to zero[27]. In the parameter

space region where RNS is realized, i.e. where �m2

Hu
(MSUSY) ⇠ µ2 ⇠ M2

Z
, the radiative

correction terms from ⌃u
u may give the largest contributions to �EW.

The largest of the ⌃u
u terms almost always come from top squarks for which we find,

⌃u

u(t̃1,2) =
3

16⇡2
F (m2

t̃1,2
)⇥

"
f2

t � g2Z ⌥
f2
t A

2
t � 8g2

Z
(1
4
� 2

3
xW )�t

m2

t̃2
�m2

t̃1

#
(1.9)

where �t = (m2

t̃L
� m2

t̃R
)/2 + M2

Z
cos 2�(1

4
� 2

3
xW ), g2

Z
= (g2 + g02)/8, xW ⌘ sin2 ✓W

and F (m2) = m2
�
log(m2/Q2)� 1

�
, with Q2 = m

t̃1
m

t̃2
. In Ref. [20], it is shown that for

the case of the t̃1 contribution, as |At| gets large there is a suppression of ⌃u
u(t̃1) due to

a cancellation between terms in the square brackets of Eq. (1.9). The t̃2 contribution is

suppressed if there is a sizeable splitting between m
t̃2

and m
t̃1

due to a large cancellation

within F (m2

t̃2
) because log(m2

t̃2
/Q2) = log(m

t̃2
/m

t̃1
) ' 1. The large |At| values suppress

both top squark contributions to ⌃u
u, and at the same time lift up the value of mh, which

is near maximal for large negative At. Combining all e↵ects, one sees that the same

mechanism responsible for boosting the value of mh into accord with LHC measurements

can also suppress the ⌃u
u contributions to EWFT, leading to a model with low EWFT.

To display the quality of EWFT explicitly, we show in Fig. 3a the various signed

contributions to M2

Z
/2 that enter Eq. (1.1) for the RNS2 point from Fig. 1 and Ref. [20].

– 8 –

where

�m2

Hu
' �3f2

t

8⇡2

�
m2

Q3
+m2

U3
+A2

t

�
log

✓
⇤

MSUSY

◆
. (1.5)

Requiring �m2

Hu
 �⇥ m

2
h

2
then leads for mh = 125 GeV to,

q
m2

t̃1
+m2

t̃2
. 600 GeV

sin�p
1 +R2

t

 
log ⇤

TeV

3

!�1/2✓
�

5

◆
1/2

, (1.6)

whereRt = At/
q
m2

t̃1
+m2

t̃2
. Taking� = 10 and ⇤ as low as 20 TeV corresponds to[8, 9, 10]

• |µ| . 200 GeV,

• m
t̃i
, m

b̃1
. 600 GeV,

• mg̃ . 1.5� 2 TeV.

The last of these conditions arises because the squark radiative corrections �m2

t̃i
⇠ (2g2s/3⇡

2)m2

g̃
⇥

log⇤. Setting the log to unity and requiring �m2

t̃i
< m2

t̃i
then implies mg̃ . 3m

t̃i
, or

mg̃ . 1.5�2 GeV for � . 10. Taking ⇤ as high as MGUT leads to even tighter constraints:

m
t̃1,2

,m
b̃1

. 200 GeV and mg̃ . 600 GeV, almost certainly in violation of LHC sparticle

search constraints. Since (degenerate) first/second generation squarks and sleptons enter

into (1.1) only at the two loop level, these can be much heavier: beyond LHC reach and

also possibly heavy enough to provide a (partial) decoupling solution to the SUSY flavor

and CP problems. In gravity mediation where mq̃ ⇠ m3/2, then one also solves the cos-

mological gravitino problem[21, 22] and in GUTs one also suppresses proton decay. Then

we may also have

• m
q̃,˜̀

⇠ 10� 50 TeV.

The generic natural SUSY (NS) solution reconciles lack of a SUSY signal at LHC with

allowing for electroweak naturalness. It also predicts that the t̃1,2 and b̃1 may soon be

accessible to LHC searches. New limits from direct top- and bottom-squark pair production

searches, interpreted within the context of simplified models, have begun to bite into the

NS parameter space[23]. Of course, if m
t̃1,2

, m
b̃1

' m eZ1
, then the visible decay products

from stop and sbottom production will be soft and di�cult to see at the LHC.

A more worrisome problem comes from the newly discovered value of the Higgs mass

mh ' 125 GeV. In the MSSM, one obtains[3] (assuming that the t-squarks are not very

split),

m2

h
' M2

Z cos2 2� +
3g2

8⇡2

m4
t

m2

W

"
ln

m2

t̃

m2
t

+
X2

t

m2

t̃

 
1� X2

t

12m2

t̃

!#
(1.7)

where Xt = At�µ cot� and m2

t̃
' mQ3mU3 . For a given m2

t̃
, this expression is maximal for

large mixing in the top-squark sector with Xmax
t =

p
6m

t̃
. With top-squark masses below

about 500 GeV, the radiative corrections tomh are not large enough to yieldmh ' 125 GeV

even with maximal mixing[13, 11]. This situation has been used to argue that additional
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Unique Signatures

• Usual gluino, squark, stop searches
• Light (almost degenerate) Higgsinos, soft dilepton 

/trilepton + missing energy, ~ 200 GeV

7

Gluinos, 1st and 
2nd gen squarks
~ Multi-TeV

Stops, ~ TeV

Winos, ~ few 
hundreds GeV

Higgsinos, ~ 
200 GeV

J
H
E
P
0
4
(
2
0
2
2
)
0
9
1

100 120 140 160 180 200 220 240
 [GeV]0

2
χ∼m

5

10

15

20

25

30

35

40

45

50

) 
[G

e
V

]
0 1

χ∼
, 

0 2
χ∼

 m
(

∆

1−10

1

10

9
5
%

 C
L
 u

p
p
e
r 

lim
it
 o

n
 t
h
e
 c

ro
s
s
 s

e
c
ti
o
n
 [
p
b
]

 (13 TeV)-1137 fb−129CMS

)/2 (Higgsino simplified)0

1
χ∼+m0

2
χ
∼=(m±

1
χ∼, m

0

2
χ
∼0

2
χ
∼

, 
0

2
χ
∼±

1
χ
∼

 →pp 

 < 0, NLO-NLL exclusion0

1
χ
∼m

~
 × 0

2
χ
∼m

~

experiment
σ 1 ±Expected 

theory
σ 1 ±Observed 

100 120 140 160 180 200 220 240
 [GeV]µ

400

600

800

1000

1200

1400

 [
G

e
V

]
2

 =
 0

.5
 M

1
M

1−10

1

10

9
5
%

 C
L
 u

p
p
e
r 

lim
it
 o

n
 t
h
e
 c

ro
s
s
 s

e
c
ti
o
n
 [
p
b
]

 (13 TeV)-1137 fb−129CMS

Higgsino pMSSM

 < 0, NLO-NLL exclusion0

1
χ
∼m

~
 × 0

2
χ
∼m

~

experiment
σ 1 ±Expected 

theory
σ 1 ±Observed 

Figure 9. The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL cross
sections, with the variations (thin lines) corresponding to the uncertainty in the cross section for
the simplified (upper) and the pMSSM (lower) higgsino models. The simplified model includes
both neutralino pair and neutralino-chargino production modes, while the pMSSM one includes
all possible production modes. The red curves present the 95% CL expected limits with the band
(thin lines) covering 68% of the limits in the absence of signal. The results are reported for the
m̃

χ̃02
m̃

χ̃01
< 0 M(ℓℓ) spectrum reweighting scenario. The range of luminosities of the analysis regions

included in the fit is indicated on the plot.
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Future Lepton/Muon Colliders

• For a lepton/muon collider with                     ，                          
the EW-ino pair production cross section is 
around few hundred fb. 
• Signatures
• Soft multi-jet + missing energy
• Soft lepton + jet + missing energy
• Soft dilepton + missing energy

• SM backgrounds such as WW can be
suppressed by                    distributions
• The cross section varies with the beam 

polarization, but not as steep as wino pair 
production -> Extract the gaugino/higgsino 
content in neutralinos and charginos 8

In Fig. 10, we show the cross sections for e+e→ → W̃+
1 W̃→

1 and e+e→ → Z̃1Z̃2 using

SUSY parameters as in the HW150 benchmark, but with µ varying from 100-250 GeV.

The variation in µ causes m
W̃1

to vary, and in fact m
W̃1

∼ µ, so that our results are

plotted versus the more physical mW̃1
value. We take

√
s = 500 GeV. We see that over

most of HW parameter space, the chargino pair production cross section is in the several

hundred fb range, until mW̃1
approaches the kinematic limit for pair production. Chargino

pair production will be signaled at ILC or MC by 1) soft multijet + $E production, 2)

soft isolated lepton plus jets + $E production and 3) dilepton + $E production, depending

on whether the charginos decay leptonically or hadronically. These signatures should be

easily visible against SM backgrounds such as WW production via distributions such as

“missing mass”: $m =
√

$E2− $p2[45]. In addition, SM backgrounds such as dilepton or dijet

production from the γγ initial state will contain energy depositions all in the same plane,

while the SUSY signal will contain acoplanar events. Thus, the HW scenario should be

easily visible at ILC, or a higher energy muon collider, even though it is difficult to see at

LHC.
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Figure 10: Cross sections for chargino pair production and neutralino pair production versus mW̃1

at a
√
s = 500 GeV ILC or MC collider. We take SUSY parameters as in Fig. 7, and vary µ to give

variation in mW̃1

.

A distinctive feature of the HW scenario is that the W̃1, Z̃1 and Z̃2 are all mainly

higgsino-like, whereas in models such as mSUGRA, these states are almost always gaugino-

like. In Ref. [45], it is shown that for wino-like W̃1 and Z̃2, the W̃
+
1 W̃→

1 and Z̃1Z̃2 production

cross sections are steeply increasing functions of the electron beam polarization PL(e→)

(where PL(e→) ∼ −1 corresponds to pure right-polarized e→, PL(e→) = +1 corresponds
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to pure left-polarized e→, and PL(e→) = 0 corresponds to unpolarized e→ beams). In Fig.

11, we plot the e+e→ → W̃+
1 W̃→

1 and Z̃1Z̃2 cross sections versus PL(e→) for the HW150

benchmark. In the HW scenario, W̃+
1 W̃→

1 production only increases by a factor of ∼ 3.5

as PL(e→) varies from -1 to +1, whereas in mSUGRA it typically increases by factors of

about 100[45]. In addition, the Z̃1Z̃2 cross section for HW150 is nearly flat versus PL(e→),

while in mSUGRA, it is typically increasing by factors of 20-30. Thus, variability of the

SUSY production cross sections versus beam polarization will quickly allow one to extract

much of the gaugino/higgsino content of the charginos/neutralinos which are accessible to

an ILC with adjustable beam polarization.
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Figure 11: Cross sections for chargino pair production and neutralino pair production versus
PL(e−) at a

√
s = 500 GeV ILC collider. We take SUSY parameters as in HW1, with µ = 150

GeV.

6. Summary and conclusions

The higgsino-world SUSY scenario with multi-TeV scalars, µ
<∼ 250 GeV and intermediate

scale gauginos is very appealing in that it can reconcile a decoupling solution to the SUSY

flavor, CP, p-decay and gravitino problems with apparently low levels of naturalness or

electroweak fine-tuning. The scenario is characterized by a mass hierarchy |µ| $ m1/2 $
m0, where m0 is the GUT scale mass of matter scalars. The HW scenario is most easily

realized in models with non-universal Higgs masses, where the weak scale values of µ and

mA are taken as free parameters. In the HW scenario, the W̃1, Z̃1 and Z̃2 states are all

light with mass
<∼ 250 GeV, and dominantly higgsino-like. The remaining sparticles may

well be heavy and inaccessible to LHC searches.

– 16 –
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Same sign diboson signature from supersymmetry models
with light higgsinos at the LHC

Howard Baer,1 Vernon Barger,2 Peisi Huang,2 Dan Mickelson,1

Azar Mustafayev,3 Warintorn Sreethawong,4 and Xerxes Tata3
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2Dept. of Physics, University of Wisconsin, Madison, WI 53706, USA
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In supersymmetric models with light higgsinos (which are motivated by electroweak naturalness
arguments), the direct production of higgsino pairs may be difficult to search for at LHC due
to the low visible energy release from their decays. However, the wino pair production reaction

W̃±
2
Z̃4 → (W±Z̃1,2) + (W±W̃∓

1
) also occurs at substantial rates and leads to final states including

equally opposite-sign (OS) and same-sign (SS) diboson production. We propose a novel search
channel for LHC14 based on the SS diboson plus missing ET final state which contains only modest
jet activity. Assuming gaugino mass unification, and an integrated luminosity >

∼ 100 fb−1, this
search channel provides a reach for SUSY well beyond that from usual gluino pair production.

PACS numbers: 12.60.-i, 95.35.+d, 14.80.Ly, 11.30.Pb

The recent discovery of a Higgs-like resonance at mh →
125 GeV by the Atlas and CMS collaborations[1, 2] com-
pletes the identification of all the states in the Stan-
dard Model (SM). However, the existence of fundamen-
tal scalars in the SM is problematic in that they lead
to gauge instability and fine-tuning issues. Supersym-
metric (SUSY) theories stabilize the scalar sector due
to a fermion-boson symmetry, thus providing a solution
to the gauge hierarchy problem[3]. In fact, the mea-
sured Higgs boson mass mh " 125 GeV falls squarely
within the narrow range predicted[4] by the minimal su-
persymmetric Standard Model (MSSM); this may be in-
terpreted as indirect support for weak scale SUSY. In
contrast, the associated superparticle states have failed
to be identified at LHC, leading the Atlas and CMS
collaborations[5, 6] to place limits of mg̃

>→ 1.4 TeV (for
mg̃ " mq̃) and mg̃

>→ 0.9 TeV (for mg̃ # mq̃) within the
popular mSUGRA/CMSSM model[7].

In many SUSY models used for phenomenological anal-
yses, the higgsino mass parameter |µ| is larger than the
gaugino mass parameters |M1,2|. In the alternative case

where |µ| # |M1,2|, the lighter electroweak chargino W̃1

and the lighter neutralinos Z̃1,2 are higgsino-like, while
(assuming |M2| > |M1|) the heavier chargino and the
heaviest neutralino Z̃4 is wino-like, and Z̃3 is bino-like.
Electroweak W̃2Z̃4 production which occurs with SU(2)
gauge strength then leads to a novel W±W±+ $ET sig-
nature via the process shown in Fig. 1. We examine
prospects for observing this signal in the 14 TeV run of
the CERN LHC.

Models with light higgsinos have a number of theoret-
ical advantages, and have recently received considerable
attention. To understand why, we note that the mini-
mization condition for the Higgs scalar potential leads to

FIG. 1: Diagram depicting same-sign diboson production at
LHC in SUSY models with light higgsinos.

the well known (tree-level) relation,

M2
Z

2
=

m2
Hd

−m2
Hu

tan2 β

(tan2 β − 1)
− µ2 " −m2

Hu
− µ2 (1)

where m2
Hu

and m2
Hd

are the tree-level mass squared pa-
rameters of the two Higgs doublets that are required to
give masses to up- and down-type quarks, and tanβ is the
ratio of their vacuum expectation values. The value of
MZ that is obtained from (1) is natural if the three terms
on the right-hand-side (RHS) each have a magnitude of
the same order as M2

Z , implying µ2/(M2
Z/2) is limited

from above by the extent of fine-tuning one is willing to
tolerate. The lack of a chargino signal at the LEP2 col-
lider requires |µ| >→ 103.5 GeV [8], so that light higgsino
models with low fine-tuning favour |µ| → 100− 300 GeV
(in fact, µ2 was suggested as a measure of fine-tuning in
Ref. [9]). When radiative corrections to (1) are included,
masses of other superpartners (most notably third gen-
eration squarks) also enter on the RHS, and large cancel-

• Wino pair production – same sign diboson + 
missing energy 

• More powerful reach for m1/2 than gluino 
pair production

9

Gluinos, 1st and 
2nd gen squarks
~ Multi-TeV

Stops, ~ TeV

Winos, ~ few 
hundreds GeV

Higgsinos, ~ 
200 GeV

H. Baer, V. Barger, P.H, D. Mickelson, A. Mustafayev, W. Sreethawong, and X. Tata 2013



Another Boson Appears to be Heavy

• In 2012, W mass is measured to be

• With Vernon, Wai-Yee, and M. Ishida, we analyze its implication to the 
SUSY spectrum

δMW

δmh = 1.0 GeV →0.5 MeV

δmt = 1 GeV 6.0 MeV

δMZ = 2.1 MeV 2.6 MeV

δ(∆α(5)
had) = 0.6× 10−4 →1.1 MeV

δαs(MZ) = 0.0007 →0.4 MeV

Table 1
Uncertainty of the SM MW prediction from the uncertainties of the parameters.
Beside these errors, there is another uncertainty due to missing higher order cor-
rections, which is estimated as about 4 MeV.[27]

[24] M exp
W = 80, 399± 26 MeV to 80, 385± 15 MeV. The SM prediction[25,26]

of MW at 2-loop order is

MSM
W =80, 361± 7 MeV. (1)

where we have used the numerical formula of ref.[27] with central values of
parameters[28] The uncertainties of the SM prediction of MW resulting from
the uncertainties of these input parameters are summarized in Table 1.

The LHC experiments have reported indications of a Higgs boson at mass
125.3±0.4stat±0.5syst GeV in CMS data[29] and at 126.0±0.4stat±0.4syst GeV
in ATLAS data[30]. Accordingly, we assume a Higgs boson mass of 125.5± 1.
GeV in our study. Then, the difference of the experimental and SM values of
MW is

M exp
W →MSM

W =24± 15 MeV. (2)

As can be seen in Table 1, the largest source uncertainty in MSM
W (of 6.0 MeV)

is from the uncertainty δmt = 1 GeV in the top mass measurement. It is
significantly smaller than the experimental uncertainty in M exp

W (of 15 MeV),
given in Eq. (2).

The contributions of SUSY particles to the one-loop calculation of MW [31]
along with the W self-energy at the two loop level[32] can account for the 1.6σ
deviation of the experimental value from the SM prediction[31]. Conversely,
the MW measurement gives a constraint on the squark masses of the third
generation, mt̃1 , mt̃2 , and mb̃L

. We assume no mixing in sbottom sector since
that off-diagonal element is proportional to mb; mb̃R

is irrelevant to δMW .

The dominant SUSY radiative corrections to mh are due to loops of t̃1 and t̃2.
Implications of a 125 GeV Higgs boson for supersymmetric models are investi-

2

δMW

δmh = 1.0 GeV →0.5 MeV

δmt = 1 GeV 6.0 MeV

δMZ = 2.1 MeV 2.6 MeV

δ(∆α(5)
had) = 0.6× 10−4 →1.1 MeV

δαs(MZ) = 0.0007 →0.4 MeV

Table 1
Uncertainty of the SM MW prediction from the uncertainties of the parameters.
Beside these errors, there is another uncertainty due to missing higher order cor-
rections, which is estimated as about 4 MeV.[27]

[24] M exp
W = 80, 399± 26 MeV to 80, 385± 15 MeV. The SM prediction[25,26]

of MW at 2-loop order is

MSM
W =80, 361± 7 MeV. (1)

where we have used the numerical formula of ref.[27] with central values of
parameters[28] The uncertainties of the SM prediction of MW resulting from
the uncertainties of these input parameters are summarized in Table 1.

The LHC experiments have reported indications of a Higgs boson at mass
125.3±0.4stat±0.5syst GeV in CMS data[29] and at 126.0±0.4stat±0.4syst GeV
in ATLAS data[30]. Accordingly, we assume a Higgs boson mass of 125.5± 1.
GeV in our study. Then, the difference of the experimental and SM values of
MW is

M exp
W →MSM

W =24± 15 MeV. (2)

As can be seen in Table 1, the largest source uncertainty in MSM
W (of 6.0 MeV)

is from the uncertainty δmt = 1 GeV in the top mass measurement. It is
significantly smaller than the experimental uncertainty in M exp

W (of 15 MeV),
given in Eq. (2).

The contributions of SUSY particles to the one-loop calculation of MW [31]
along with the W self-energy at the two loop level[32] can account for the 1.6σ
deviation of the experimental value from the SM prediction[31]. Conversely,
the MW measurement gives a constraint on the squark masses of the third
generation, mt̃1 , mt̃2 , and mb̃L

. We assume no mixing in sbottom sector since
that off-diagonal element is proportional to mb; mb̃R

is irrelevant to δMW .

The dominant SUSY radiative corrections to mh are due to loops of t̃1 and t̃2.
Implications of a 125 GeV Higgs boson for supersymmetric models are investi-

2
!
m

t
!
T
e
V
"

0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Xt peak

∆MW 90# Allowed Region

∆MW$24MeV

mh

9 MeV243949

mt1!TeV"

Fig. 1. Allowed regions in the (mt̃1 ,∆mt̃) plane for θt̃ =
π
4 ;∆mt̃ = (mt̃2→mt̃1). Black

(Red) solid lines are δMW = 24 MeV (maximum mh with Xt peak = →
√
6Msusy).

The Blue (dark-shaded) region is mh = 123.5 to 127.5 GeV and the white line
represents its central value mh = 125.5 GeV. The Green (medium-shaded) region
is allowed by δMW at 90% CL, and the dotdashed lines represent its 1σ deviation,
δMW = 24± 15 MeV.

Equation (12) is symmetric under the exchange

mt̃1 ↔mt̃2 , ct̃ ↔ st̃, i.e. θt̃ ↔ π/2→ θt̃. (13)

Constraint from mh0 The mass of the Higgs boson in the MSSM receives
substantial radiative corrections to the tree level result. The scalar-top sec-
tor gives the dominant contribution, for which ∆m2

h ∝ m4
t/v

2. Tremendous
efforts[40]-[71] have been expended to calculate mh with sufficient accuracy
to compare with LHC measurements, and the Higgs mass has been calcu-
lated through the 3-loop level, αtα2

s, for the leading (mt)4 corrections[64,65]
and partially at 4-loop level[59]. The dominant contributions arise from su-
persymmetric loops involving the top squarks, along with gluon and gluino
exchanges.

There are several different approaches that have been used in the theoretical
evaluation of mh : perturbative calculation of the Higgs self energy diagrams
to (i) 2-loop and (ii) 3-loop orders, (iii) effective field theory (EFT) methods
based on second derivatives of an effective Higgs potential, (iv) effective poten-
tial method based on RGE evolution from the GUT scale, and (v) the effective

5

SUSY W Mass Prediction

At one-loop order, the following (1PI) diagrams contribute

⇧SM(p2) : ⇧SUSY(p2) :

(+ gauginos, neutralinos, gluinos...)

Cash Elliott Hauptmann (UNL) HEP Group 2022 18 / 26

∆r→−
c2W
s2W

(

ΣZ(0)

M2
Z

−
ΣW (0)

M2
W

)

= −
c2W
s2W

∆ρ (8)

where ∆ρ is the deviation of the ρ parameter due to new physics in the EW
precision measurements. It is related to the T parameter[35] by

∆ρ→α(MZ)T . (9)

The squark, slepton, and neutralino/chargino loops contribute to ∆ρ at 1-
loop level, which we denote as ∆ρ0. The neutralino/chargino contributions
are small[36], and the slepton contributions are suppressed relative to squark
contributions by color, and thus the squark contributions are dominant. It
is well known[37] that the weak SU(2)L isospin violation from SUSY doublet
masses gives non-zero contributions to δMW . The scalar-top sector is expected
to have a large L−R mixing since the off-diagonal elements of the top squark
mass matrix are proportional to mt. Finally, δMW is given by[32,34]

δMW →
MW

2

c2W
c2W − s2W

∆ρ0,

∆ρ0 =
3GF

8
√
2π2

[−s2t̃ c
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Fast Forward to 10 Years Later

• In 2022, CDF updated their W mass 
measurement 
• With Vernon, Cash Hauptmann, and 

Wai-Yee, we revisited the problem.
• This time, just the tree-level
• Extend the SM gauge group with a 

new U(1) group. The “Z boson” is now 
a linear combination of Z and Z’. The 
W mass is shifted at the tree-level

Cash Hauptmann - University of Nebraska, Lincoln

Precision Measurements
Tensions between Standard Model 
(SM) predictions and precise 
experimental measurements:


•  [Muon  Collaboration, 
2021]


• Flavor anomalies [LHCb, 2017]


•  boson mass measurement [CDF 
Collaboration, 2022]

gμ − 2 g − 2

W

4

E6 Models in Light of Precision MW Measurements
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2Department of Physics and Astronomy,
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We propose a solution to the recent W mass measurement by embedding the Standard Model
within E6 models. The presence of a new U(1) group shifts the W boson mass at the tree level and
introduces a new gauge boson Z

0 which has been searched for at collider experiments. In this article,
we identify the parameter space that explains the new W mass measurement and is consistent with
current experimental Z0 searches. As U(1) extensions can be accommodated in supersymmetric
models, we also consider the supersymmetric scenario of E6 models, and show that a 125 GeV
Higgs may be easily achieved in such settings.

I. INTRODUCTION

Precision measurements have been crucial in testing
physics beyond the Standard Model (SM). In recent
years, tensions between theory and experiment have been
building with the muon g � 2 measurement [1, 2], flavor
anomalies [3–8], and most recently the W boson mass
measurement by the CDF collaboration [9]. The CDF II
experiment measured the W boson mass to be

MCDF
W

= 80.4335± 0.0094 GeV, (1)

which deviates from the SM prediction [10] by about 7�,

�MW ⌘ MCDF
W

�MSM
W

⇡ 76± 11 MeV. (2)

This measurement has increased the tension between the
SM and previous Tevatron measurements [11, 12], but is
also in tension with the previous world average by more
than 2� [10]. The tension between various experiments
can be from unknown systematic uncertainties, which is
beyond the scope of this study.

In this article, we focus on the compelling possibility
that the deviation of results between the new CDF ex-
periment, along with previous Tevatron experiments, and
the SM predictions is a hint of new physics beyond the
SM [13–101]. In particular, we focus on a possible tree-
level modification to the W boson mass coming from an
extension the SM gauge group. The simplest extension is
to include a new U(1) gauge group, which we call U(1)0.
This results in two electrically neutral gauge bosons, Z
and Z 0, that are linear combinations of the SM Z0 boson
and the gauge boson of the new U(1)0 group. Due to the

⇤ barger@pheno.wisc.edu
† chauptmann2@huskers.unl.edu
‡ peisi.huang@unl.edu
§ keung@uic.edu

interconnectedness of the electroweak sector, these addi-
tions alter the W boson mass at the tree level which can
explain the CDF II measurement.

There are many well-motivated theories beyond the
SM that feature at least one extra U(1) group [102,
103], such as grand unified theories (GUT) [104–107],
superstrings [108–111], extra dimensions [112], little
Higgs [113–115], dynamical symmetry breaking [116],
and the Stueckelberg mechanism [117–122]. Among the
GUT models, the ones based on rank-6 gauge groups,
known as E6 have been extensively studied for phe-
nomenological interests [123]. The E6 models can be con-
sidered in both supersymmetric and non-supersymmetric
scenarios. Extending the Minimal Supersymmetric Stan-
dard Model (MSSM) with an extra U(1) group also has
numerous advantages. For example, similar to the Next-
to-Minimal Supersymmetric Standard Model (NMSSM),
the tree-level Higgs mass in the U(1)-supersymmetric
model (UMSSM) is increased, and a 125 GeV Higgs can
be obtained without the need of large radiative correc-
tions [124]. Furthermore, UMSSM scenarios embed the
discrete Z3 symmetry of the NMSSM into a continuous
one, and therefore, do not su↵er from the cosmological
domain walls problems in the NMSSM [125].

In this article, we discuss supersymmetric E6 models
in light of the CDF II MW measurement. We note that
although our analysis is based on E6, it can easily be
generalized to any new physics scenario, supersymmetric
or not, with at least one additional U(1)0 gauge group.
This article is structured as follows. In Sec. II, we show
the contribution to the W mass from the U(1)0 group.
In Sec. III we review the experimental constraints, es-
pecially the direct Z 0 searches. These constraints are
then applied to E6 models containing the U(1)0 group.
In Sec. IV, we discuss the predictions of the Higgs mass
within supersymmetric E6 models. Sec. V is reserved for
conclusions.
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A Concrete Model 

• Consider E6 models,

• Two additional gauge bosons, Z’, and Z’’ 

• Also allow for kinetic mixing,
• Assume only the lighter state around the TeV scale

II. CONTRIBUTION TO MW

Models that extend the SM by an extra U(1) gauge
group introduce a new gauge boson Z 0. The Cartan sub-
algebra of E6 models contains two additional U(1) gen-
erators. We consider the following breakdown of E6

E6 ! SO(10)⇥ U(1) 
! SU(5)⇥ U(1)� ⇥ U(1) 
! SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)� ⇥ U(1) .

The two extra U(1) groups yield two additional gauge
bosons, Z and Z�. Upon electroweak symmetry break-
ing, they mix to form two gauge bosons Z 0 and Z 00, with
the mixing parameterized by the E6 mixing angle ✓E6 ,

Z 0 = Z� cos ✓E6 + Z sin ✓E6 (3)

Z 00 = �Z� sin ✓E6 + Z cos ✓E6 .

Often, only one of the new gauge bosons is assumed to
be around the TeV scale, leading to an e↵ective rank-5
group. In this analysis, we will only consider the contri-
butions from the lighter state of the two. We will also
allow for a kinetic mixing term, sin�

2 BµZ 0µ [126–130],
which has been studied in the context of a leptophobic
Z 0. The relevant Lagrangian terms are given in the ap-
pendix.

The presence of a new Z 0 boson contributes to the W
boson mass at the tree level. The shift in the W boson
mass from the SM prediction can be expressed in terms
of the oblique parameters S, T, U [131]:

M2
W

= (MSM
W

)2

+
↵c2

W

c2
W

� s2
W

M2
Z

✓
�
1

2
S + c2

W
T +

c2
W

� s2
W

4s2
W

U

◆
(4)

where sW and cW are the sine and cosine of the weak
mixing angle, and MZ is the physical mass of the SM Z0

boson. The oblique parameters may be derived from the
transformation matrix responsible for bringing L into a
basis of fields with canonical kinetic mixing and diago-
nal mass matrices [132]. In the appendix we derive this
matrix, and from that the oblique parameters. Here we
express the oblique parameters in terms of the mixing
angle ⇠ between the new Z 0 boson and the SM Z0 boson,
and the kinetic mixing angle � between the U(1)Y and
U(1)0 gauge bosons. To first order in ⇠,

↵S = 4c2
W
sW ⇠ tan�, (5)

and U = 0. T is given by the wavefunction renormal-
ization �Z of the Z boson (found in the transformation
matrix) as well as the shift in the Z boson mass from
its SM prediction. To first order in ⇠, the wavefunction
renormalization is

�Z = sW ⇠ tan�. (6)

With Z�Z 0 mass mixing, the tree-level Z boson mass
MZ is shifted from its SM value mZ as

m2
Z
= M2

Z
+ [M2

Z0 �M2
Z
] sin2 ⇠ (7)

which is an identical relation between the Z�Z 0 mass
matrix and its diagonalized form. For small Z�Z 0 mixing
angles of ⇠2 ⌧ M2

Z
/M2

Z0 , Eq. (7) is approximately

M2
Z
⇡ m2

Z


1� ⇠2

✓
M2

Z0

M2
Z

� 1

◆�
. (8)

These changes to the properties of the Z boson are
combined to form the T parameter:

↵T = 2(�Z � �̃Z)

= 2⇠sW tan�+ ⇠2
✓
M2

Z0

M2
Z

� 1

◆
(9)

where �̃Z is the fractional mass shift of Z from the SM,
given to first order in ⇠.
Neglecting terms of order �M2

W
, Eq. (4) now yields the

following W boson mass shift:

�MW ⇡
1

2MW

c4
W

c2
W

� s2
W

⇠2
�
M2

Z0 �M2
Z

�
, (10)

which only depends on the Z 0 mass and Z�Z 0 mixing.
In Fig. 1, we plot the solution to Eq. (10) in the MZ0 � ⇠
plane.

FIG. 1: The solid line shows the solution to Eq. (10) for
�MW = 76 MeV, which is the central value of the
deviation of the SM from the CDF II experiment. The
shaded region contains solutions for
54 MeV  �MW  98 MeV, corresponding to a 2�
confidence level of the CDF II measurement.
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Modifications to MW

• Constraints from direct Z’ 
searches
• Precision Z-boson 

measurements 

II. CONTRIBUTION TO MW

Models that extend the SM by an extra U(1) gauge
group introduce a new gauge boson Z 0. The Cartan sub-
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erators. We consider the following breakdown of E6
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! SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)� ⇥ U(1) .

The two extra U(1) groups yield two additional gauge
bosons, Z and Z�. Upon electroweak symmetry break-
ing, they mix to form two gauge bosons Z 0 and Z 00, with
the mixing parameterized by the E6 mixing angle ✓E6 ,

Z 0 = Z� cos ✓E6 + Z sin ✓E6 (3)

Z 00 = �Z� sin ✓E6 + Z cos ✓E6 .

Often, only one of the new gauge bosons is assumed to
be around the TeV scale, leading to an e↵ective rank-5
group. In this analysis, we will only consider the contri-
butions from the lighter state of the two. We will also
allow for a kinetic mixing term, sin�

2 BµZ 0µ [126–130],
which has been studied in the context of a leptophobic
Z 0. The relevant Lagrangian terms are given in the ap-
pendix.

The presence of a new Z 0 boson contributes to the W
boson mass at the tree level. The shift in the W boson
mass from the SM prediction can be expressed in terms
of the oblique parameters S, T, U [131]:

M2
W

= (MSM
W

)2

+
↵c2

W

c2
W

� s2
W

M2
Z

✓
�
1

2
S + c2

W
T +

c2
W

� s2
W

4s2
W

U

◆
(4)

where sW and cW are the sine and cosine of the weak
mixing angle, and MZ is the physical mass of the SM Z0

boson. The oblique parameters may be derived from the
transformation matrix responsible for bringing L into a
basis of fields with canonical kinetic mixing and diago-
nal mass matrices [132]. In the appendix we derive this
matrix, and from that the oblique parameters. Here we
express the oblique parameters in terms of the mixing
angle ⇠ between the new Z 0 boson and the SM Z0 boson,
and the kinetic mixing angle � between the U(1)Y and
U(1)0 gauge bosons. To first order in ⇠,

↵S = 4c2
W
sW ⇠ tan�, (5)

and U = 0. T is given by the wavefunction renormal-
ization �Z of the Z boson (found in the transformation
matrix) as well as the shift in the Z boson mass from
its SM prediction. To first order in ⇠, the wavefunction
renormalization is

�Z = sW ⇠ tan�. (6)

With Z�Z 0 mass mixing, the tree-level Z boson mass
MZ is shifted from its SM value mZ as

m2
Z
= M2

Z
+ [M2

Z0 �M2
Z
] sin2 ⇠ (7)

which is an identical relation between the Z�Z 0 mass
matrix and its diagonalized form. For small Z�Z 0 mixing
angles of ⇠2 ⌧ M2

Z
/M2

Z0 , Eq. (7) is approximately

M2
Z
⇡ m2

Z


1� ⇠2

✓
M2

Z0

M2
Z

� 1

◆�
. (8)

These changes to the properties of the Z boson are
combined to form the T parameter:

↵T = 2(�Z � �̃Z)

= 2⇠sW tan�+ ⇠2
✓
M2

Z0

M2
Z

� 1

◆
(9)

where �̃Z is the fractional mass shift of Z from the SM,
given to first order in ⇠.
Neglecting terms of order �M2

W
, Eq. (4) now yields the

following W boson mass shift:

�MW ⇡
1

2MW

c4
W

c2
W

� s2
W

⇠2
�
M2

Z0 �M2
Z

�
, (10)

which only depends on the Z 0 mass and Z�Z 0 mixing.
In Fig. 1, we plot the solution to Eq. (10) in the MZ0 � ⇠
plane.
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confidence level of the CDF II measurement.
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Z’ Searches

• Direct constraints from pp -> Z’ -> ll at the LHC
• Depends on the Z’ mass, kinetic mixing, and 𝜃E6 . Z’s lighter than 5.5 

TeV are highly constrained. 
• Z pole constrains are easily satisfied

antifermion pairs. In E6 models,

�Z0 =
X

f

g2
Z0

MZ0

24⇡
(Q2

2fL +Q2
2fR), (19)

assuming negligible fermion masses. In the SSM, the
couplings gZ0 and charges Q2i(L,R) are replaced by gZ ⌘

g2/cW and QZi(L,R) respectively. When calculating the
Z 0 width, we assume the new E6 fermions are heavy
enough to be ignored.

To establish a parameter space, we calculate the ra-
tio of Eq. (15) and compare with its upper bound set by
CMS searches at the LHC at

p
s = 13 TeV, as well as

CMS projections of high luminosity LHC (HL-LHC) at
p
s = 14 TeV [133, 137]. The production and decay of Z 0

depends on its mass MZ0 and the charges Q2i(L,R) con-
tributing to the neutral current Jµ

2 . As shown in Eq. (12),
Q2i(L,R) are determined by the Z�Z 0 mixing ⇠, kinetic
mixing �, and the E6 mixing angle ✓E6 . Additionally,
Eq. (10) fixes ⇠ for a given MZ0 to satisfy the CDF II
result Eq. (2), and ⇠ is determined by � and MZ0 , re-
ducing the parameter space by two (using Eq. (A14) in
the appendix and tan� = 10). The

p
s = 13 TeV search

excludes Z 0 models that explain the CDF II result with
MZ0  5.5 TeV. At higher masses, the resulting space
which may be probed by the

p
s = 14 TeV CMS search

is shown in Fig. 2 by the blue region.
There exists open parameter space around |�|= ⇡/2

due to the diverging behavior of both MZ0 and the chiral
couplings Q2i(L,R) in this region. As the mass and cou-
plings increase in magnitude, so does the full width �Z0

of the Z 0 boson. This widening of �Z0 makes it easier
for the Z 0 to evade direct LHC searches. We close o↵
these regions with gray hashing in Fig. 2 where the total
Z 0 width is more than 32% of the Z 0 mass following the
ATLAS study in [134]. This study finds that wide reso-
nances with �Z0/MZ0  32% do not significantly a↵ect
search bounds utilizing the narrow width approximation
(NWA) for Z 0s heavier than 4.5 TeV, and those e↵ects be-
come less significant asMZ0 increases [133, 134]. Even so,
it should be noted that our use of the NWA introduces
estimated errors of O(�Z0/MZ0) [138]. Interference ef-
fects from SM gauge boson production also influence the
sensitivity of collider searches. We do not consider these
e↵ects, however relative interference at the LHC can be
as low as a few percent for searches that assume narrow
widths [139].

For a su�ciently light Z 0, holes may be found in the
probeable parameter space; as shown in the top panel
of Fig. 2. There are two di↵erent charge suppressions
responsible for the holes near the I and ⌘ models. For
holes along ✓E6 near the I model, these regions maintain
small Z 0 charges for up quarks which suppress Z 0 pro-
duction from proton collisions. On the other hand, the
regions near holes along the ⌘ model maintain small Z 0

charges for leptons which in turn yield small production
cross sections in the lepton channels. These findings are
consistent with leptophobic studies within the ⌘ model

FIG. 2: Parameter space probeable by HL-LHC
resonant dilepton searches at 14 TeV (blue) and a wide
resonance region of �Z0/MZ0 > 32% (gray) for MZ0 =
6 TeV (top), 6.5 TeV (middle), and 7 TeV (bottom).
Regions consistent with the CDF II W mass
measurement are shown in green.
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Higgs Mass

• Extend the SM gauge group -> additional D-term contribution

• As in the NMSSM,                   in the super potential 

• Upper bound of the Higgs mass,

• Higgs mass receives extra contribution at the tree level -> stop sector 
is less constrained

[126, 127]. In either case, the pp ! Z 0
! l�l+ pro-

duction inside these holes is small enough to evade the
cross-sectional upper bounds found by CMS.

In addition to direct searches, a Z 0 gives rise to vari-
ous corrections to the properties of the Z boson through
Z � Z 0 mixing parameter ⇠, which is tightly constrained
by precision Z boson measurements. As shown in Fig. 1,
the Z � Z 0 mixing required to explain the W mass mea-
surement is well below 10�3 for Z 0 bosons heavier than
4 TeV. The combined fit for Z�pole observables put an
upper bound on the Z � Z 0 mixing parameter around
3 ⇥ 10�3 [140–143]. We have checked that the kinetic
mixing introduced here did not lead to modifications be-
yond the current precision. For instance, a 6 TeV Z 0

that explains the current W mass measurement in the
⌘ model has a deviation in the leptonic decay width of
the Z boson of 0.0029%, which is within experimental
uncertainties [10].

IV. HIGGS MASS

In SUSY models, the mass mh of the Higgs boson is
precisely predicted by a few relevant parameters, and
can be calculated through fixed-order calculations, e↵ec-
tive field theory (EFT) calculations, and a hybrid cal-
culation. Dominant three-loop contributions to mh are
known in the MSSM. (For mh calculation in SUSY mod-
els, see [144] and references therein.) At the tree-level,
the Higgs mass has an upper bound of MZ cos 2� in the
MSSM. It receives substantial radiative corrections with
the dominant contributions coming from loops involving
the top, and its scalar partner, the stop, along with gluon
and gluino exchanges. In particular, when the SUSY
scale MS is around 2 TeV and the stop mixing parame-
ter is Xt ' �

p
6MS , a 125 GeV Higgs can be achieved

with |H0
u
|/|H0

d
|⌘ tan� & 10 where |H0

u
| is the vacuum

expectation value (VEV) of the electrically neutral com-
ponent of the doublet Higgs field Hu. MS is predicted to
be at least 10 TeV from mh = 125 GeV with a vanish-
ing stop mixing parameter [144]. The current theoretical
uncertainties in calculating mh are around 2-3 GeV for
the MSSM [144].

We propose extending the SM gauge group to explain
the latest MW measurement. Expanding into SUSY
scenarios, when the MSSM is extended by an extra
U(1) group there are additional contributions to the D-
term [124],

g2
Z0

2
(Q0

Hd
|H0

d
|
2+Q0

Hu
|H0

u
|
2+Q0

s
|S|2)2, (20)

in which Hu and Hd are the Higgs doublets from the
MSSM, and S is the singlet scalar field that breaks the
new U(1)0 symmetry. Q0

Hu
, Q0

Hd
, and Q0

s
are their corre-

sponding charges under the U(1)0 group. We impose the
charge-conserving relation Q0

Hu
+ Q0

Hd
+ Q0

s
= 0, com-

ing from the �SHuHd term in the superpotential. E6

charges for the scalar fields are given in Table I. In addi-
tion to the new D-term contribution, the �SHuHd term
in the superpotential increases the upper bound of the
Higgs mass as in the NMSSM [145, 146]. Combining
both contributions, the upper bound of the Higgs mass
becomes [124]

m2
h
=M2

Z
cos2 2� + �2v2 sin2 2�

+ g2
Z0v2(Q0

Hd
cos2 � +Q0

Hu
sin2 �)2.

(21)

The increased tree-level Higgs mass implies that the stop
sectors are much less constrained in the MSSM case.

To account for loop e↵ects and the e↵ects of the run-
ning couplings, we use FlexibleSUSY for our numerical
analysis. FlexibleSUSY [147, 148] is a Mathematica and
C++ package for generating mass spectra of SUSY mod-
els. It includes 2-loop Renormalization Group Equations
(RGEs), it calculatesmh at the full 1-loop level, and it in-
cludes dominant corrections up to 3-loop, next to leading
logarithms. The theoretical uncertainty in the UMSSM
scenario calculated in FlexibleSUSY was estimated to be
as large as ±10 GeV [149]. The large uncertainty com-
pared to the MSSM case is due to the altered RGEs in the
E6 scenarios. For the MSSM-like parameters, we adopt
a benchmark point motivated by the Natural SUSY sce-
nario [150], in which m0 = 7.9 TeV, m1/2 = 1.2 TeV,
tan� = 10, A0 = �8 TeV, µe↵ = 200 GeV, and
mA = 2 TeV. With the new U(1)0 gauge group, there
are two more free parameters: the gauge coupling gZ0

which we fix to be 0.46 from grand unification, and the
VEV of the singlet field S, |S|=

p
2µe↵/� . For some ✓E6 ,

MZ0 , and kinetic mixing �, |S| is specified, and therefore
� is specified. As seen in Fig. 2, for a given Z 0 mass and
✓E6 , there are two solutions in the range �⇡  �  ⇡
that explain the new W mass measurement. We choose
the solution for which |�|�⇡/2 is maximized to avoid the
diverging full width of the Z 0 boson at |�|= ⇡/2.

FIG. 3: Masses mh of the lightest scalar mass
eigenstate in di↵erent E6 models for the benchmark
point in Section IV (m0 = 7.9 TeV, m1/2 = 1.2 TeV,
A0 = �8 TeV, µe↵ = 200 GeV, mA = 2 TeV) which
satisfy the CDF II measurement.

Shown in Fig. 3 are predictions calculated by Flexible-
SUSY for mh, the mass of the lightest mass eigenstate
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2µe↵/� . For some ✓E6 ,

MZ0 , and kinetic mixing �, |S| is specified, and therefore
� is specified. As seen in Fig. 2, for a given Z 0 mass and
✓E6 , there are two solutions in the range �⇡  �  ⇡
that explain the new W mass measurement. We choose
the solution for which |�|�⇡/2 is maximized to avoid the
diverging full width of the Z 0 boson at |�|= ⇡/2.

FIG. 3: Masses mh of the lightest scalar mass
eigenstate in di↵erent E6 models for the benchmark
point in Section IV (m0 = 7.9 TeV, m1/2 = 1.2 TeV,
A0 = �8 TeV, µe↵ = 200 GeV, mA = 2 TeV) which
satisfy the CDF II measurement.

Shown in Fig. 3 are predictions calculated by Flexible-
SUSY for mh, the mass of the lightest mass eigenstate
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Increase the upper bound of the Higgs mass
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tion to the new D-term contribution, the �SHuHd term
in the superpotential increases the upper bound of the
Higgs mass as in the NMSSM [145, 146]. Combining
both contributions, the upper bound of the Higgs mass
becomes [124]

m2
h
=M2

Z
cos2 2� + �2v2 sin2 2�

+ g2
Z0v2(Q0

Hd
cos2 � +Q0
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The increased tree-level Higgs mass implies that the stop
sectors are much less constrained in the MSSM case.
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On a Beautiful 
Summer Day

Soranokokage

• Why is this acorn bigger than I 
expect?

• Why do the shadow of the Terrace 
chairs, tables, and myself look the 
same? 

• Why there are three flavors of ice 
cream?

• How many generations are there?
• Why are we even here in the first 

place?
• How can we test those solutions?
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He Thinks Hard on His Way Home

LEPTON

Leptogenesis!!
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Leptogenesis

1. The Right Handed Neutrinos, decay (CP violating) asymmetrically

2. Part of the generated asymmetry will be converted to a baryon 
asymmetry (about order one, detailed calculation gives 28/79)

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij

R
⌫̄
i,c

R
⌫
j

R

�
p
2
+ h.c.

◆
, (2.1)

where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction

L � �

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘
, (2.2)

where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.

– 3 –

Generate the Baryon asymmetry through the lepton asymmetry

M. Fukugita, T. Yanagida, 1986
Luty 1992
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Difficulties in Leptogenesis
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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How to fix this? 
Only 1% of the generated asymmetry will survive

3. Inverse decays and scattering wash out the generated asymmetry
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Difficulties in Leptogenesis

• Naively, the strong washout effect is unavoidable
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.
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proposed in Ref. [16], where the general features are discussed, and a benchmark model on
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to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an
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a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

Competition T~M

• The RHN decouples from the thermal bath at T~M 
• What if the cosmic temperature changes discontinuously?
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Difficulties in Leptogenesis

〈ϕ〉 = �
�� = �

〈ϕ〉 ≠ �
�� ≫ ��

ν�

�� (��)

� (�*)

��

��

ν�
��

�

��

�*

ν�

��

� ��

�*
����������

γ� =
�

� - ���
≫

��
��

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

〈ϕ〉 = �
�� = �

〈ϕ〉 ≠ �
�� ≫ ��

ν�

�� (��)

� (�*)

��

��

ν�
��

�

��

�*

ν�

��

� ��

�*
����������

γ� =
�

� - ���
≫

��
��

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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T~M
• The RHN decouples from the 

thermal bath at T~M 
• Only if the cosmic temperature 

changes discontinuously, the RHN 
decays, generates the lepton 
asymmetry. Then the temperature 
falls T<<M, the washout effects are 
Boltzmann suppressed
• All the generated asymmetry is 

survived
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• The cosmic temperature can not change discontinuously, but the mass of 
the RHNs can --  first-order PT!
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vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
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the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate
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• The RHNs are massless in 
the old vacuum
• During the PT,  the RHN 

gains mass M1 – mass 
changes discontinuously 

• If M1 >> Tp , the washout 
effects are Boltzmann 
suppressed
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Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction
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where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij
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R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij
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= diag{M1,M2,M3} and let ⌫1
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be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction
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⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
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L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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Wait – M1 >> Tp , How Can That Happen?

• If the phase transition is 
very strong, the bubble wall 
can be relativistic
• Although in the plasma 

frame, RHNs are in 
thermal equilibrium, they 
have very high energy in 
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.

– 2 –

M1 >> Tp , how?

PH, K. P. Xie 2022
23



Solution #1 – Mass Jump

PH, K. P. Xie 2022

Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis
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p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor
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washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.
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At at high temperature, the universe is in the symmetric phase, RHNs 
are massless,  and in thermal equilibrium

• Phase Transition. The scalar field phi acquires a vacuum expectation 
value, and the RHN gains mass M1 in the true, new vacuum

• M1 >> Tp , RHN decays, generates the asymmetry
• Ultra relativistic bubble walls, RHNs penetrate into the true vacuum
• U(1)B-L models can do the job

Tp << M1
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Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.
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then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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as covered by the orange shaded region in the figure. We have checked that, without

the FOPT, the same parameter space in Fig. 2 cannot realize a conventional thermal

leptogenesis in the B � L model, which typically requires a CP asymmetry O(30) larger

than the Davidson-Ibarra bound due to the large thermal washout e↵ects from processes

involving Z
0 and �. Therefore, our model has opened up new parameter space for a novel

kind of leptogenesis.

In this scenario, the relevant energy scale is about 1011 GeV, which is not accessible

at any current or near-future colliders. However, the GWs as byproducts of the U(1)B�L

breaking may help to probe the scenario, although those signals could not serve as smoking

guns for this specific mechanism. Thus, we briefly comment on the possible signals. In our

scenario, there are two sources of the GWs: first, the U(1)B�L FOPT itself generates GWs

via vacuum bubble collision, sound waves and magneto-hydrodynamics (MHD) turbulence

in the plasma [52–57]; second, the cosmic strings forming after the U(1)B�L breaking keep

emitting GWs during the evolution of the Universe [82–88].

As an illustration, we adopt ��s = 3.5 and gB�L = 0.05 as a benchmark (shown

as the green star in Fig. 2) to calculate the GW spectrum today after the cosmological

redshift. For the FOPT GWs, Tp = 6.1⇥1010 GeV, and the energy budget depends on the

evolution of the wall velocity, thus we tried both schemes from Ref. [70] (with P1!N / �
2
w)

and Ref. [71] (with P1!N / �w). For the former case, as the friction increases rapidly with

�w, the bubble walls have reached the terminal velocity at Tp, thus the sound wave and

MHD contributions dominate [67], and we make use of the e�ciency factor V derived in

Ref. [89]; while for the latter case, the walls are still accelerating at Tp, and hence the bubble

collision contribution dominates, and we adopt the method in Refs. [55, 57] to obtain the

e�ciency factor col. With the e�ciency coe�cients in hand, the FOPT GW spectra are

evaluated using the numerical formulae in Refs. [90, 91].4 For the cosmic strings GWs,

the spectrum is determined by the dimensionless combination Gµ, where G = 1/M2
Pl is

the Newton’s constant of gravitation, and µ ⇠ v
2
�
is the tension of the strings. For our

benchmark, Gµ ⇡ 10�14, and we use the numerical results in Refs. [93–96] to derive the

GW spectrum.5

The GW spectra for our benchmark point are given in Fig. 3, where the expected

sensitivity curves for the space-based laser interferometers LISA [99], TianQin [100–102],

Taiji [103, 104], BBO [105] and DECIGO [106], and the ground-based interferometers

LIGO [107, 108], CE [109] and ET [110–112] are also shown. We first see that the FOPT

GWs spectra peak at ⇠ 105 Hz, which is too high to be detected by the near-future

instruments. For heavier RHNs and hence higher FOPT scales, the typical peak frequency

is even higher and hence more di�cult to probe. However, the cosmic string GW spectrum

is rather flat and could be reached by quite a few future detectors such as BBO, DECIGO,

CE and ET. For heavier RHNs, Gµ is larger, and the signal strength becomes stronger

that LISA, TianQin and Taiji can also probe the scenario. Therefore, we conclude that the

cosmic strings induced GWs are hopeful to be seen at the future detectors, although this

4In the sound wave dominant case, the extra suppression factor from the finite duration of sound wave

period is taken into account [55, 67, 92].
5See Refs. [97, 98] for recent research on cosmic string GW simulations and experimental constraints.
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evolution of the wall velocity, thus we tried both schemes from Ref. [70] (with P1!N / �
2
w)

and Ref. [71] (with P1!N / �w). For the former case, as the friction increases rapidly with

�w, the bubble walls have reached the terminal velocity at Tp, thus the sound wave and

MHD contributions dominate [67], and we make use of the e�ciency factor V derived in

Ref. [89]; while for the latter case, the walls are still accelerating at Tp, and hence the bubble

collision contribution dominates, and we adopt the method in Refs. [55, 57] to obtain the
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evaluated using the numerical formulae in Refs. [90, 91].4 For the cosmic strings GWs,

the spectrum is determined by the dimensionless combination Gµ, where G = 1/M2
Pl is
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2
�
is the tension of the strings. For our

benchmark, Gµ ⇡ 10�14, and we use the numerical results in Refs. [93–96] to derive the

GW spectrum.5

The GW spectra for our benchmark point are given in Fig. 3, where the expected

sensitivity curves for the space-based laser interferometers LISA [99], TianQin [100–102],

Taiji [103, 104], BBO [105] and DECIGO [106], and the ground-based interferometers

LIGO [107, 108], CE [109] and ET [110–112] are also shown. We first see that the FOPT

GWs spectra peak at ⇠ 105 Hz, which is too high to be detected by the near-future

instruments. For heavier RHNs and hence higher FOPT scales, the typical peak frequency

is even higher and hence more di�cult to probe. However, the cosmic string GW spectrum

is rather flat and could be reached by quite a few future detectors such as BBO, DECIGO,

CE and ET. For heavier RHNs, Gµ is larger, and the signal strength becomes stronger

that LISA, TianQin and Taiji can also probe the scenario. Therefore, we conclude that the

cosmic strings induced GWs are hopeful to be seen at the future detectors, although this

4In the sound wave dominant case, the extra suppression factor from the finite duration of sound wave

period is taken into account [55, 67, 92].
5See Refs. [97, 98] for recent research on cosmic string GW simulations and experimental constraints.
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Figure 2. The allowed parameter space of the FOPT leptogenesis scenario is shown in white region,
for M1 = 2.5⇥1011 GeV, �R,1 = 0.3 and �R,2 = �R,3 = 4�R,1. The blue and orange shaded regions
are excluded by thermal washout and dilution e↵ects after the FOPT reheating, respectively. The
M1/Tp and ↵ contours are shown in the left and right panels, respectively. The green star is the
benchmark adopted for GW calculation, see Fig. 3 for details.

V
1/4
0 ⇠ B

1/4
v� ⇠ gB�Lv� ⇠ MZ0 . To have M1/Trh � 1 after reheating, we must have

M1/MZ0 � 1, which is in contrast with the vacuum stability and FOPT conditions. We

confirm this qualitative argument by a detailed numerical scan. Therefore, we extend the

model with one extra scalar S, as we did in Eq. (3.1). In this new model, the contribution

to B can be dominated by the scalar portal coupling ��s, and the reheating temperature

is no longer directly related to MZ0 .

For our extended B�Lmodel, we start fromM1 = 109 GeV and gradually increase it to

seek for viable parameter space for the FOPT leptogenesis. The most stringent constraints

for the scenario come from the washout e↵ects after reheating, especially ⌫
i

R
⌫
i

R
! Z

0
� and

⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ . Even in case that the reheating washout e↵ects are suppressed, the

BAU is usually diluted by the large ↵ to be lower than the experimentally observed value.

Therefore, we have to increase M1 to M1 & 1011 GeV to generate a large BAU. An example

is shown in Fig. 2 with

M1 = 2.5⇥ 1011 GeV, �R,1 = 0.3, �R,2 = �R,3 = 4�R,1, (3.21)

fixed, and scanning over ��s and gB�L. The parameter space with successful FOPT

leptogenesis, i.e. can provide YB > Y
obs
B

for the ✏1 within the Davidson-Ibarra bound, is

plotted as the white region covered by the M1/Tp (left panel) and ↵ (right panel) contours.

We see ↵ � 1 for most of the parameter space, implying a strong FOPT with vacuum

energy dominance. The blue shaded region cannot realize FOPT leptogenesis because the

thermal washout processes are active after reheating, where the gB�L & 0.1 region is ruled

out by the ⌫
i

R
⌫
i

R
! Z

0⇤
! ff̄ annihilation, while the ��s & 3.9 region is excluded by

the ⌫
i

R
⌫
i

R
! Z

0
� annihilation. If ��s is too small, the FOPT strength is so strong that

the entropy production during reheating dilutes the BAU to an unacceptable low value,
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Solution #2 – T-Dep Couplings

• Naively, the strong washout effect is unavoidable

〈ϕ〉 = �
�� = �

〈ϕ〉 ≠ �
�� ≫ ��

ν�

�� (��)

� (�*)

��

��

ν�
��

�

��

�*

ν�

��

� ��

�*
����������

γ� =
�

� - ���
≫

��
��

Figure 1. The sketch of leptogenesis triggered by a FOPT. The blue and white regions represent
the new vacuum bubble (in which h�i 6= 0) and the old vacuum background (in which h�i = 0),
respectively. The FOPT occurs at temperature Tp, and the bubble expands at a wall velocity
vw. Inside a bubble, ⌫R gains a huge mass M1 � Tp, such that the ⌫R’s that have penetrated
the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.

a scalar field �. If in the early Universe � experiences a FOPT from h�i = 0 to h�i 6= 0,

then during the phase transition ⌫R would be massless in the old vacuum, while massive

in the new vacuum bubbles. If the mass gap is much larger than the FOPT temperature

Tp, then the ⌫R’s that have penetrated into the new vacuum will be out of equilibrium

and decay rapidly, generating the lepton asymmetry and hence the BAU. Since M1 � Tp,

the washout e↵ects are Boltzmann suppressed, and hence almost all the generated BAU

can survive till today. The mechanism is sketched in Fig. 1. The idea of generating BAU

via the fast decay of heavy particles crossing or being produced at the bubble wall is first

proposed in Ref. [16], where the general features are discussed, and a benchmark model on

a color triplet heavy scalar is given. Our work provides the first detailed study of applying

this idea to leptogenesis. This scenario is distinct from the mechanisms involving the

generation and di↵usion of chiral and/or lepton asymmetry in the vicinity of bubble [17–

22] (see also [23, 24]).2

One might concern that in case of M1/Tp � 1 the RHNs do not have su�cient energy

to cross the wall, as the average kinetic energy of ⌫R is O(Tp). Were that true, most of

the RHNs will be trapped in the old vacuum [27–31], and only a tiny fraction of them

can be “filtered” to the new vacuum [32–35], resulting in a much suppressed ⌫R number

density in the h�i 6= 0 phase, and the resultant BAU is also negligible, as pointed out in

[26, 36]. This issue, however, can be solved, provided that the bubbles are expanding in an

ultra-relativistic velocity, i.e. �w ⌘ (1 � v
2
w)

�1/2
� 1. In that case, in the wall rest frame

the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate

into the bubble, yielding an unsuppressed number density ⇠ T
3
p inside the new vacuum.

We will show that �w � 1 can be easily achieved in a supercooling FOPT. See Refs. [37–40]

for other cosmological implications of the ultra-relativistic walls.

2See Refs. [25, 26] for leptogenesis during a second-order phase transition.
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the bubble decay quickly, generating the BAU. The possible washout e↵ects (some of which are
illustrated inside the yellow rectangle) are suppressed since M1/Tp � 1.
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for other cosmological implications of the ultra-relativistic walls.
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Competition T~M

• The RHN decouples from the thermal bath at T~M 
• The washout processes are only active at a much lower T
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Competition T~M

• The RHN decouples from the thermal bath at T~M 
• The washout processes are only active at a much lower T
• Wash out is Boltzmann suppressed
• All the generated asymmetry is survived
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the RHNs have an average kinetic energy O(�wTp), and almost all the ⌫R’s can penetrate
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We propose a novel leptogenesis mechanism with a temperature-dependent coupling between the right-
handed neutrino and Standard Model particles. This coupling experiences suppression at high temperatures
and becomes sizable when the lepton asymmetry washout processes are Boltzmann-suppressed. Such a feature
ensures that the washout rates remain consistently below the Hubble expansion rate, preserving all lepton asym-
metry generated in the decay of right-handed neutrinos. We illustrate the feasibility of this mechanism with two
example models and show that the observed baryon asymmetry of the Universe can be successfully obtained for
right-handed neutrino masses larger than 109 GeV as well as for smaller violation of charge-parity symmetry.

Introduction.—Leptogenesis is a class of scenarios that
provides solutions to the baryon asymmetry of the Uni-
verse (BAU) [1–5]. In these models, right-handed neutri-
nos (RHN), denoted as N , are introduced. The RHNs cou-
ple to the neutrinos in the Standard Model (SM) through a
Yukawa interaction ωD ε̄LH̃N , which explains the origin of
mass for SM neutrinos [6–8] through the Type-I seesaw mech-
anism [9]. A complex ωD matrix coupling of the Yukawa
interaction gives rise to the asymmetric, charge-parity (CP)-
violating decay of the RHN, resulting in a lepton asymmetry.
Subsequently, this lepton asymmetry is converted to baryon
asymmetry through the electroweak sphaleron process.

In the framework of conventional thermal leptogenesis, a
major obstacle arises from the strong washout effects that re-
move the lepton asymmetry. The final BAU is a competition
between the asymmetric decay of the RHNs and the washout
processes. At temperatures much higher than the thermal lep-
togenesis scale, the rates of decay and washout processes are
smaller than the expansion rate of the Universe. As the tem-
perature decreases, the decay rate of the RHN increases while
the washout rates decrease slower than the cosmic expansion
rate and eventually surpass it. Then at even lower tempera-
tures, the washout rates are Boltzmann suppressed and drop
rapidly below the expansion rate again [5, 10]. Typically, the
washout effects are strong, and only O(10↑2) of the asymme-
try generated in RHN decay could survive [5, 10]. Assum-
ing a mass hierarchy between three generations of RHNs, the
CP-violating phase has an upper bound that is proportional to
the mass of the lightest RHN, denoted as M1, known as the
Davidson-Ibarra bound [11]. It suggests that, for generating
the observed BAU, the lightest RHN mass is M1 ↭ 109 GeV.
Then in the strong washout regime, the typical lightest RHN
mass is M1 ↭ 1011 GeV.

In this Letter, we propose a mechanism to solve the washout
problem by incorporating a dynamical coupling in leptogen-
esis. In particular, we focus on the strong washout regime
of the leptogenesis parameter space. The introduction of
temperature-dependent elements is used in different manners
to produce dark matter [12–18] and BAU [19–27]. Here, our
mechanism exploits the fact that washout processes depend
on scattering particle energies in the thermal bath, while the
RHN decay process is not affected in the same way. We

suppress the coupling ωD at high temperatures to delay the
onset of both processes, and restore it to the thermal value
when washout processes are kinematically suppressed. Con-
sequently, RHNs decay asymmetrically into the lepton asym-
metry while washout rates remain below the Hubble expan-
sion rate, enabling a new leptogenesis scenario. The remain-
der of this study is arranged as follows: We begin by describ-
ing the impact of a temperature-dependent ωD on reaction
rates of leptogenesis. We then investigate the enhancement of
BAU that can be reached with dynamical couplings. Next, we
discuss potential realizations of the mechanism, present our
results regarding the RHN mass and CP-violation, and con-
clude with a final discussion.

Temperature-dependent couplings.—To illustrate the im-
pact of a temperature-dependent ωD on leptogenesis, we in-
troduce two example scenarios, each outlining the variations
in ωD as a function of temperature. We assume a mass hier-
archy between three generations of RHNs, M2,3 → M1, and
only consider ωD coupling to the lightest RHN particle in this
work. Starting with a coupling ωD,s that goes through a sud-
den increase in a step function form as

ωD,s(z) =

{
bs ωD, z < zs

ωD, z ↑ zs
(1)

Here T is the temperature of the Universe, and z ↓ M1/T .
The constant bs represents the suppression factor at high tem-
peratures before zs. At lower temperatures, ωD,s aligns with
the zero-temperature value ωD for the correct neutrino mass.

The second scenario involves a power law dependence in
the coupling ωD,p as

ωD,p(z) =






ωD

(
z

zp

)ap

, z < zp

ωD, z ↑ zp

(2)

where ap represents the power law index governing the z-
dependence at high temperature. Similar to Eq. (1), ωD,p re-
verts to ωD at lower temperatures. We note that the proposed
mechanism is also viable with other temperature dependence.

The coupling ωD determines reaction rates in leptogene-
sis. Here we discuss briefly the most relevant processes of
RHN decay, scattering, and washout. The decay process
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Compared with the conventional thermal leptogenesis scenario, our FOPT leptogenesis

scenario has an enhanced RHN number density (T 3
p instead of (M1Tp)3/2e�M1/Tp) and does

not su↵er from thermal washout e↵ects (which in general suppress the BAU by a factor

of O(10�2)). Therefore, naively we expect the CP violating phase needed by the FOPT

scenario is much smaller than that in the conventional scenario, and hence the FOPT

scenario is able to explain the BAU at a lower M1 . 109 GeV assuming the Davidson-

Ibarra bound. However, the FOPT scenario su↵ers from the washout and dilution e↵ects

after the FOPT. This is because the ultra-relativistic wall requires a strong FOPT, which

releases a large amount of latent heat and then reheats the Universe to a high temperature

Trh > Tp. It is di�cult to satisfy M1/Trh � 1, which is the condition to suppress the

washout e↵ect after reheating. In addition, the generated BAU will be diluted by a factor

of (Tp/Trh)3.

In this article, we will provide a realization of the FOPT leptogenesis scenario in the

classically conformal B � L model with M1 & 1011 GeV, taking account of the reheating

washout and dilution e↵ects. While in the same parameter space, the conventional thermal

leptogenesis generates a BAU much smaller than the observed value. Therefore, our

research extends the parameter space for leptogenesis. This article is organized as follows.

Before moving to the concrete model building, we will first study the dynamics of the

FOPT leptogenesis in Section 2, keeping the discussions as general as we can. Then

Section 3 introduces a concrete extended B � L model and demonstrates the parameter

space realizing a FOPT leptogenesis scenario. The possible gravitational wave (GW) signals

are also studied. Finally, we conclude in Section 4.

2 Dynamics of the FOPT leptogenesis

2.1 Basic setup

In this section, we do not specify a concrete model. The discussions apply to any model

that contains the following two features. First, the RHNs ⌫
i

R
have the Majorana Yukawa

interaction

L � �

X

i,j

1

2

✓
�
ij

R
⌫̄
i,c

R
⌫
j

R

�
p
2
+ h.c.

◆
, (2.1)

where i, j are family indices, � is a real scalar field that experiences a FOPT from h�i = 0

to h�i = vp at temperature Tp. Therefore, the RHNs are massless in the old vacuum

but obtain masses M
ij

R
= �

ij

R
vp/

p
2 inside the new vacuum bubble. For simplicity we set

M
ij

R
= diag{M1,M2,M3} and let ⌫1

R
be the lightest RHN. The second feature is that the

RHNs should couple to the SM leptons and bosons via the Dirac Yukawa interaction

L � �

X

i,j

⇣
�
ij

D
¯̀i
LH̃⌫

j

R
+ h.c.

⌘
, (2.2)

where `
i

L
= (⌫i

L
, e

i

L
)T is the lepton doublet, and H̃ = i⌧

2
H

⇤ is the charge conjugation of

the Higgs doublet. Eq. (2.2) allows the RHNs to decay via ⌫
i

R
! `

j

L
H/¯̀j

L
H

⇤, and hence to

generate the lepton asymmetry.
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We propose a novel leptogenesis mechanism with a temperature-dependent coupling between the right-
handed neutrino and Standard Model particles. This coupling experiences suppression at high temperatures
and becomes sizable when the lepton asymmetry washout processes are Boltzmann-suppressed. Such a feature
ensures that the washout rates remain consistently below the Hubble expansion rate, preserving all lepton asym-
metry generated in the decay of right-handed neutrinos. We illustrate the feasibility of this mechanism with two
example models and show that the observed baryon asymmetry of the Universe can be successfully obtained for
right-handed neutrino masses larger than 109 GeV as well as for smaller violation of charge-parity symmetry.

Introduction.—Leptogenesis is a class of scenarios that
provides solutions to the baryon asymmetry of the Uni-
verse (BAU) [1–5]. In these models, right-handed neutri-
nos (RHN), denoted as N , are introduced. The RHNs cou-
ple to the neutrinos in the Standard Model (SM) through a
Yukawa interaction ωD ε̄LH̃N , which explains the origin of
mass for SM neutrinos [6–8] through the Type-I seesaw mech-
anism [9]. A complex ωD matrix coupling of the Yukawa
interaction gives rise to the asymmetric, charge-parity (CP)-
violating decay of the RHN, resulting in a lepton asymmetry.
Subsequently, this lepton asymmetry is converted to baryon
asymmetry through the electroweak sphaleron process.

In the framework of conventional thermal leptogenesis, a
major obstacle arises from the strong washout effects that re-
move the lepton asymmetry. The final BAU is a competition
between the asymmetric decay of the RHNs and the washout
processes. At temperatures much higher than the thermal lep-
togenesis scale, the rates of decay and washout processes are
smaller than the expansion rate of the Universe. As the tem-
perature decreases, the decay rate of the RHN increases while
the washout rates decrease slower than the cosmic expansion
rate and eventually surpass it. Then at even lower tempera-
tures, the washout rates are Boltzmann suppressed and drop
rapidly below the expansion rate again [5, 10]. Typically, the
washout effects are strong, and only O(10↑2) of the asymme-
try generated in RHN decay could survive [5, 10]. Assum-
ing a mass hierarchy between three generations of RHNs, the
CP-violating phase has an upper bound that is proportional to
the mass of the lightest RHN, denoted as M1, known as the
Davidson-Ibarra bound [11]. It suggests that, for generating
the observed BAU, the lightest RHN mass is M1 ↭ 109 GeV.
Then in the strong washout regime, the typical lightest RHN
mass is M1 ↭ 1011 GeV.

In this Letter, we propose a mechanism to solve the washout
problem by incorporating a dynamical coupling in leptogen-
esis. In particular, we focus on the strong washout regime
of the leptogenesis parameter space. The introduction of
temperature-dependent elements is used in different manners
to produce dark matter [12–18] and BAU [19–27]. Here, our
mechanism exploits the fact that washout processes depend
on scattering particle energies in the thermal bath, while the
RHN decay process is not affected in the same way. We

suppress the coupling ωD at high temperatures to delay the
onset of both processes, and restore it to the thermal value
when washout processes are kinematically suppressed. Con-
sequently, RHNs decay asymmetrically into the lepton asym-
metry while washout rates remain below the Hubble expan-
sion rate, enabling a new leptogenesis scenario. The remain-
der of this study is arranged as follows: We begin by describ-
ing the impact of a temperature-dependent ωD on reaction
rates of leptogenesis. We then investigate the enhancement of
BAU that can be reached with dynamical couplings. Next, we
discuss potential realizations of the mechanism, present our
results regarding the RHN mass and CP-violation, and con-
clude with a final discussion.

Temperature-dependent couplings.—To illustrate the im-
pact of a temperature-dependent ωD on leptogenesis, we in-
troduce two example scenarios, each outlining the variations
in ωD as a function of temperature. We assume a mass hier-
archy between three generations of RHNs, M2,3 → M1, and
only consider ωD coupling to the lightest RHN particle in this
work. Starting with a coupling ωD,s that goes through a sud-
den increase in a step function form as

ωD,s(z) =

{
bs ωD, z < zs

ωD, z ↑ zs
(1)

Here T is the temperature of the Universe, and z ↓ M1/T .
The constant bs represents the suppression factor at high tem-
peratures before zs. At lower temperatures, ωD,s aligns with
the zero-temperature value ωD for the correct neutrino mass.

The second scenario involves a power law dependence in
the coupling ωD,p as

ωD,p(z) =






ωD

(
z

zp

)ap

, z < zp

ωD, z ↑ zp

(2)

where ap represents the power law index governing the z-
dependence at high temperature. Similar to Eq. (1), ωD,p re-
verts to ωD at lower temperatures. We note that the proposed
mechanism is also viable with other temperature dependence.

The coupling ωD determines reaction rates in leptogene-
sis. Here we discuss briefly the most relevant processes of
RHN decay, scattering, and washout. The decay process
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Wash out is turned on when it is already Boltzmann suppressed

~O(100) enhancement

28PH, T. Xu 2023



RHNs are Pretty Heavy

• The Davidson-Ibarra bound, assuming there is a mass hierarchy 
between the RHNs, for a given mass of the lightest one, the upper 
bound for CP violation

• In the previous two scenarios, the RHNs are pretty heavy, at least 
~O(109) GeV – only handles are GW signals
• Possible way to bring the mass scale down?

The magnitude of the �
ij

D
matrix can be estimated by the seesaw relation m⌫ ⇡

|�D|
2
v
2
EW/(2MR) as

|�D| ⇡ 10�2
⇥

✓
MR

1011 GeV

◆1/2 ⇣
m⌫

0.05 eV

⌘1/2
, (2.3)

where vEW = 246 GeV is the Higgs VEV. The CP violating e↵ect is characterized by the

RHN decay width asymmetry

✏i =

P
j
�(⌫i

R
! `

j

L
H)� �(⌫i

R
! ¯̀j

L
H

⇤)
P

j
�(⌫i

R
! `

j

L
H) + �(⌫i

R
! ¯̀j

L
H⇤)

, (2.4)

which is related to the imaginary part of (�D�
†
D
)2. A nonzero ✏1 is needed for the generation

of BAU. According to the Davidson-Ibarra bound [9],

|✏1| 6
3

8⇡

M1(m3 �m1)

v
2
EW

⇡ 10�5
⇥

✓
M1

1011 GeV

◆⇣
m⌫

0.05 eV

⌘
. (2.5)

We can see that ✏1 is quite small even for a rather heavy ⌫
1
R
.

Above is the basic setup of the FOPT leptogenesis mechanism. When applying this

mechanism, we allow a concrete model to have more ingredients, such as a Z 0 boson from the

gauged U(1)B�L group or other additional scalars and fermions. To realize our mechanism,

three things must be checked. First, right after penetration, the RHNs should decay

instead of annihilating with each other, or scattering with the particles in the thermal

bath. Second, as the penetrated RHNs are typically boosted, so are the decay products,

and it is necessary to check that they do not cause additional washout e↵ects for the BAU.

Third, after the FOPT, the Universe is reheated to Trh and we have to confirm the thermal

bath washout e↵ects are still Boltzmann suppressed even at this temperature. Also, the

dilution factor (Tp/Trh)3 should be included. All those issues will be addressed one by one

in the subsequent subsections.

2.2 RHNs right after penetration

In the vicinity of the bubble wall, we can model the bubble expansion as a one-dimension

problem: the wall is a plane perpendicular to the z-axis and moving in a velocity �vw with

vw > 0. The z ! �1 region is the old phase with h�i = 0, where the RHNs are assumed

to be in thermal equilibrium. Therefore, the lightest RHN ⌫
1
R

follows a boosted massless

Fermi-Dirac distribution in the wall frame

f
wa
s (px, py, pz) =

1

e�w(E0�vwpz)/Tp + 1
, (2.6)

where E0 =
q

p2x + p2y + p2z. The corresponding particle number density is

n
wa
s = g⌫

Z
d
3
p

(2⇡)3
f
wa
s (px, py, pz) = �w ⇥ g⌫

3⇣3
4⇡2

T
3
p ⌘ �wn

pl
s , (2.7)

where ⇣3 ⇡ 1.202, and g⌫ = 2 is the spin degeneracy factor. n
wa
s is enhanced by a factor

of �w compared with n
pl
s in the plasma frame, which can be understood as the Lorentz

– 4 –
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Neutrinophilic 2HDM? or Resonant Enhancement?

ω1ω →
M1

v2

Im{[yε ]ω1[m→
εyε ]ω1}

[y †εyε ]11
Neutrinophilic 2HDM (ε2HDM):

Second Higgs doublet !2 with v2 ↑ vSM couples only to neutrinos.
v ↓ v2 not vSM
Induces ”L = 2 washout via ϑϑ ↔ !! with rate:

#!L=2 →
T

v4
2

∑
m

2

ωi

Strong washout for v2 ↭ 0.5GeV =↗ M1 ↫ 105 GeV.
Resonant leptogenesis:

CP asymmetry from self-energy diagrams peaks when
|M

2

i ↘M
2

j | ≃ Mi#j .
M1,2 ↓ TeV, no problem.
But wow, at what cost? For M1,2 →TeV, need ”M/M ↭ 10→9.
And the tuning is not radiatively stable—loop corrections generically
spoil the degeneracy.

Which one to choose?
Kairui Zhang, kzhang25@ou.edu Flavored TeV–scale Leptogenesis with DM May 20, 2025 5 / 18

• Resonant leptogenesis
• Enhance the CP asymmetry through the interference between nearly 

degenerate RHN states
• Possible to have M1,2 around the TeV scale
• Cost, 

• Neutrinophilic Two-Higgs Doublet Model

• Introduce a second Higgs doublet, with vev v2 << vSM

• To avoid strong                   washout,  

Scenario #3 -- Neutrinophilic 2HDM + 
Resonant Enhancement 

Testable Flavored TeV-scale Resonant Leptogenesis with MeV-GeV Dark Matter in a

Neutrinophilic 2HDM

Peisi Huang1→ and Kairui Zhang2†
1Department of Physics and Astronomy, University of Nebraska, Lincoln, NE 68588, USA

2Homer L. Dodge Department of Physics and Astronomy,
University of Oklahoma, Norman, OK 73019, USA

We explore flavored resonant leptogenesis embedded in a neutrinophilic 2HDM. Successful lepto-
genesis is achieved by the very mildly degenerate two heavier right-handed neutrinos (RHNs) N2 and
N3 with a level of only !M32/M2 → O(0.1%↑ 1%). The lightest RHN, with a MeV–GeV mass, lies
below the sphaleron freeze-out temperature and is stable, serving as a dark matter candidate. The
model enables TeV-scale leptogenesis while avoiding the extreme mass degeneracy typically plagued
conventional resonant leptogenesis. Baryon asymmetry, neutrino masses, and potentially even dark
matter relic density can be addressed within a unified, experimentally testable framework.

I. INTRODUCTION

The observed baryon asymmetry of the uni-

verse (BAU), ωB →
nB↑n

B̄

nω

∣∣∣∣
0

↑ 6 ↓ 10↑10 [1–3], poses a

significant challenge to the Standard Model (SM). While
the SM satisfies the Sakharov conditions for baryogenesis
[4, 5], it fails to generate su!cient asymmetry. In partic-
ular, more baryon number violation, more CP violation,
and a departure from thermal equilibrium unlike the one
in the SM are needed. Traditional thermal leptogenesis
within the type-I seesaw model introduces heavy RHNs
whose CP-violating, out-of-equilibrium decays generate a
lepton asymmetry, which sphalerons partially convert to
baryon asymmetry [6, 7]. However, the Davidson-Ibarra
bound, valid for hierarchical RHNs, requires the light-
est RHN to have a mass of M1 ↭ 109 GeV for su!cient
asymmetry to be generated [7–9]. This heavy scale ex-
acerbates the hierarchy problem of the SM [10] and in-
troduces cosmological challenges, such as the gravitino
problem in supersymmetric extensions [11, 12]. Further-
more, this scale is far beyond the reach of any foreseeable
experiments, making experimental verification di!cult, if
not impossible.

Resonant leptogenesis alleviates these issues by en-
hancing CP asymmetry through the interference between
nearly degenerate RHN states [13–19]. In this scenario,
the self-energy contribution to CP asymmetry becomes
resonantly enhanced when the mass splitting between
two RHNs is comparable to their decay widths, ”M ↔ #.
This allows successful leptogenesis at TeV scales. How-
ever, achieving such near-degeneracy requires extreme
fine-tuning of the RHN masses, ”M/M ↔ 10↑9, which
is viewed as unnatural.

The neutrinophilic Two-Higgs Doublet
Model (ε2HDM) o$ers an alternative by extending
the SM+RHNs with a second Higgs doublet having a
small vacuum expectation value (VEV) and coupling

→ peisi.huang@unl.edu
† kzhang25@ou.edu

exclusively to neutrinos. The smaller VEV reduces
the equilibrium neutrino masses, increasing the CP
asymmetry and allowing leptogenesis to occur at lower
scales [20–23]. However, ε2HDM often su$ers from
strong ”L = 2 washout processes. Together with
the Davidson-Ibarra bound, which still applies to
these hierarchical leptogenesis models with a modified
VEV, they impose a lower limit on the RHN mass of
MN ↭ 105GeV [21], making experimental verification
still challenging.
Another drawback of most thermal leptogenesis models

is that, contrary to one of the objectives of the type-I see-
saw mechanism, they do not provide a dark matter (DM)
candidate, as they rely on the decay of the lightest RHN,
N1, to produce the asymmetry.
To address these challenges, this paper proposes a

model combining the approaches of resonant leptoge-
nesis and ε2HDM. Inspired by neutrino mass pattern
model building, we also introduce a RHN mass hier-
archy: M1 ↗ Tspha < M2 ↔ M3. Upon account-
ing for flavor e$ects, N2 and N3 enable TeV-scale reso-
nant leptogenesis with only mild mass degeneracy break-
ing, ”M32/M2 ↔ O(0.1% ↘ 1%). If this mass pat-
tern arises from a fundamental symmetry breaking, the
breaking of degeneracy directly relates to the scale of
N1 [24], implying M1 ↔ O(MeV-GeV) ↗ Tspha in our
scenario. Since sphalerons remain in equilibrium until
T = 131.7 GeV [25], the lightest N1 decouples from
thermal leptogenesis and is stable. Thus, the model po-
tentially addresses both BAU and the DM relic density,
a feature absent in most thermal leptogenesis models.
Furthermore, all model parameters lie in experimentally
testable range, ensuring verification in the near future.

II. NEUTRINO MASSES

We extend the SM by a second Higgs doublet. The
Higgs sector couples to SM fermions in a Type-I 2HDM-
like manner. We also introduce RHNs, which couple ex-
clusively to the second Higgs doublet %2. Both %1 and
%2 have hypercharge +1. A discrete Z2 symmetry is im-
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We explore flavored resonant leptogenesis embedded in a neutrinophilic 2HDM. Successful lepto-
genesis is achieved by the very mildly degenerate two heavier right-handed neutrinos (RHNs) N2 and
N3 with a level of only !M32/M2 → O(0.1%↑ 1%). The lightest RHN, with a MeV–GeV mass, lies
below the sphaleron freeze-out temperature and is stable, serving as a dark matter candidate. The
model enables TeV-scale leptogenesis while avoiding the extreme mass degeneracy typically plagued
conventional resonant leptogenesis. Baryon asymmetry, neutrino masses, and potentially even dark
matter relic density can be addressed within a unified, experimentally testable framework.

I. INTRODUCTION

The observed baryon asymmetry of the uni-

verse (BAU), ωB →
nB↑n

B̄

nω

∣∣∣∣
0

↑ 6 ↓ 10↑10 [1–3], poses a

significant challenge to the Standard Model (SM). While
the SM satisfies the Sakharov conditions for baryogenesis
[4, 5], it fails to generate su!cient asymmetry. In partic-
ular, more baryon number violation, more CP violation,
and a departure from thermal equilibrium unlike the one
in the SM are needed. Traditional thermal leptogenesis
within the type-I seesaw model introduces heavy RHNs
whose CP-violating, out-of-equilibrium decays generate a
lepton asymmetry, which sphalerons partially convert to
baryon asymmetry [6, 7]. However, the Davidson-Ibarra
bound, valid for hierarchical RHNs, requires the light-
est RHN to have a mass of M1 ↭ 109 GeV for su!cient
asymmetry to be generated [7–9]. This heavy scale ex-
acerbates the hierarchy problem of the SM [10] and in-
troduces cosmological challenges, such as the gravitino
problem in supersymmetric extensions [11, 12]. Further-
more, this scale is far beyond the reach of any foreseeable
experiments, making experimental verification di!cult, if
not impossible.

Resonant leptogenesis alleviates these issues by en-
hancing CP asymmetry through the interference between
nearly degenerate RHN states [13–19]. In this scenario,
the self-energy contribution to CP asymmetry becomes
resonantly enhanced when the mass splitting between
two RHNs is comparable to their decay widths, ”M ↔ #.
This allows successful leptogenesis at TeV scales. How-
ever, achieving such near-degeneracy requires extreme
fine-tuning of the RHN masses, ”M/M ↔ 10↑9, which
is viewed as unnatural.

The neutrinophilic Two-Higgs Doublet
Model (ε2HDM) o$ers an alternative by extending
the SM+RHNs with a second Higgs doublet having a
small vacuum expectation value (VEV) and coupling
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exclusively to neutrinos. The smaller VEV reduces
the equilibrium neutrino masses, increasing the CP
asymmetry and allowing leptogenesis to occur at lower
scales [20–23]. However, ε2HDM often su$ers from
strong ”L = 2 washout processes. Together with
the Davidson-Ibarra bound, which still applies to
these hierarchical leptogenesis models with a modified
VEV, they impose a lower limit on the RHN mass of
MN ↭ 105GeV [21], making experimental verification
still challenging.
Another drawback of most thermal leptogenesis models

is that, contrary to one of the objectives of the type-I see-
saw mechanism, they do not provide a dark matter (DM)
candidate, as they rely on the decay of the lightest RHN,
N1, to produce the asymmetry.
To address these challenges, this paper proposes a

model combining the approaches of resonant leptoge-
nesis and ε2HDM. Inspired by neutrino mass pattern
model building, we also introduce a RHN mass hier-
archy: M1 ↗ Tspha < M2 ↔ M3. Upon account-
ing for flavor e$ects, N2 and N3 enable TeV-scale reso-
nant leptogenesis with only mild mass degeneracy break-
ing, ”M32/M2 ↔ O(0.1% ↘ 1%). If this mass pat-
tern arises from a fundamental symmetry breaking, the
breaking of degeneracy directly relates to the scale of
N1 [24], implying M1 ↔ O(MeV-GeV) ↗ Tspha in our
scenario. Since sphalerons remain in equilibrium until
T = 131.7 GeV [25], the lightest N1 decouples from
thermal leptogenesis and is stable. Thus, the model po-
tentially addresses both BAU and the DM relic density,
a feature absent in most thermal leptogenesis models.
Furthermore, all model parameters lie in experimentally
testable range, ensuring verification in the near future.

II. NEUTRINO MASSES

We extend the SM by a second Higgs doublet. The
Higgs sector couples to SM fermions in a Type-I 2HDM-
like manner. We also introduce RHNs, which couple ex-
clusively to the second Higgs doublet %2. Both %1 and
%2 have hypercharge +1. A discrete Z2 symmetry is im-
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5 Neutrinophilic 2HDM? or Resonant Enhancement?

ω1ω →
M1

v2

Im{[yε ]ω1[m→
εyε ]ω1}

[y †εyε ]11
Neutrinophilic 2HDM (ε2HDM):

Second Higgs doublet !2 with v2 ↑ vSM couples only to neutrinos.
v ↓ v2 not vSM
Induces ”L = 2 washout via ϑϑ ↔ !! with rate:

#!L=2 →
T

v4
2

∑
m

2

ωi

Strong washout for v2 ↭ 0.5GeV =↗ M1 ↫ 105 GeV.
Resonant leptogenesis:

CP asymmetry from self-energy diagrams peaks when
|M

2

i ↘M
2

j | ≃ Mi#j .
M1,2 ↓ TeV, no problem.
But wow, at what cost? For M1,2 →TeV, need ”M/M ↭ 10→9.
And the tuning is not radiatively stable—loop corrections generically
spoil the degeneracy.

Which one to choose?
Kairui Zhang, kzhang25@ou.edu Flavored TeV–scale Leptogenesis with DM May 20, 2025 5 / 18
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We explore flavored resonant leptogenesis embedded in a neutrinophilic 2HDM. Successful lepto-
genesis is achieved by the very mildly degenerate two heavier right-handed neutrinos (RHNs) N2 and
N3 with a level of only !M32/M2 → O(0.1%↑ 1%). The lightest RHN, with a MeV–GeV mass, lies
below the sphaleron freeze-out temperature and is stable, serving as a dark matter candidate. The
model enables TeV-scale leptogenesis while avoiding the extreme mass degeneracy typically plagued
conventional resonant leptogenesis. Baryon asymmetry, neutrino masses, and potentially even dark
matter relic density can be addressed within a unified, experimentally testable framework.

I. INTRODUCTION

The observed baryon asymmetry of the uni-

verse (BAU), ωB →
nB↑n

B̄

nω

∣∣∣∣
0

↑ 6 ↓ 10↑10 [1–3], poses a

significant challenge to the Standard Model (SM). While
the SM satisfies the Sakharov conditions for baryogenesis
[4, 5], it fails to generate su!cient asymmetry. In partic-
ular, more baryon number violation, more CP violation,
and a departure from thermal equilibrium unlike the one
in the SM are needed. Traditional thermal leptogenesis
within the type-I seesaw model introduces heavy RHNs
whose CP-violating, out-of-equilibrium decays generate a
lepton asymmetry, which sphalerons partially convert to
baryon asymmetry [6, 7]. However, the Davidson-Ibarra
bound, valid for hierarchical RHNs, requires the light-
est RHN to have a mass of M1 ↭ 109 GeV for su!cient
asymmetry to be generated [7–9]. This heavy scale ex-
acerbates the hierarchy problem of the SM [10] and in-
troduces cosmological challenges, such as the gravitino
problem in supersymmetric extensions [11, 12]. Further-
more, this scale is far beyond the reach of any foreseeable
experiments, making experimental verification di!cult, if
not impossible.

Resonant leptogenesis alleviates these issues by en-
hancing CP asymmetry through the interference between
nearly degenerate RHN states [13–19]. In this scenario,
the self-energy contribution to CP asymmetry becomes
resonantly enhanced when the mass splitting between
two RHNs is comparable to their decay widths, ”M ↔ #.
This allows successful leptogenesis at TeV scales. How-
ever, achieving such near-degeneracy requires extreme
fine-tuning of the RHN masses, ”M/M ↔ 10↑9, which
is viewed as unnatural.

The neutrinophilic Two-Higgs Doublet
Model (ε2HDM) o$ers an alternative by extending
the SM+RHNs with a second Higgs doublet having a
small vacuum expectation value (VEV) and coupling

→ peisi.huang@unl.edu
† kzhang25@ou.edu

exclusively to neutrinos. The smaller VEV reduces
the equilibrium neutrino masses, increasing the CP
asymmetry and allowing leptogenesis to occur at lower
scales [20–23]. However, ε2HDM often su$ers from
strong ”L = 2 washout processes. Together with
the Davidson-Ibarra bound, which still applies to
these hierarchical leptogenesis models with a modified
VEV, they impose a lower limit on the RHN mass of
MN ↭ 105GeV [21], making experimental verification
still challenging.
Another drawback of most thermal leptogenesis models

is that, contrary to one of the objectives of the type-I see-
saw mechanism, they do not provide a dark matter (DM)
candidate, as they rely on the decay of the lightest RHN,
N1, to produce the asymmetry.
To address these challenges, this paper proposes a

model combining the approaches of resonant leptoge-
nesis and ε2HDM. Inspired by neutrino mass pattern
model building, we also introduce a RHN mass hier-
archy: M1 ↗ Tspha < M2 ↔ M3. Upon account-
ing for flavor e$ects, N2 and N3 enable TeV-scale reso-
nant leptogenesis with only mild mass degeneracy break-
ing, ”M32/M2 ↔ O(0.1% ↘ 1%). If this mass pat-
tern arises from a fundamental symmetry breaking, the
breaking of degeneracy directly relates to the scale of
N1 [24], implying M1 ↔ O(MeV-GeV) ↗ Tspha in our
scenario. Since sphalerons remain in equilibrium until
T = 131.7 GeV [25], the lightest N1 decouples from
thermal leptogenesis and is stable. Thus, the model po-
tentially addresses both BAU and the DM relic density,
a feature absent in most thermal leptogenesis models.
Furthermore, all model parameters lie in experimentally
testable range, ensuring verification in the near future.

II. NEUTRINO MASSES

We extend the SM by a second Higgs doublet. The
Higgs sector couples to SM fermions in a Type-I 2HDM-
like manner. We also introduce RHNs, which couple ex-
clusively to the second Higgs doublet %2. Both %1 and
%2 have hypercharge +1. A discrete Z2 symmetry is im-
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See for example, Flanz et al, 1996, 
Pilaftsis, 1997, Dev et al, 2017 ….



Scenario #3 -- Neutrinophilic 2HDM + 
Resonant Enhancement 

Toward TeV-scale without Extreme Tuning

ω2HDM + Resonance Enhancement ↭

Combined framework
enhancements:

Balances strong Yukawas from
resonant enhancement with
!L = 2 washout constraints
from ω2HDM
Achieves much lower
Mi →TeV
Small v2 ↑ vSM reduces
tuning to
!M/M → 10→2

↓10→3
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Scenario #3 – Neutrinophilic 2HDM + 
Resonant Enhancement
• N2 and N3 at the TeV scale with

• Mass pattern, 

• A natural light DM candidate
• N1 decouples after sphaleron 

freeze-out. BAU is already frozen 
when N1 becomes thermally 
important 
• Rich pheno – colliders, light DM 

Toward TeV-scale without Extreme Tuning

!M/M → 10→2
↑10→3:

Aha, analogous to
!m

2

sol
↓ !m

2
atm

Well knowingly explainable by
softly-broken U(1)Lω→Lε→Lϑ

Apply to N. Mass texture:
(0,M,M) ↔
(O(S),M ↑O(S),M +O(S))
M → TeV ↔ O(S) → O(GeV)
Fully flavored regime:

At T < 10
5
GeV,

charged-lepton Yukawas are in

equilibrium. All three flavors

decohere. Flavor e!ects!

In principle, each Ni can carry

a di!erent flavor.

Only one flavor needs to

survive.
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How Many 
Generations?
• Natural SUSY: Vernon, Howie 

(1st), Azar Mustafayev (2nd, 
Baer), and Xerxes Tata(1st)
• Higgs mass and W mass: 

Vernon, Wai-Yee(1st), Cash 
Haumptmann(2nd , PH), M. 
Ishida
• Leptogenesis: Ke-Pan Xie (2nd, 

PH), Tao Xu (3rd , T. Han-> K. 
Wang), Kairui Zhang (1st + 
2nd, Baer)

Soranokokage
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On Wisconsin!
• I had a lot of fun with particles in and beyond the SM. 
• I am a strong believer of physics beyond the SM (How 

sure I am? I name my older daughter after that)
• I had my best five years in life at the phenomenology 

institute
• At the phenomenology institute, I learned some physics, 

discovered what I want to do in life, met the best 
mentors, and made life-long friends (How much I 
appreciate the pheno institute? I wear my pheno hat to 
every Wisconsin vs Nebraska game)

• On Wisconsin!
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